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Abstract 

Orogen-scale thrust-sense shear zones evolve dynamically through time and space as they accommodate 

crustal shortening during continental collision. When these shear zones activate in different parts of an 

orogen is central to the understanding of how orogenic systems evolve. These shear zones carry rocks 

from the deep metamorphic core (hinterland) towards the toe of the orogenic wedge (foreland). Rocks 

therefore record different pressure (P), temperature (T), timing and deformation conditions as they move 

through segments of a shear zone. These recorded conditions are used here to track deformation on 

crustal-scale shear zones in the direction of tectonic transport, from the hinterland towards the foreland, of 

two orogenic systems, the Himalaya and the Variscan orogen.  

In the western Nepal Himalaya, a major shear zone, the Main Central thrust (MCT), is exposed 

multiple times in the transport direction. U-Th/Pb monazite petrochronology, U/Pb zircon geochronology, 

40Ar/39Ar muscovite thermochronology, metamorphic P-T analyses, and quartz microstructures are used 

to complement field mapping and determine the recorded conditions of metamorphism and deformation 

in the MCT zone. Each of the three studied MCT transects reached peak P-T conditions and cooled 

through 450-350°C at different times. These data indicate that deformation on the MCT was diachronous 

in the transport direction and that a single shear zone transect is not representative of the timing and 

duration of deformation on the MCT.  

Field mapping, microstructures and both in situ and step-heating 40Ar/39Ar white mica 

geochronology are used to examine a series of successive thrust-sense shear zones exposed on the island 

of Sardinia, Italy. These shear zones are located intermediate to the hinterland and foreland of the 

Variscan orogen and record a common timing of mylonite formation and ductile deformation from 325-

318 Ma on all three thrusts.  

The results from this thesis indicate that P-T, timing and deformation conditions can be used 

effectively to track ductile deformation of rocks as they move through a shear zone that evolves through 
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different kinematic regimes. The timing and duration of ductile deformation may be diachronous in the 

transport direction and may not evolve unidirectionally from hinterland to foreland. 
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Chapter 1 

Introduction 

1.1!General introduction 

Shear zones are structural discontinuities that form as strain is localized in response to stress in 

the Earth’s crust and upper mantle. Crustal-scale shear zones are spatially extensive features that 

evolve dynamically through time and space (Fossen and Cavalcante, 2017). Within orogenic 

systems, major thrust-sense shear zones accommodate plate convergence as deformation 

propagates through the crust from the inner metamorphic core (hinterland) out towards the fold-

thrust belt at the toe of the orogenic wedge (foreland). Thrust-sense shear zones assisted by 

erosion exhume mid-crustal rocks to shallower crustal levels and result in the juxtaposition of 

high-metamorphic-grade rocks above low-metamorphic-grade rocks. Orogen-scale shear zones 

pass through different parts of the crust, and hence pressure (P) – temperature (T) space, at 

different times; shear zones therefore record a wide range of structural characteristics, P-T, and 

timing history. Tracking deformation on major shear zones is critical to understanding the 

evolution of the lithosphere in continental collisional environments. 

1.2!Ductile shear zones and the hinterland and foreland of orogenic systems 

Shear zones are planar zones of localized strain that record predominantly non-coaxial (simple 

shear) strain (Passchier & Trouw, 2005). The highest strain is recorded in the middle of a shear 

zone with outward-decreasing strain gradients perpendicular to the boundaries (Ramsay, 1980). 

At sufficient P-T conditions (and/or fluid conditions), rocks will remain cohesive and deform via 

ductile flow (ductile creep; Ramsay, 1980). Ductile deformation can occur over a range of P-T 

conditions and in the context of this thesis, in both the hinterland and foreland of an orogen. 
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 In this thesis, the hinterland refers to the metamorphic core and the foreland refers to the 

fold-thrust belt of the orogenic wedge (Fig. 1.1). The hinterland and the foreland of an orogenic 

wedge deform under different kinematic regimes. In the hinterland, mid- to lower-crustal rocks 

deform via recumbent folding, shallowly dipping transposition-foliation, and vertical thinning and 

horizontal stretching towards the foreland (Price, 1972; Larson et al., 2010). In contrast, 

supracrustal rocks in the foreland record horizontal shortening and vertical thickening due to 

thrust-related folding and listric faulting in response to critical-taper wedge behaviour (Price, 

1972; Larson et al., 2010). Shear zones that connect the hinterland with the foreland have the 

potential to migrate rocks through crustal levels from one kinematic regime to the other. 

Consequently, rocks within such shear zones record variations in P-T conditions, timing, and 

deformation in the transport direction. The timing and kinematic changes these rocks undergo 

from hinterland to foreland remain enigmatic. P-T characterization is further complicated as the 

shear zone, and consequently its hanging-wall rocks, may migrate from hinterland to foreland at 

different times in different parts of the orogen and potentially at different rates. 

 

Figure 1.1 Simplified cross-section through a collisional orogen (A) with hinterland and foreland 

regions identified (B). Orange line indicates location of a ductile shear zone that transects both 

hinterland and foreland regions. Modified from van der Pluijm and Marshak (2004). 
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1.3!Geological background 

Shear zones are commonly extensively exposed parallel to the length of a mountain belt (along-

strike or strike-parallel). To study the transition from hinterland to foreland, however, data from 

multiple shear zone exposures in the direction of thrust propagation (across-strike) are essential. 

The Main Central thrust (MCT) in the western Nepal Himalaya and a series of thrust-sense shear 

zones in the Variscan orogen exposed on the island of Sardinia, Italy, are two such locations that 

provide suitable across-strike profiles required for this study. The MCT is one of the most well-

studied thrust-sense shear zones in the world in terms of combined P-T, timing, and deformation 

conditions (among others: Harrison et al., 1997; Kohn et al. 2005; Catlos et al. 2004; Larson and 

Godin, 2009; Yakymchuk and Godin, 2012; Mottram et al., 2015a; Walters and Kohn, 2017 and 

references therein). Such knowledge is required for process-based investigation of shear zone 

characteristics. The second site, the Variscan shear zones in Sardinia, forms the basis of a smaller 

case study to put timing constraints on the propagation of deformation under lower P-T 

conditions of formation. The Variscan shear zones in Sardinia are located farther into the foreland 

than the Himalayan MCT and reached much lower peak P-T conditions. Studying these Variscan 

shear zones is an opportunity to test whether any of the conclusions drawn from the younger, 

larger (with respect to crustal thickening; Fig. 1.2) Himalayan orogen can be applied to older, 

colder shear zones. The magnitude of an orogen increases with increasing lithosphere thickness, 

as compared with standard lithosphere, and the temperature of an orogen increases as the average 

lithospheric temperature rises (Fig. 1.2; Beaumont et al., 2006; 2010). While both the Himalayan 

(represented on Fig. 1.2 as Tibet) and the Variscan orogens are considered high heat systems, the 

magnitude of the Himalaya is much larger than the Variscan orogen. Because temperature and the 

effect of gravitational force on orogen mass (related to magnitude) are considered primary 

controls during orogenesis, variations in these conditions should affect the geometry and 

kinematics observed in different orogenic systems (Beautmont et al., 2006; 2010).  
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Figure 1.2 Classification of orogen magnitude and heat production from Beaumont et al. (2010) 

showing difference between the Himalayan (Tibet) and the Variscan orogens. Magnitude 

(lithosphere thickness) and temperature are measured relative to thermally stable and standard-

thickness continental lithosphere (Beaumont et al., 2010). 

 

1.3.1!The Himalayan orogen 

The Himalayan orogen is a result of the ongoing collision between the Indian and Asian tectonic 

plates that began between 59-54 Ma (Hu et al., 2016; Najman et al., 2010; 2017). The orogen 

comprises four laterally continuous lithotectonic units separated by crustal-scale north-dipping 

faults (Fig. 1.3; Gansser, 1964; Le Fort, 1975; Hodges, 2000; Yin and Harrison, 2000; Yin, 

2006). The northernmost and structurally highest unit is the Tethyan sedimentary sequence, a 

low-metamorphic-grade to non-metamorphosed unit containing Cambrian to early Cenozoic 

sedimentary rocks exposed in the hanging wall of the South Tibetan detachment system, a low-

angle top-to-the-north normal fault-geometry shear zone (Fig. 1.3; Garzanti, 1999; Burchfiel et 

al., 1992). The Greater Himalayan sequence (GHS), located in the footwall of the South Tibetan 
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detachment system, is composed of high-metamorphic-grade Proterozoic to Paleozoic 

metasedimentary rocks intruded by ca. 880-800 Ma, 510-460 Ma, and numerous Cenozoic-aged 

granites (Parrish and Hodges, 1996; Godin et al., 2001; Searle and Godin, 2003; Myrow et al., 

2003; Searle et al., 2010; Gehrels et al., 2011; Martin, 2017a). The GHS exhibits an inverted 

metamorphic field gradient formed as pressure and temperature increase up structural section 

towards the middle GHS, beyond which point pressure decreases while temperature increases up 

to the base of the South Tibetan detachment system (Arita et al., 1984; Fuchs, 1977; Le Fort, 

1975; Iaccarino et al., 2016; Yakymchuk and Godin, 2012). The Lesser Himalayan sequence 

(LHS) comprises weakly metamorphosed (up to greenschist metamorphic facies) Proterozoic to 

early Mesoproterozoic and late Carboniferous to Permian sedimentary rocks, Eocene to early 

Miocene early foreland-basin sedimentary rocks, and 1880-1830 Ma granite, which lie 

structurally below the GHS (DeCelles et al., 2004; Najman et al., 2005; Gehrels et al., 2011, 

Martin, 2017a and references therein). The top-to-the-south Main Central thrust (MCT) ductile 

shear zone is located near the GHS-LHS boundary. The active MCT has migrated down-section 

through time and the stratigraphic level of the shear zone varies along the length of the orogen 

(Larson and Cottle, 2014; Mottram et al., 2014a; Cottle et al., 2015). In western Nepal, the MCT 

incorporates the base of the GHS and the top of the LHS (Fig. 1.3C; Mottram et al., 2014a; Cottle 

et al., 2015). Rocks in the hanging wall of the MCT up to the South Tibetan detachment system 

are considered the metamorphic core of the Himalaya (HMC; Searle et al., 2008). The Sub-

Himalaya is the lithotectonic unit composed of syn-orogenic sedimentary rocks of the Siwaliks 

Group and is located structurally beneath the LHS, separated by the top-to-the-south Main 

Boundary thrust (Mugnier et al., 1994; Meigs et al., 1995). The base of the Sub-Himalaya is 

marked by the seismically active orogenic front, the Main Frontal thrust (Fig. 1.3); it separates the 

Siwaliks Group from the Quaternary sediments of the Indus-Ganges-Brahmaputra foreland basin. 
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Figure 1.3 A) Geologic map of the Nepal Himalaya, modified after Robinson et al. (2006). B) 

Schematic cross-section through western Nepal with Main Central thrust transect locations 

identified. Modified after Soucy La Roche et al. (2018b) and Robinson et al. (2006). C) Structural 

column that illustrates the definition of the Main Central thrust used for this thesis. Modified from 

Yakymchuk and Godin (2012). GHS: Greater Himalayan sequence; HMC: Himalayan 

metamorphic core; LHS: Lesser Himalayan sequence; MBT: Main Boundary thrust; MCT: Main 

Central thrust; MFT: Main Frontal thrust; MHT: Main Himalayan thrust; STD: South Tibetan 

detachment. 

 

1.3.1.2!The Main Central thrust 

The MCT has been the subject of ongoing debate for many years, regarding both what constitutes 

the shear zone and the timing of deformation on the shear zone across the orogen. The MCT was 
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originally defined as a structural and metamorphic boundary with higher-grade rocks in the 

hanging wall of the thrust and lower-grade rocks in the footwall (Heim and Gansser, 1939). The 

other widely used definition of the MCT places the thrust between the stratigraphic GHS and 

LHS, as determined by protolith provenance data (neodymium and strontium isotopes, detrital 

zircon; France-Lanord et al., 1993; Parrish and Hodges, 1996; Whittington et al., 1999). 

However, the use of stratigraphic constraints to define a ductile shear zone that may cut up or 

down section along the length of the orogen is impractical and the reliability of distinct ‘isotopic 

signatures’ for Himalayan lithotectonic units is unclear (Tobgay et al., 2010; McKenzie et al., 

2011). In this thesis, I use the definition of Searle et al. (2008), which builds on the original 

structural-metamorphic definition, and describes the MCT as a two- to five-kilometer thick zone 

of distributed ductile deformation with top-to-the-south sense of shear. The high-strain zone is 

found at the base of a thick package of rocks with an inverted metamorphic gradient in the HMC. 

Using this definition, the MCT zone may contain rocks that are of lower GHS and upper LHS 

stratigraphic affinity (Fig. 1.3B). The apparent timing of MCT shearing varies significantly in 

different parts of the orogen, with ages reported between 25-6 Ma and with a duration of shearing 

from only 2 Myr up to 10-20 Myr (among others: Harrison et al., 1997; Kohn et al. 2005; Catlos 

et al. 2004; Mottram et al., 2015a; Walters and Kohn, 2017; see Godin et al., 2006a for review). It 

is difficult to assess whether shearing truly occurred at different times on various MCT exposures 

or wether this is obscured by the use of different analytical techniques and different structural 

characterization of the shear zone. 

1.3.2!The Variscan orogen 

The European Variscides are a Paleozoic orogen that sutured together a number of disparate plate 

fragments during the long-lasting collision of Laurussia and Gondwana (Stampfli et al., 2002; 

von Raumer et al., 2003; Rossi et al., 2009). The Variscan orogen is of smaller magnitude and 

involved lower overall heat production than the Himalaya (see Fig. 1.2; Beaumont et al., 2006). 
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Unlike most other exposures of the Variscan orogen, the island of Sardinia appears to have 

escaped significant tectonic overprint by late Mesozoic Alpine deformation, and therefore 

provides a good record of early Paleozoic collisional events (Stampfli et al., 2002). A near-

complete cross-section through the Variscan orogen is exposed across the island and can be 

subdivided into four main tectono-metamorphic zones: the External Zone, the External Nappe 

Zone, the Internal Nappe Zone, and the Inner Zone (Fig. 1.4; Carmignani et al., 1979; 1994; 

2001). The Inner Zone consists of medium- to high-grade migmatitic metamorphic rocks that 

display an inverted Barrovian P-T gradient and are intruded by late-Variscan granitic bodies (Fig. 

1.4; Carmignani et al., 1994; 2001; Carosi et al., 2005). The Inner Zone also contains metabasite 

rocks that reached eclogite facies metamorphic conditions at ca. 403 Ma (Cortesogno et al., 

2004). The Internal Nappe Zone consists of minor metavolcanic rocks and Paleozoic sedimentary 

rocks, metamorphosed to a maximum of amphibolite facies conditions, within which several 

normal mid-ocean ridge (nMORB)-affinity metabasite boudins are preserved (Cortesogno et al. 

2004). The External Nappe Zone consists of Paleozoic sedimentary rocks metamorphosed to 

greenschist facies and a thick Ordovician arc-volcanic suite involved in a southwest- directed 

thrust system (Fig. 1.4). In the southwestern part of the island, the External Zone exposes very 

low to greenschist metamorphic facies Ediacaran- to Carboniferous-age metasedimentary rocks 

that make up the brittle foreland fold-thrust belt. The major phase of south-directed nappe 

emplacement (D1) began at ca. 340 Ma (Di Vincenzo et al., 2004) and involved progressive, 

polyphase deformation (Carosi and Pertusati, 1990). A dextral transpressional shear zone (D2) 

cuts east-west across the entire island and locally overprints the Internal Nappe Zone (the Posada-

Asinara line, PAL on Fig. 1.4). Chapter 5 of this thesis focuses on shear zones that are 

intermediate to the metamorphic core and the foreland in the Internal and External Nappe Zones 

to study the evolution of lower-temperature ductile shear (black box in Fig. 1.4). 
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Figure 1.4 Simplified geologic map of the island of Sardinia, modified after Carosi et al. (2005). 

Black box indicates location of foreland thrusts studied in this thesis. 

 

1.4!Statement of problem and objectives 

1.4.1!Statement of problem 

In orogenic systems, thrust-sense crustal-scale shear zones are dynamic and evolving structures 

that carry rocks from deep in the metamorphic core (hinterland) to shallower crustal levels in the 

foreland. Can changes in pressure, temperature, timing, deformation mechanism and temperature 
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of deformation be used to track ductile shear from hinterland to foreland across multiple shear 

zone exposures? Do these two different kinematic regimes, i.e. the hinterland and the foreland, 

affect the timing and duration of deformation on a structure that passes through both? 

1.4.2!Research questions 

1.! Are similar pressure-temperature conditions and timing of ductile deformation recorded 

across multiple MCT exposures from the hinterland to the foreland in western Nepal? 

2.! Is it possible to date the propagation of deformation across multiple, successive shear 

zones located intermediate to the hinterland and foreland regions of the Variscan orogen 

exposed in Sardinia? 

3.! What constitutes an effective approach to tracking the conditions and timing of ductile 

deformation on thrust-sense orogenic shear zones? 

To answer these research questions, two field seasons were undertaken: six weeks in the Nepal 

Himalaya in the fall of 2013 and three weeks on the island of Sardinia, Italy in 2015. Fieldwork 

involved detailed mapping and sampling of multiple shear-zone exposures at both locations. 

These samples were used for a variety of analytical work. In situ U-Th/Pb monazite 

petrochronology and U/Pb zircon geochronology were used to determine the timing of 

deformation. Deformation mechanisms and the temperature of deformation were assessed using 

quartz microstructures and <c>-axis preferred orientation analyses. Thermobarometry and 

pseudosections were used to determine peak metamorphic P-T conditions and both in situ and 

step-heating 40Ar/39Ar thermochronology on white mica were used to determine the late 

recrystallization/cooling history. The results of these analyses are presented in four stand-alone 

manuscripts, which comprise Chapters 2-5. 
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1.5!Organization of Chapters 

1.5.1!Chapter 2 

Chapter 2 is entitled “Segmentation and rejuvenation of the Greater Himalayan sequence in 

western Nepal”. A version of this chapter has been published as: “Braden, Z., Godin, L. and 

Cottle, J.M. (2017). Segmentation and rejuvenation of the Greater Himalayan sequence in 

western Nepal revealed by in situ petrochronology. Lithos, 284-285, 751-765”. In this chapter I 

apply in situ U-Th/Pb monazite petrochronology to samples from the upper Karnali valley and the 

north flank of the Karnali klippe to link spatially resolved dates to periods of garnet growth, 

garnet breakdown and melt crystallization. Linking these different periods of metamorphism to 

dates and microstructures is key to tracking ductile deformation on the MCT from the hinterland 

to the foreland. 

1.5.2!Chapter 3 

Chapter 3 is entitled “Renewed late Miocene (< 8 Ma) hinterland ductile thrusting”. A version of 

this chapter has been published as: “Braden, Z., Godin, L., Cottle, J. and Yakymchuk, C. (2018). 

Renewed late Miocene (< 8 Ma) hinterland ductile thrusting, western Nepal Himalaya. Geology, 

46, 503-506”. In this chapter, I combine U/Pb SHRIMP zircon geochronology and depth-

profiling U/Pb LASS zircon geochronology with field structures to tightly constrain the timing of 

anomalously young (< 8 Ma) ductile deformation in the hinterland MCT. 

1.5.3!Chapter 4 

Chapter 4 is entitled “Spatio-temporal challenges in dating orogen-scale shear zones: the case of 

the Himalayan Main Central thrust”. A version of this chapter will be submitted to Geological 

Society of America Bulletin as: “Braden, Z., Godin, L., Kellett, D.A., and Yakymchuk, C. Spatio-

temporal challenges in dating orogen-scale shear zones: the case of the Himalayan Main Central 

thrust (in review)”. In this chapter, I integrate metamorphic pressure and temperature data, 
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40Ar/39Ar thermochronology data, quartz microstructures, and quartz crystallographic preferred 

orientations with data from Chapters 2 and 3 to the timing and duration of deformation on the 

MCT in western Nepal. These data are used for a practical discussion regarding the pitfalls and 

possibilities when trying to date protracted ductile shear on a spatially expansive and dynamically 

evolving crustal-scale structure. 

1.5.4!Chapter 5 

Chapter 5 is entitled: “Tracking foreland thrust propagation in low-grade metamorphic rocks, 

Variscan orogen, Sardinia, Italy”. A version of this chapter is in preparation for submission to 

Lithos as: “Braden, Z., Godin, L., and Kellett, D.A. Tracking foreland thrust propagation in low-

grade metamorphic rocks, Variscan orogen, Sardinia, Italy”. Dating deformation on shear zones 

that reached lower overall P-T conditions of metamorphism is challenging due to the lack of 

useful geochronometers. In this chapter, I test the combination of in situ and traditional step-

heating 40Ar/39Ar geochronology on white mica for studying the progression of foreland thrust-

sense shear zones in the Variscan orogen exposed on the island of Sardinia, Italy.  
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Chapter 2 

Segmentation and rejuvenation of the Greater Himalayan sequence in 

western Nepal 

2.1!Abstract  

In the western Nepal Himalaya, a major mountain building shear zone, the Main Central thrust 

(MCT), is exposed in multiple locations along its southward transport direction. The hanging wall 

of the MCT was sampled in both hinterland and foreland exposures, in the upper Karnali valley 

and around Jumla, respectively. In situ U-Th/Pb monazite petrochronology coupled with 

microstructural and petrographic observations reveals distinctly different timing of deformation, 

despite the geographic proximity and apparent structural continuity between the two regions. The 

Y content, Gd to Yb ratio and the Eu anomaly in monazite constrain the timing of metamorphic 

reactions. Rocks in the upper Karnali valley record deformation associated with metamorphism at 

18 Ma, melt crystallization starting at ca. 14 Ma and lasting until at least 11-10 Ma. In contrast, 

the Jumla region records a more protracted series of events with metamorphism initiating as early 

as 47 Ma and lasting until 18 Ma, punctuated by at least two periods of melt crystallization. In 

both areas, the age of melt crystallization decreases down section through the hanging wall 

towards the MCT. Ductile deformation in the Jumla region ceased around ca. 18 Ma, while rocks 

at similar structural positions in the hinterland in upper Karnali valley were still being actively 

deformed and melting at ca. 11 Ma. The southern, foreland-most, hanging-wall rocks (Jumla 

region) were consequently exhumed above the ductile-brittle transition while the northern 

hinterland-most hanging-wall rocks (upper Karnali valley) were still undergoing ductile 

deformation and partial melting. 
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2.2!Introduction  

The Main Central thrust (MCT) in the Himalayan orogen has been well studied both along strike 

and across strike from NW India to Bhutan (e.g. Heim and Gansser, 1939; Bordet, 1961; Gansser, 

1964; Le Fort, 1975; Bouchez and Pêcher, 1981; Brunel and Kienast, 1986; Colchen et al., 1986; 

Pêcher, 1989; Vannay and Grasemann, 2001; Searle et al., 2008; Law et al., 2013; Mottram et al., 

2014b; Bhattacharyya and Mitra, 2014; Larson et al., 2015; Wang et al., 2015; Gibson et al., 

2016). Evidence is emerging that the deformation of the hanging-wall rocks of the Main Central 

thrust is not as continuous as originally thought, neither laterally nor across-strike, with 

discontinuities identified within units that were previously considered single cohesive packages 

(Carosi et al., 2010; Larson et al. 2010; 2013; 2015; Montomoli et al., 2013; Larson and Cottle, 

2014; Cottle et al., 2015; Carosi et al., 2016). These discontinuities occur at both local and 

regional scales and are not always observable in the field; many require detailed microstructural, 

petrological and geochronological studies for identification.   

The combination of microstructural, petrological and geochronological studies is further 

augmented by the use of petrochronology, which is the interpretation of isotopic dates in light of 

complementary elemental or isotopic information from the same mineral(s) (Kylander-Clark et 

al., 2013). In situ dating of monazite preserves the microstructural context and can be used to 

compare the absolute isotope age to the relative age of grains compared to other fabric elements, 

such as C-S fabric or porphyroblasts. Trace-element data from the same monazite analyzed for 

isotopic dates are used to model the behavior of element distribution during metamorphic 

chemical reactions. These metamorphic reactions can then be linked to the timing of specific 

geologic events, strengthening the interpretation of U-Th/Pb monazite dates (e.g. Mottram et al., 

2015a; Kohn, 2016; Regis et al., 2016). 

In the western Nepal Himalaya, a series of broad open folds with east-west trending fold 

hinges form klippen that expose the MCT multiple times parallel to the transport direction. The 

klippen provide the appropriate context within which to study the same shear zone across strike 
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and in the transport direction at a similar structural level. In this study, we use field data and in 

situ laser ablation U-Th/Pb monazite petrochronology to characterize and compare proximal 

hinterland and foreland exposures of the same shear zone – the MCT. Although the two locations 

are ~10 km apart, subsequent folding of the MCT provides a north-south structural separation of 

~35 km in the transport-parallel direction. In this chapter, we refer to the hinterland as the 

metamorphic rocks exposed in the core of the orogen and the foreland as the more frontal part of 

the orogenic system (including the external klippen). 

2.3!Geological Setting  

The Himalayan orogen is the result of the collision of India and Eurasia, which initiated from 59-

54 Ma (Najman et al., 2010; Hu et al., 2016; Najman et al., 2017). The Himalayan orogen 

comprises four laterally continuous tectonostratigraphic domains separated by north-dipping 

faults (Fig. 2.1). From north to south these are the Tethyan sedimentary sequence, the Greater 

Himalayan sequence (GHS), the Lesser Himalayan sequence (LHS) and the Siwaliks sedimentary 

rocks. The top-to-the-north South Tibetan detachment system separates the Tethyan sedimentary 

sequence from the GHS, which is in turn separated from the LHS by the top-to-the-south MCT. 

The Main Boundary thrust (MBT) separates the LHS from the Siwaliks syn-orogenic sedimentary 

rocks, and the Main Frontal thrust (MFT) is the active fault marking the orogenic front at the base 

of the Siwaliks rocks (Burg and Chen, 1984; Hodges, 2000; Yin and Harrison, 2000). The MCT, 

MBT, and MFT are interpreted to converge at depth along the Main Himalayan thrust (MHT), 

which acts as the basal detachment surface of the orogen (e.g., Schelling and Arita, 1991; Hauck 

et al., 1998).  
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Figure 2.1 A) Geologic map of the Nepal Himalaya modified from Robinson et al. (2006) and 

Gibson et al. (2016); GM, Gurla-Mandhata core complex. B) Geologic map of western Nepal 

showing location of Fig. 2.2. C) Cross-section through western Nepal, showing the two transect 

locations; modified from Antolín et al. (2013). MBT: Main Boundary thrust; MCT: Main Central 

thrust; MFT: Main Frontal thrust; MHT: Main Himalayan thrust; STD: South Tibetan 

detachment. 

 

Following the onset of collision, buried Indian crust within the Himalayan orogen 

underwent an early phase of prograde metamorphism and deformation between 53-28 Ma and a 

later phase of significant melt production and continued south-directed displacement between 23-

14 Ma (Larson and Cottle, 2015; Cottle et al., 2015 and references therein). In the Manaslu region 

of central Nepal, in situ U-Th/Pb monazite geochronology yields ages along the MCT of 9-7 Ma 

and a single sample records a minimum age of 3 Ma in the LHS (Catlos et al., 2001). In situ 
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monazite U-Th/Pb geochronology in the Mugu-Karnali area of western Nepal (Fig. 2.1) 

constrains top-to-the-south shearing in the upper GHS between 25-18 Ma and in the lower GHS 

between 17-13 Ma (Montomoli et al., 2013; Iaccarino et al., 2015). In the Dolpo region, prograde 

metamorphism followed by anatexis has been variably dated between 43-33 Ma and 25-17 Ma 

(Carosi et al., 2010; 2015), and 41-17 Ma (Gibson et al., 2016). To the northwest of the upper 

Karnali valley transect lies the Gurla Mandhata core complex, which records metamorphism at 

19-15 Ma and orogen-parallel shearing along the Gurla Mandhata-Humla transpressional fault 

between 13-10 Ma (Murphy et al., 2002; Murphy and Copeland, 2005; Nagy et al., 2015). 

In western Nepal, broad open folds affecting the MCT surface cause it to crop out several 

times around the Dadeldhura-Karnali klippe (Franks and Fuchs, 1970; Arita et al., 1984; Antolín 

et al., 2013; Soucy La Roche et al., 2016). The MCT is structurally defined as the base of a 

roughly 2-5 km thick top-to-the-south high-strain zone (Searle et al., 2008). Deformation 

propagated downwards through this progressively formed high-strain zone over several million 

years (Mottram et al., 2014b). The MCT was mapped in two transects: one in the upper Karnali 

valley and one in the Jumla region of the Karnali klippe (Fig. 2.2). In both areas, hanging-wall 

rocks of the MCT comprise interlayered schistose to migmatitic pelite, quartzite, calc-silicate and 

leucogranite. Rocks within the MCT zone display an inverted metamorphic gradient; pressure and 

temperature conditions increase structurally up-section (Le Fort, 1975; Fuchs, 1977; Arita et al., 

1984; Yakymchuk and Godin, 2012; Iaccarino et al., 2016). The high-strain zone contains rocks 

that are stratigraphically associated with the base of the GHS and the top of the LHS. The MCT 

footwall rocks comprise low-metamorphic-grade schistose pelite (Fig. 2.3). Lower-GHS pelitic 

rocks are intruded by boudinaged leucocratic sills and dikes and become more migmatitic 

progressively up-section (Yakymchuk and Godin, 2012). The lower GHS exhibits top-to-the-

south sense of shear. The MCT strikes east-west with north-plunging mineral lineations in the 
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upper Karnali valley and strikes north-northwest to south-southeast with east- and west-plunging 

mineral lineations in the Jumla region.  

 

Figure 2.2 A) Geologic map of the upper Karnali valley showing sample locations. Modified 

from Yakymchuk and Godin (2012). MD – Metamorphic Discontinuity of Yakymchuk and 

Godin (2012); GMH – Gurla Mandhata-Humla transpressional fault. B) Geologic map of the 

Jumla region, showing sample locations. Contour intervals are 1000 m. 
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Figure 2.3 Structural column of the Greater Himalayan sequence (GHS) and the Lesser 

Himalayan sequence (LHS) package, illustrating relative location of samples collected. STD: 

South Tibetan detachment; MD: Metamorphic Discontinuity of Yakymchuk and Godin (2012); 

MCT: Main Central thrust. 

 

2.4!U-Th/Pb petrochronology  

2.4.1!Sample descriptions  

Eight samples were collected for in situ monazite petrochronology from the middle and 

lower GHS, from above the high-strain zone and structurally down section through to the base 

of the MCT (Fig. 2.3).   

Upper Karnali valley  

Four aluminosilicate-bearing pelite samples were collected from the upper Karnali valley (Fig. 

2.2A). The metamorphic evolution of these samples was originally described in Yakymchuk and 

Godin (2012). The selected samples display progressively lower metamorphic assemblages, from 

kyanite + melt down to garnet grade. The structurally highest sample collected in the GHS 

(Sample KAR05; Fig. 2.4A), located just above a discontinuity at which metamorphic pressures 
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begin to decrease up-section (Yakymchuk and Godin, 2012), is a migmatitic pelite with fractured 

snowball garnet porphyroblasts that show signs of retrograde alteration. Sample CY37B (Fig. 

2.4B) is a kyanite- and garnet-bearing pelitic schist from just below the metamorphic 

discontinuity. Kyanite porphyroblasts are aligned parallel to the matrix schistosity, while garnet 

porphyroblasts contain randomly oriented inclusions. Kyanite grains are not in equilibrium with 

garnet and appear to be breaking down (Fig. 2.4B). Sample K16A (Fig. 2.4C) is a staurolite-grade 

pelite with rare garnet porphyroblasts and well-developed schistose foliation. Garnets contain S-

shaped inclusion trails consistent with top-to-the-south sense of shear. Inclusion trails in staurolite 

are parallel to the matrix schistosity. The structurally lowest sample collected in the upper Karnali 

valley, from the base of the MCT high-strain zone (Sample KAR25; Fig. 2.4D), contains lobate 

relict quartz grains surrounded by recrystallized quartz and rare garnet porphyroblasts with 

inclusion trails that are parallel to the matrix foliation. Top-to-the-south shear-sense indicators 

such as C-S and C-S-C’ fabrics are present at the outcrop to thin-section scale. 
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Figure 2.4 Photomicrographs of all eight analyzed thin sections under plane polarized light (A, 

B, C, E, F, G) and crossed polars (D, H). Mineral abbreviations after Whitney and Evans (2010). 

 

Thermobarometry and phase equilibria modelling of these same samples indicate 

increasing pressure-temperature conditions from ~8 kbar and 650°C (sample KAR25) to ~10 kbar 

and 730°C (sample CY37B) just below the metamorphic discontinuity (Yakymchuk and Godin, 

2012). Above the discontinuity, pressures begin to progressively decrease from ~10 kbar and 

temperature is ~815°C.   
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Jumla Region  

Four samples were collected in the Jumla area, southeast of the Karnali valley (Fig. 2.3B). The 

MCT is exposed in two locations in the Jumla region, right next to the town of Jumla enclosing 

the Karnali klippe and to the east, laterally continuous to the MCT exposure in the upper Karnali 

valley. Two samples from each of these exposures were collected. Samples are pelitic in 

composition, though aluminosilicate minerals are not as abundant as in the upper Karnali valley 

transect. Augen granitic gneiss and rare amphibolite lenses are locally interlayered with pelitic 

rocks. Outcrop and thin sections show top-to-the-south shear-sense indicators such as rotated 

porphyroclasts and C-S fabrics. Sample ZB60 (Fig. 2.4E) is a garnet pelite that, despite being the 

structurally highest sample collected from the GHS in the Jumla region, does not contain 

aluminosilicate minerals. Large, round garnet porphyroblasts contain randomly oriented 

inclusions of kyanite, staurolite, quartz, feldspar and monazite. Elongated and irregularly shaped 

garnet porphyroblasts are heavily embayed by quartz and contain inclusion trails that are parallel 

to the matrix foliation. Sample ZB49 (Fig. 2.4F) is a garnet- and kyanite-bearing pelitic schist 

from within the lower GHS with abundant top-to-the-south C-S fabric. Garnet porphyroblasts 

have inclusion-rich cores of quartz, feldspar and aluminosilicates that are either randomly 

oriented or at a high angle to the matrix foliation; the rims are inclusion-free. Kyanite 

porphyroblasts are oriented with the long axis parallel to the matrix foliation and grains appear to 

be in equilibrium with garnet. Feldspar grains in the matrix have large round inclusions of quartz. 

Sample ZB23A (Fig. 2.4G) is a garnet and staurolite-bearing pelitic schist with large feldspar 

porphyroclasts. Coarse muscovite overprints some of the matrix fabric elements and garnet 

porphyroblasts are irregular and embayed. Sample ZB19 (Fig. 2.4H) is a pelitic schist containing 

small, irregular and embayed garnet porphyroblasts and a predominantly leucocratic matrix. 

Sample ZB19 is the structurally lowest sample collected in the Jumla region, from above the base 

of the MCT. Where present, sense-of-shear indicators are top-to-the-south.  
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Thin sections were cut perpendicular to foliation and parallel to the elongation lineation, 

which is variably defined by aligned kyanite, biotite, and muscovite. The petrological evolution 

of the samples was investigated in thin section by detailed optical microscopy to determine 

microstructural relationships and confirm the shear sense recorded in the field. Table 2.1 

summarizes the mineral assemblages and textural characteristics of each sample. All thin sections 

contain mineral assemblages consistent with amphibolite facies metamorphism and exhibit a 

well-developed matrix foliation. Monazite occurs as an accessory phase in all samples, 

predominantly in the matrix and concentrated in biotite-, muscovite- and garnet-rich zones. 

Monazite appears to have grown both pre- and syn-kinematically; it is included in kyanite 

porphyroblasts and both the rims and core of garnet porphyroblasts. Monazite grains range from 

clean, rounded grain boundaries to highly irregularly shaped (within a single sample), which 

suggests a protracted history of growth and dissolution (images of all grains are provided in 

Appendix A).  
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The upper Karnali valley exposes cross-cutting leucocratic veins and dykes that increase 

in volume towards the top of the upper GHS (Yakymchuck and Godin, 2012). Pods of kyanite-

bearing leucocratic material are found within the MCT high-strain zone in the upper Karnali 

valley near sample KAR25 (Fig. 2.5A). The leucocratic pods contain zircons with ~8 Ma rims 

and ~1.84 Ga cores (Ch. 3; Braden et al., 2018). The structurally higher samples from both 

transects contain evidence of in situ partial melting (KAR05, CY37B, ZB60, ZB49, ZB23A). 

Sample GPS 
coordinates Assemblage Shear 

sense Textures 

Karnali     

KAR05 29.51443˚N�
81.52140˚E  Qtz + Pl + Ms + Bt + Grt + Kfs Top-S Heavily embayed snowball Grt, breaking down 

Gneissic matrix foliation 

CY37B 29.51676˚N�
81.53221˚E Qtz + Pl + Ms + Bt + St + Ky + Grt  Top-S 

Coarse grained schistose foliation, Ky porphyroblasts  
long axis aligned parallel to matrix foliation, Grt full of 
randomly oriented inclusions. Grt & Ky in equilibrium, St 
breaking down 
 

K16A 29.46.531˚N�
81.55179˚E Qtz + Ms + Bt + Grt + St + Ilm Top-S 

Strong schistose foliation defined by Ms + Bt,  
Grt contains S-shaped inclusion trails consistent with 
matrix foliation, St in equibilirium & contains inclusion trails 
consistent with external foliation 
 

KAR25 29.41982˚N�
81.59010˚E Qtz + Ms + Bt + Grt + Pl + Ilm  

Fine grained schistose bands wrap large elliptical  
patches of Qz grains, inclusion trails in Grt consistent with 
external foliation 

Jumla     

ZB60 29.29423˚N�
82.12597˚E Qtz + Pl + Ms + Bt + Grt + Ky + St  Matrix schistosity defined by Bt + Ms,  

Grt very embayed & contains inclusion trails consistent 
with external foliation, inlcusions of Ky & St in Grt 

ZB49 29.28786˚N�
82.13036˚E 

Qtz + Pl + Ms + Bt + Grt + Ky + 
Kfs Top-S 

Matrix schistosity primarily defined by aligned Bt,  
top-S C-S, Ky aligned parallel to foliation, some bent & 
deformed Ky (undulose extinction = ductile), Grt have 
inclusion-rich cores & inclusion-free rims 
 

ZB23A 29.31531˚N�
82.42261˚E Qtz + Pl + Ms + Bt + Grt + Kfs  Large fsp p-clasts, grungy Bt, retrograde  

Ms overprints fabric, Grt fractured & embayed 

ZB19 29.30944˚N�
82.38873˚E Qtz + Ms + Bt + Grt Top-S 

 
Predominantly leucocratic matrix, small Bt + Ms defines 
weak schistosity, Grt irregular shape, small & fractured 

Table 2.1 List of major mineral assemblages and textural descriptions for samples from the upper 

Karnali valley and the Jumla region. 
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Garnet porphyroblasts in the kyanite + melt zone are embayed and contain tiny inclusions of 

bulbous quartz and feldspar (Fig. 2.5B). Embayed plagioclase contains round inclusions of quartz 

as well as small grains of kyanite surrounded by a thin film of quartz (Fig. 2.5C). These textures 

suggest the rocks have undergone partial melting (Groppo et al., 2010). Sample ZB60 lacks 

aluminosilicates in the matrix (small inclusions are found only within large, round garnet 

porphyroblasts) but contains heavily embayed and irregularly shaped garnet porphyroblasts in 

leucocratic zones of the matrix that suggest resorption or reaction with partial melt (Fig. 2.4E). In 

the Jumla region from near sample ZB60, leucocratic zones within large garnet porphyroblasts 

are interpreted to be partial melt (Fig. 2.5D). Partial melt in the Jumla region is less abundant 

(around 5-10%; Fig. 2.5E) than in structurally equivalent samples from the upper Karnali valley 

(10-15%; Fig. 2.5F; Yakymchuck and Godin, 2012). It is unclear whether this is due to a lower 

volume of melt production (perhaps controlled by bulk composition) or the migration of partial 

melt away from the Jumla region, similar to what has been proposed in the Kali Gandaki valley in 

central Nepal (Parsons et al., 2016). The lowest samples at or just above the base of the MCT do 

not appear to have undergone partial melting (K16A, KAR25, ZB19). 
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Figure 2.5 A) Field photo from the upper Karnali valley of a kyanite-bearing quartzofeldspathic 

pod. B) Photomicrograph of a garnet porphyroblast in sample CY37B that contains numerous 

lobate quartz inclusions and is embayed by quartz and feldspar. C) Photomicrograph of 

plagioclase porphyroclast in sample ZB49 that contains round quartz inclusions and kyanite 

inclusions surrounded by a film of quartz. D) Field photo from the Jumla region near sample 

ZB60 of a garnet porphyroblast surrounded by and including leucocratic material. E) Field photo 

from the Jumla region showing a pelite with comparatively less partial melt. F) Field photo from 

Upper Karnali valley showing extensively migmatized pelite. 
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2.4.2!Methods: in situ U-Th/Pb petrochronology  

The timing of deformation along the MCT from hinterland to foreland is investigated using U-

Th/Pb petrochonology on monazite from the eight samples described above. Monazite is a light-

rare-earth-bearing phosphate mineral and is a common accessory phase in metamorphosed pelitic 

rocks. Monazite contains U and Th and is resistant to Pb diffusion at high temperatures, which 

makes it an ideal geochronometer (Parrish, 1990). In situ dating preserves the microstructural 

context of each monazite grain and enables more accurate interpretation of age results. Monazite 

was identified using an MLA 650 FEG environmental scanning electron microscope and 

chemically mapped for Y, U, Th, Ca, and Si using a JEOL JXA-8230 electron microprobe at 

Queen’s University, Kingston, Ontario. In situ U-Th/Pb and trace element data were acquired 

simultaneously at the University of California, Santa Barbara using a Photon Machines 193 nm 

ArF Excimer laser ablation system connected via split stream to a multi-collector Nu Plasma (U-

Th-Pb data) and an Agilent 7700S Quadrupole (trace element data) inductively-coupled plasma 

mass spectrometer. Analytical procedures are outlined in Cottle et al. (2013) and Kylander-Clark 

et al. (2013) with modifications described in McKinney et al. (2015). A primary reference 

monazite, 44096, and two secondary reference monazites, FC1 (55.7 Ma; Horstwood et al., 2003) 

and Bananeira (~512 Ma; Kylander-Clark et al., 2013), were analyzed after every tenth unknown 

spot; reference monazites reproduce to within 2% (2σ) of the accepted value. U, Th, Pb isotope 

and trace element data were collected simultaneously using a spot size of 8-10 µm, 90 shots at a 

frequency of 3 Hz and source laser energy of 2.5 mJ. Si, Ca, and Mg levels were monitored for 

evidence of inclusions and ablation sites visually inspected to ensure no contamination occurred 

during analysis. Spot selection was based on previously acquired backscattered electron (BSE) 

images and elemental maps. Data reduction was carried out using version 2.1.2 of Iolite (Paton et 

al., 2010). Complete results are reported in the supplementary material (Appendix A).   

In Cenozoic monazite, the presence of excess 206Pb can cause 206Pb/238U ages to be older 

than the true crystallization age; consequently, in this study 208Pb/232Th ages are quoted for 
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monazite populations (Parrish, 1990). All dates are reported to ± 2σ. The terms ‘date’ and ‘age’ to 

refer to results and the interpretation of these dates in a tectonometamorphic context, 

respectively. Data points were excluded if they are greater than 20% discordant and/or if ablation 

spots overlapped zones of differing Y concentration, which would make the reported age likely a 

result of mixing two domains.  

2.4.3!Methods: Y, Gd/Yb, EuN/EuN* measurements  

The Y content, the Gd to Yb ratio, and Eu anomalies (EuN/EuN*) were plotted versus 

the 208Pb/232Th dates for each sample. Though standard concordia and weighted mean age plots 

are useful for identifying groups of similar dates, geochronological results are more meaningful 

when considered in the context of microstructural relationships and chemical zoning (Gibson et 

al., 2004). Y zonation can be tied to reactions involving garnet; Y is preferentially taken up by 

garnet over monazite during mineral growth (Spear and Pyle, 2002; Pyle and Spear, 2003; Kohn 

et al., 2005). Zones of low Y concentration are associated with prograde metamorphism during 

which monazite and garnet grew concurrently or monazite grew in the presence of garnet (little to 

no free Y). High Y zones in monazite result from mineral (re-)crystallization in a Y-rich 

environment, which can be a result of several different reactions. High Y zones in monazite can 

be generated by garnet breakdown during melting (Spear and Pyle, 2002). Garnet can also break 

down during decompression, which would release Y into the system and cause zones of higher Y 

content in concurrently crystallizing monazite (Spear and Pyle, 2002; Pyle and Spear, 2003; 

Yakymchuk and Brown, 2014). Though garnet may also form during melting (Grt + Kfs + melt 

= Bt + Sil + Pl + Qz; Le Breton and Thompson, 1988), analyzed samples do not exhibit strong 

evidence for peritectic garnet and sillimanite is not present in the dated samples. The back-

reaction of garnet with melt to produce micas and sillimanite can also result in high Y rims on 

monazite grains (Pyle and Spear, 2003), however, the absence of sillimanite in the analyzed 

samples makes it an unlikely cause for the breakdown of garnet.  
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Xenotime can also strongly partition Y and heavy rare earth elements (HREE) during 

metamorphism in pelitic rocks (Pyle et al., 2001). In the studied thin sections, xenotime is only 

found in trace amounts (at most 0.01%) compared to garnet. Given the relative pressure-

temperature-bulk composition phase relations of xenotime relative to monazite it is unlikely that 

the rocks ever contained a significant portion of xenotime, such that it dominated the HREE 

budget (Gratz and Heinrich, 1997). Consequently, we interpret garnet to exert the dominant 

control on Y and HREE composition.   

Interpretations based on the chemical zoning of Y can be verified independently with Eu 

anomalies present in the analyzed monazite, which can be used as a second proxy for the timing 

of melt crystallization (Regis et al., 2016). Eu content in parts per million (ppm) were normalized 

to the chondrite value of McDonough and Sun (1995) to calculate EuN/Eu*N. EuN/Eu*N provides 

an indication of the abundance of feldspar present in the sample (Buick et al., 2010). K-feldspar is 

produced during the melting of biotite and muscovite and results in a stronger positive Eu 

anomaly; in contrast plagioclase is consumed during prograde melting. When K-feldspar begins 

to crystallize, it preferentially takes up Eu, and a negative Eu anomaly is consequently expected 

in coexisting phases (Buick et al., 2010). A negative Eu anomaly can therefore serve as a proxy 

for the progression of melting. The Eu anomaly is evaluated only in those samples that show clear 

textural evidence of partial melting (CY37B, KAR05, ZB60, ZB49, ZB23A). 

The ratio of Gd to Yb in the analyzed monazite is used to approximate the behavior of 

HREE. Garnet preferentially incorporates HREE (over LREE), therefore a decreasing Gd/Yb 

indicates garnet breakdown, an increasing Gd/Yb indicates garnet growth or growth in the 

presence of garnet, and a highly variable Gd/Yb suggests melting and/or fluid-rich metamorphism 

(Zhu and O’Nions, 1999). Because trace-element compositions are strongly controlled by bulk 

composition, discussion of trace element trends between samples is preferred to comparing 

absolute compositional values.   
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2.4.4!Results  

The isotopic date and elemental concentration results for a representative sample, CY37B, can be 

found in Table 2.2; all other data tables are available in the supplementary material as well as Y 

maps for all analyzed monazite grains. The following results for each region are ordered from the 

structurally highest sample to the lowest.  

Results: Upper Karnali valley   

Nine matrix monazite grains from sample KAR05 (48 analyses) yield dates from 16.6 ± 0.4 Ma to 

10.7 ± 0.3 Ma. Grains are either variably oriented or aligned with their long axis parallel to the 

matrix foliation; the orientation of grains does not correspond to distinct populations of dates, 

however. Low Y monazite cores yield dates of 16-14 Ma, whereas rare higher Y rims correspond 

to younger dates between 13-10 Ma, with an overall increase in Y through time from 16 Ma to 10 

Ma (Fig. 2.6A). The Gd/Yb ratio steeply decreases through time (Fig. 2.6B) while the EuN/EuN* 

ratio decreases through time and plateaus between 14-10 Ma (Fig. 2.6C). 
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Grain 
_spot Pb U Th Th/U 

207Pb/ 
206Pb 2s% 

206Pb/ 
238U 2s% 

208Pb/ 
232Th 2s% 

208Pb/ 
232Th  
Age 

2s 
abs Y Gd Yb Gd/Yb 

EuN/ 
Eu*N 

2_1 44 8010 31280 3.7 0.0803 1.81 0.00288 2.12 0.00090 2.60 18.2 0.5 3620 12560 7 1820 0.635 
2_2 47 8510 33510 3.8 0.0732 1.71 0.00286 2.42 0.00089 2.76 18.0 0.5 4170 13280 9 1443 0.633 
2_3 50 9490 36800 3.7 0.0780 1.74 0.00273 2.17 0.00086 2.44 17.4 0.4 4030 11500 17 665 0.639 
2_4 49 8620 35040 3.9 0.0747 1.68 0.00289 2.01 0.00091 2.40 18.3 0.4 3380 11680 8 1517 0.624 
2_5 46 8300 32760 3.8 0.0738 1.70 0.00288 2.10 0.00091 2.53 18.3 0.5 3350 11920 3 3845 0.595 
2_6 50 9300 34960 3.6 0.0759 1.53 0.00292 2.22 0.00092 2.65 18.6 0.5 170 590 3 203 0.797 
2_7 45 8050 31910 3.8 0.0743 1.25 0.00290 2.38 0.00090 2.83 18.2 0.5 3690 12450 8 1518 0.601 
2_8 43 7760 30310 3.8 0.0925 1.49 0.00287 2.27 0.00091 2.53 18.3 0.5 4080 12830 11 1125 0.667 
2_9 48 8810 34610 3.8 0.0730 1.72 0.00285 2.30 0.00090 2.54 18.1 0.5 4240 11300 5 2306 0.697 
2_10 46 8200 33250 3.9 0.0726 1.60 0.00284 2.04 0.00089 2.41 17.9 0.4 4910 12960 7 1906 0.675 
2_11 43 7930 31050 3.8 0.0731 1.72 0.00285 2.20 0.00089 2.41 18.0 0.4 4710 12790 10 1292 0.689 
3_12* 24 7020 26720 3.7 0.0931 2.21 0.00181 2.11 0.00057 2.60 11.5 0.3 19150 14070 282 50  
3_13 23 7690 30460 3.9 0.0999 2.16 0.00155 2.14 0.00048 2.41 9.8 0.2 20370 14830 330 45 0.554 
3_14 22 7520 30820 4.0 0.1069 1.85 0.00148 2.32 0.00046 2.51 9.2 0.2 19220 14860 316 47 0.568 
3_15 25 7540 28790 3.8 0.0913 1.93 0.00178 2.24 0.00056 2.61 11.4 0.3 20600 15000 408 37 0.553 
3_16 22 7770 30870 4.0 0.0970 2.22 0.00150 2.17 0.00047 2.52 9.5 0.2 20700 17100 328 52 0.539 
3_17 31 8240 30710 3.7 0.0819 1.90 0.00209 2.35 0.00066 2.61 13.2 0.3 16140 15450 195 79 0.510 
3_18 24 7510 27240 3.6 0.0888 1.76 0.00176 2.38 0.00056 2.55 11.2 0.3 19710 15470 291 53 0.558 
3_19 24 7800 28450 3.6 0.0965 1.53 0.00169 2.22 0.00053 2.51 10.8 0.3 19570 15730 285 55 0.555 
3_21 44 9000 31670 3.5 0.0748 1.55 0.00284 2.28 0.00089 2.47 18.0 0.4 2770 10810 5 2002 0.667 
3_22 39 8230 28010 3.4 0.0745 1.56 0.00282 2.09 0.00089 2.48 18.0 0.4 3160 12680 10 1255 0.652 
3_23 40 8450 28370 3.4 0.0749 1.55 0.00284 2.18 0.00091 2.39 18.4 0.4 3390 12250 11 1104 0.680 
3_24 38 8120 27470 3.4 0.0728 1.59 0.00283 2.18 0.00090 2.54 18.2 0.5 3200 12030 10 1168 0.663 
3_25 41 8720 31090 3.6 0.0780 1.62 0.00273 2.27 0.00086 2.58 17.3 0.4 4690 12090 49 249 0.559 
3_26 40 8620 28340 3.3 0.0783 1.35 0.00287 2.15 0.00091 2.67 18.3 0.5 2700 11020 8 1395 0.673 
3_27 52 9660 37240 3.9 0.0795 1.47 0.00289 2.28 0.00091 2.82 18.3 0.5 2170 10450 10 1005 0.618 
3_28* 63 10590 44960 4.3 0.0796 1.35 0.00292 2.32 0.00091 2.53 18.3 0.5 2270 9300 6 1525  
3_29 56 11110 40400 3.7 0.0777 1.50 0.00290 2.16 0.00090 2.60 18.3 0.5 170 560 5 119 0.805 



 

32 

 

3_30 62 12170 44360 3.7 0.0751 1.55 0.00289 2.21 0.00090 2.53 18.2 0.5 150 520 3 186 0.780 
4_31 49 10640 35630 3.4 0.0727 1.59 0.00287 2.39 0.00089 2.69 18.0 0.5 410 1300 6 232 0.750 
4_32 51 11360 38010 3.3 0.0734 1.84 0.00286 2.22 0.00089 2.69 17.9 0.5 440 950 4 244 0.792 
4_33* 46 9430 34180 3.6 0.0806 2.17 0.00288 2.85 0.00089 3.27 18.0 0.6 740 1100 6 196  
4_34 44 9530 32520 3.4 0.0726 1.73 0.00283 2.43 0.00089 2.69 18.0 0.5 370 1100 5 239 0.892 
4_35 46 10300 35460 3.4 0.0723 1.47 0.00276 2.28 0.00085 2.67 17.2 0.5 330 1200 6 203 0.727 
4_36 49 10490 36560 3.4 0.0726 1.60 0.00285 2.40 0.00088 2.78 17.8 0.5 300 1100 7 167 0.698 
4_37 36 10330 36030 3.4 0.0809 2.28 0.00218 4.05 0.00068 3.95 13.7 0.5 1200 1700 28 61 0.308 
4_38 30 8780 33360 3.7 0.0878 1.89 0.00191 2.51 0.00059 2.61 12.0 0.3 21490 16300 338 48 0.539 
4_39 34 9070 33260 3.6 0.0836 2.44 0.00214 2.43 0.00066 2.61 13.2 0.3 1600 770 20 39 0.699 
4_40 28 9040 36920 3.9 0.1076 4.12 0.00171 2.83 0.00050 3.14 10.0 0.3 21700 17400 274 64 0.564 
4_41* 53 10680 39500 3.6 0.0726 1.12 0.00285 2.30 0.00088 2.49 17.7 0.4 7430 13700 18 749  
4_42 57 11640 41710 3.5 0.0725 1.60 0.00285 2.40 0.00088 2.62 17.8 0.5 400 1300 5 283 0.563 
4_43 72 14090 53500 3.7 0.0735 1.30 0.00285 2.35 0.00089 2.69 18.0 0.5 420 680 5 131 0.599 
6_44 28 8670 31710 3.6 0.0885 2.42 0.00192 2.50 0.00058 2.75 11.8 0.3 15700 11760 238 49 0.530 
6_45 31 10480 39980 3.8 0.0928 2.11 0.00162 2.18 0.00051 2.46 10.2 0.3 21000 15240 293 52 0.526 
6_46 33 10460 38840 3.7 0.0878 1.67 0.00175 2.07 0.00055 2.46 11.1 0.3 19600 14450 316 46 0.561 
6_47 37 10620 37660 3.5 0.0804 1.46 0.00207 2.13 0.00065 2.52 13.1 0.3 17110 14460 202 72 0.512 
6_48 36 10860 38250 3.5 0.0812 1.91 0.00195 2.15 0.00061 2.52 12.4 0.3 18600 14100 289 49 0.556 
6_49* 43 11980 41520 3.5 0.0792 1.96 0.00216 2.70 0.00068 2.99 13.7 0.4 14700 14650 187 78  
6_50* 46 21290 34010 1.6 0.0704 1.24 0.00272 2.10 0.00090 2.54 18.1 0.5 520 670 12 56  
6_51 35 11760 40890 3.5 0.0907 1.83 0.00177 2.33 0.00055 2.63 11.2 0.3 19200 14260 302 47 0.607 
6_52 39 14190 39930 2.9 0.0786 2.10 0.00219 2.08 0.00065 2.52 13.1 0.3 960 960 23 42 0.591 
6_53* 36 12470 42550 3.5 0.0907 1.94 0.00176 2.14 0.00055 2.50 11.1 0.3 19200 14100 280 50  
6_54* 54 18640 42100 2.2 0.0677 1.70 0.00271 2.25 0.00083 2.69 16.8 0.5 550 650 8 79  
6_55 35 11440 41930 3.7 0.0923 1.80 0.00177 2.29 0.00055 2.58 11.1 0.3 16100 13710 252 54 0.656 
6_56 56 16840 40010 2.4 0.0681 1.55 0.00275 1.96 0.00089 2.41 18.0 0.4 720 1100 15 73 0.441 
6_57 47 17830 33850 1.9 0.0668 1.30 0.00276 2.18 0.00090 2.53 18.2 0.5 340 590 8 73 1.059 
6_58 54 13940 40700 3.0 0.0735 1.58 0.00276 2.56 0.00086 2.82 17.3 0.5 580 630 14 45 0.701 
6_59 48 19510 35640 1.9 0.0705 1.40 0.00274 2.32 0.00087 2.57 17.6 0.5 450 580 9 64 0.702 
6_60* 48 23520 35820 1.5 0.0698 1.34 0.00269 2.18 0.00087 2.57 17.6 0.5 500 690 11 63  
6_61 50 17830 35840 2.0 0.0667 1.40 0.00275 2.24 0.00090 2.61 18.1 0.5 390 530 6 93 1.097 
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9_62* 23 6060 21200 3.5 0.0853 2.40 0.00217 3.20 0.00068 3.31 13.8 0.5 9200 8520 188 45  
9_63* 23 6220 21530 3.5 0.0842 2.66 0.00219 3.10 0.00069 3.30 13.9 0.5 8540 8920 183 49  
9_64 21 6360 22880 3.6 0.0885 2.65 0.00190 2.77 0.00060 3.06 12.2 0.4 10630 8640 216 40 0.635 
9_65 21 5930 22010 3.7 0.0897 2.18 0.00196 3.36 0.00062 3.66 12.6 0.5 9930 8660 184 47 0.637 
9_66 14 3870 14260 3.7 0.0883 3.10 0.00201 3.04 0.00063 3.36 12.7 0.4 6050 5110 122 42 0.619 
9_67 37 6980 26610 3.8 0.0757 1.79 0.00278 2.66 0.00090 2.99 18.2 0.5 693 7110 3 2539 0.539 
9_68* 30 6450 23420 3.6 0.0792 2.20 0.00252 2.46 0.00081 2.90 16.4 0.5 4260 8370 93 90  
9_69 38 6290 26340 4.1 0.0796 2.19 0.00290 2.92 0.00093 3.02 18.7 0.6 331 6270 2 4125 0.514 
9_70* 29 5980 23340 3.9 0.0802 2.06 0.00247 2.91 0.00080 3.21 16.1 0.5 3930 7270 82 89  
9_71 39 6178 26650 4.3 0.0776 2.50 0.00293 2.52 0.00093 2.78 18.8 0.5 284 6600 1 6947 0.264 
9_72 34 5570 24170 4.3 0.0780 2.36 0.00287 2.60 0.00091 2.89 18.4 0.5 292 5910 4 1515 0.235 
9_73* 26 5360 21560 4.0 0.0846 2.53 0.00243 2.81 0.00077 2.97 15.6 0.5 4170 7180 90 80  
10_74* 34 9460 33750 3.6 0.0789 1.60 0.00209 2.18 0.00064 2.46 13.0 0.3 11810 14520 214 68  
10_75 39 9440 35160 3.7 0.0736 1.45 0.00228 2.16 0.00070 2.54 14.2 0.4 9570 15140 126 120 0.124 
10_76 39 9290 35270 3.8 0.0755 1.79 0.00228 2.34 0.00071 2.62 14.4 0.4 8780 15600 99 158 0.109 
10_77 41 9540 35080 3.7 0.0729 1.85 0.00239 2.08 0.00075 2.48 15.2 0.4 8250 16190 95 170 0.101 
10_78 42 9700 35870 3.7 0.0741 1.69 0.00240 2.17 0.00075 2.48 15.1 0.4 8770 16920 143 118 0.090 
10_79 62 10910 46300 4.3 0.0765 1.40 0.00275 2.51 0.00086 2.74 17.3 0.5 898 11970 3 4128 0.105 
10_80* 49 8830 38320 4.4 0.0748 1.37 0.00265 2.36 0.00083 2.69 16.8 0.5 3590 13440 45 297  
10_81 40 8620 35630 4.1 0.0751 1.55 0.00236 2.30 0.00073 2.43 14.7 0.4 6800 15140 69 221 0.050 
10_82* 53 9420 40500 4.3 0.0749 1.68 0.00268 2.16 0.00084 2.39 16.9 0.4 4760 13900 96 145  
10_83* 53 9540 40590 4.3 0.0744 1.56 0.00271 2.50 0.00084 2.60 17.0 0.4 4230 14030 82 171  
17_84 29 8900 40220 4.5 0.0989 1.69 0.00155 2.46 0.00047 2.66 9.5 0.3 10980 16670 258 65 0.046 
17_85 31 9360 39400 4.2 0.0894 2.84 0.00164 2.67 0.00050 2.71 10.2 0.3 11460 18000 254 71 0.046 
17_86* 46 9060 35110 3.8 0.0784 1.73 0.00268 2.57 0.00084 3.03 16.9 0.5 5460 15400 63 243  
17_87* 51 9270 43460 4.7 0.0796 1.95 0.00246 2.62 0.00076 2.72 15.4 0.4 4240 14650 63 233  
17_88* 42 9220 40510 4.3 0.0846 2.30 0.00217 2.59 0.00068 2.77 13.7 0.4 7510 16620 144 115  

 

Table 2.2 Isotopic concentrations, trace element concentrations and date results for sample CY37B. Asterisk indicates discarded analyses. 



 

34 

 

 

 

 
 

 

Figure 2.6 Y, Gd/Yb, and EuN/EuN* ratios vs. 208Pb/232Th Age plots for all samples from the 

upper Karnali valley. NB: Plot E of Gd/Yb vs. 208Pb/232Th Age for sample CY37B has a 

logarithmic scale on the x-axis to better display the data. Gray crosses represent maximum 

uncertainty for all points. 

 

Seven monazite grains from the matrix of sample CY37B (71 analyses) produce a range 

of dates from 18.8 ± 0.5 Ma to 9.2 ± 0.2 Ma (Fig. 2.7). The majority of monazite grains are 

randomly oriented in the matrix; only three smaller grains are aligned parallel to the dominant 

matrix foliation. This sample contains monazite grains as large as 400 µm in length with distinct 
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Y zoning. Low Y cores or grains with no zoning and a uniformly low Y concentration correspond 

to dates between ca. 18-17 Ma. High Y rims correspond to dates between ca. 15-9 Ma. Thus, the 

Y content increases through time from 18 Ma to 9 Ma (Fig. 2.6D), while the Gd/Yb decreases 

over the same period (Fig. 2.6E). The EuN/EuN* ratio shows more scatter with an overall decrease 

through time (Fig. 2.6F).  

 

Figure 2.7 A) SEM image of sample CY37B. B) Elemental X-ray map showing yttrium 

concentration in monazite 3 from sample CY37B, with a large low Y core and high Y rims; grain 

is in the matrix. C) 208Pb/232Th versus 206Pb/238U concordia plot of age data obtained from sample 

CY37B. Ellipses are coloured based on relative Y content for each spot (blue: low Y, red: high 

Y). Asterisk next to date indicates discarded data point. 

 

Ten monazite grains from the matrix and one monazite included in garnet from sample 

K16A (40 analyses) from the lower GHS yield dates from 12.5 ± 0.3 Ma to 10.7 ± 0.3 Ma. The 

long axis of all monazite is aligned parallel to a well-developed matrix schistosity. Monazite 

grains are weakly zoned with respect to Y. Monazite included in garnet is part of an S-shaped 
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inclusion trail consistent with a top-to-the-south sense of shear. Sample K16A records consistent 

12-10 Ma dates in all grains, both from the matrix and the grain included in garnet. Y content is 

similar for all dates (~15000 ppm; Fig. 2.6G). The Gd/Yb ratio is relatively low for all dates and 

shows a wide scatter (all Gd/Yb ratio < 400; Fig. 2.6H).   

Five monazite grains from the matrix of sample KAR25 (26 analyses) from the lower 

MCT zone yield dates from 7.4 ± 0.2 Ma to 6.0 ± 0.1 Ma, though only ten of these have 

reasonable uncertainty and less than 20% discordance. There are no monazite grains within the 

ellipsoidal zones of quartz that are interpreted to represent large relict grains. All monazite grains 

are found within the fine-grained bands of recrystallized quartz and mica that wrap these 

ellipsoidal zones. Some weak Y zonation is present; however, these zones are generally too small 

(<10 μm) to target with the laser. The Y content and Gd/Yb ratio is variable (Fig. 2.6I; 2.6J).  

Results: Jumla region  

Six monazite grains from the matrix and two monazite grains included in the rim of garnet 

porphyroblasts of sample ZB60 (44 analyses) from the lower GHS yield dates from 47.9 ± 1.2 Ma 

to 24.7 ± 0.6 Ma. Matrix monazite grains are found within bands of more mafic minerals (biotite, 

garnet etc.) parallel to the matrix schistosity. Low Y cores and whole grains yield dates from 47-

40 Ma. High Y cores produce a spread of younger dates between 35-31 Ma. Grains with zones of 

intermediate Y, either in the core of grains or on the rims, correspond to dates from 30-24 Ma. 

The Y content shows a wide scatter though with a greater number of low Y spots associated with 

the oldest dates (Fig. 2.8A). The Gd/Yb ratio similarly shows a wide scatter with a break between 

40 Ma and 30 Ma (Fig. 2.8B). EuN/EuN* ratio has a clear decreasing trend through time (Fig. 

2.8C). 

Four monazite grains from the matrix, two monazite grains within kyanite porphyroblasts 

and one in a garnet porphyroblast from sample ZB49 (42 analyses) yield dates from 53.3 ± 1.9 

Ma to 18.9 ± 0.5 Ma. Matrix monazite grains are aligned parallel to the dominant schistosity. 
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Sample ZB49 contains monazite grains with particularly strong Y zonation. Low Y cores 

correspond to dates from 47-39 Ma and the high Y rims correspond to dates from 25-18 Ma. 

There are dates scattered between these two clusters, however 47-39 Ma and 25-18 Ma represent 

the majority of analyses. The monazite grain included in kyanite records dates between 44-32 Ma, 

matrix monazite records dates between 28-22 Ma, and the monazite included in garnet records 

dates between 40-29 Ma. Y content increases through time, from 47 Ma to 37 Ma and then 

decreases slightly from 35 Ma to 18 Ma (Fig. 2.8D). The Gd/Yb ratio decreases through time; the 

oldest dates have the highest ratio (Fig. 2.8E). The EuN/EuN* ratio is scattered (Fig. 2.8F).  

 

Figure 2.8 Y, Gd/Yb ratio, and EuN/EuN* ratio vs. 208Pb/232Th Age plots for all samples from the 

Jumla region. NB: Plot H of Gd/Yb ratio vs. 208Pb/232Th Age for sample ZB23A has a logarithmic 

scale on the x-axis to better display the data. Gray crosses represent maximum uncertainty for all 

points. 
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Three monazite grains in garnet porphyroblasts and seven matrix monazite grains from 

sample ZB23A (47 analyses) yield dates from 41.4 ± 1.2 Ma to 17.5 ± 0.4 Ma. Matrix monazite 

grains are concentrated in bands of more mafic minerals and are aligned parallel to the 

schistosity. Monazite grains in this sample show a consistent Y concentration. Rare low Y cores 

correspond to dates from 41-37 Ma whereas low Y rims were too narrow to target with the laser. 

High Y cores or unzoned grains with high Y concentration correspond to dates between 25-17 

Ma. Monazite gains within garnet record dates between 36-20 Ma. The Y content increases 

through time; the oldest dates are from monazite with the lowest Y (Fig. 2.8G) whereas Gd/Yb 

and EuN/EuN* ratios decrease through time (Fig. 2.8H-I). There are two distinct outliers on all 

plots (very low Y, high Gd/Yb, high EuN/EuN*) that correspond to a small monazite inclusion in 

the rim of a garnet porphyroblast.  

  Six monazite grains from the matrix of sample ZB19 (41 analyses) from the lower GHS 

yield dates from 23.5 ± 0.7 Ma to 17.7 ± 0.4 Ma. Monazite grains are aligned parallel to the 

matrix schistosity, which is weakly expressed in this sample due to the low abundance of fabric-

forming minerals. The dated monazite grains display Y zoning; however, the majority of grains 

contain lower Y cores with narrow higher Y rims. Low Y grains yield dates between 23-17 Ma 

(Fig. 2.8J). 

2.5!Discussion  

2.5.1!Interpretation of petrochronology results: Upper Karnali valley  

Low Y and high Gd/Yb ratio domains in monazite grains from the upper Karnali valley 

correspond to dates between 18-14 Ma, suggesting that during this time interval monazite (re-

)crystallized in the presence of, or synchronously with, garnet. In contrast, high Y domains yield 

a range of dates between 15-7 Ma. In samples with textural evidence for partial melting, the high 

Y domains are interpreted as a result of garnet breakdown following melting, as garnet releases Y 
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into the system during melting. Despite being too small to target with the laser, the presence of 

monazite inclusions (but no xenotime, apatite or allanite) in the core of the garnet porphyroblast 

in the sample suggest that monazite was present for the duration of garnet growth.   

Sample KAR05, the structurally highest sample from the upper Karnali valley, shows a 

decreasing trend from EuN/Eu*N = ~0.65 at 16 Ma to <0.4 by 14 Ma. A strong negative Eu 

anomaly (EuN/Eu*N = ~0.4-0.28) from 14-10 Ma coinciding with a steep decrease in Gd/Yb and 

increase in Y content suggest the upper GHS was undergoing melting by 14 Ma. Sample CY37B 

has a more variable EuN/Eu*N distribution over a narrower range of dates. Sample K16A records 

variable Gd/Yb ratios, indicating there was some freely available HREE during monazite (re-

)crystallization. The Eu anomaly was not evaluated for samples K16A and KAR25 as they do not 

show evidence of partial melting.  

These data suggest that rocks from the upper Karnali valley sustained a period of melt 

crystallization from ~14 Ma in the GHS and more recently down section towards the MCT at ca. 

11-10 Ma.   

2.5.2!Interpretation of petrochronology results: Jumla region  

The oldest dates (53-51 Ma) are discordant and not true ages but rather interpreted to represent 

mixed domain dates (see Appendix A). Low Y and high Gd/Yb ratio domains in monazite from 

the Jumla region correspond to dates between 48-37 Ma and are inferred to record monazite (re-) 

crystallization during garnet growth or at least in the presence of garnet. As there is no textural 

evidence for peritectic garnet, monazite growth that can be tied via Y and HREE behavior to 

growth concurrent with, or in the presence of, garnet is likely associated with early prograde 

metamorphism. There are two anomalous outliers in sample ZB23A, with very low Y, high 

Gd/Yb and high EuN/EuN* ratios associated with dates around 21 Ma from monazite inclusions in 

the rim of a garnet porphyroblast.   
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High Y monazite domains from the Jumla region correspond to dates between 35-18 Ma 

and all samples show a decreasing EuN/Eu*N trend with younging age. Sample ZB60 monazite 

shows variable Gd/Yb ratio and a decreasing EuN/Eu*N ratio from 50 Ma to 20 Ma. High Gd/Yb 

is observed between 50-40 Ma and at 30 Ma, while there is a gap with low Gd/Yb ratio between 

40-30 Ma and from <28 Ma. Monazite grains from sample ZB49 show a similar break in Gd/Yb 

ratio between 40-30 Ma. These samples have mineral assemblages that are reflective of medium 

to upper amphibolite facies metamorphism in pelitic rocks. Based on high-temperature 

dehydrating metamorphism and the lack of textural evidence for the presence of a fluid phase, 

highly variable Gd/Yb ratios are interpreted to reflect crustal melting. This is consistent with 

observations of the morphology of garnet porphyroblasts with irregular and embayed edges that 

are present in all Jumla region samples, suggesting that garnet breakdown occurred at some point. 

The trend of decreasing EuN/Eu*N ratio in all samples, the variable Gd/Yb ratios in sample ZB60 

(structurally highest), and the decreasing trend of Gd/Yb ratios in all other Jumla region samples 

point to garnet breakdown to release Y and HREE into the system as a result of anatexis. A strong 

negative EuN/Eu*N anomaly between 20-18 Ma in sample ZB23A indicates garnet breakdown 

was still occurring as part of a long-lasting process or occurred again more recently in the lower 

GHS. Partial melt was likely present as early as 40 Ma with ongoing melting or melt 

crystallization lasting until <25 Ma. The earliest evidence of melting is only recorded in the 

structurally higher GHS samples. The age of melt crystallization decreases down section toward 

the MCT, which means that melt crystallized more recently along the MCT in conjunction with 

younger deformation down section. The Eu anomaly was not evaluated for sample ZB19 as it 

does not show evidence of partial melting.  

2.5.3!Deformation and monazite (re-)crystallization  

Sample K16A from the upper Karnali valley contains an 11 Ma monazite with an asymmetric tail 

consistent with the top-to-the-south sense of shear as identified in both outcrop and thin 



 

41 

 

section (Fig. 2.9). Monazite grains with varied aspect ratios found in the matrix of all samples 

from the upper Karnali valley are parallel to the shear plane in thin section. If these grains had 

grown pre-kinematically and were rotated during shearing, varying degrees of orientation of the 

long axis with respect to the shear plane would be expected (Ghosh and Ramberg, 1976). It is 

possible that under sufficient shear strain, grains of all aspect ratios would become parallel; ages 

obtained from matrix monazite aligned parallel to the main foliation are therefore interpreted to 

represent late pre-kinematic or syn-kinematic (re-)crystallization and thus provide reasonable 

constraints on the timing of foliation-forming deformation. We consequently interpret that 

monazite (re-)crystallization occurred during a period of south-directed deformation in the 

hinterland (upper Karnali valley) as recently as 11 Ma.  

 

Figure 2.9 A) Elemental X-ray map showing yttrium concentration in monazite 11 from sample 

K16A from the upper Karnali valley. B) Photomicrograph of monazite 11 from sample K16A 

showing post-ablation pits, the date associated with each ablated spot, and an asymmetric tail. 
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The oldest monazite ages in this study were obtained from low Y inclusions in pre- to 

syn-kinematic porphyroblasts with few textural features that could be used to tie these dates to 

shear-sense indicators. Matrix monazite grains from the Jumla region are associated with a wide 

range of ages from 47-18 Ma. These monazite ages are amongst the oldest recorded Himalayan 

deformation from the exhumed metamorphic core in this part of the orogen. Previously reported 

early Eocene monazite from the Annapurna region (Larson and Cottle, 2015) and garnet Lu-Hf 

ages from southern Tibet (Smit et al., 2014; Kellet et al., 2015) are attributed to the onset of 

crustal thickening and shortening.  

In the Jumla samples, linking deformation and monazite growth is more complex. In 

sample ZB60 some of the oldest ages are from low Y matrix monazite with aspect ratios of ~2 

with the long axis at varying degrees to the shear plane. In one case, monazite #5 (see Appendix 

A), the long axis is perpendicular to the shear plane. This sample is the structurally highest from 

the Jumla region and consequently the furthest away from the high strain zone of the MCT. 

Rotation as a result of shearing on the MCT is therefore expected to be less intense in these 

middle GHS rocks. Considering that this sample records the oldest ages, it is reasonable to 

conclude that the monazite grew pre-kinematically and was only partially rotated toward the 

shear plane during south-directed movement on the MCT. In the Jumla region the structurally 

lowest samples, ZB23A and ZB19, contain 25-18 Ma monazite with clear ties to matrix fabric 

elements and likely represent the most recent phase of coupled monazite (re-)crystallization and 

deformation.  

2.5.4!Regional implications  

Data from the two transects presented here record distinctly different timing of geologically 

similar events. In the Jumla region, prograde metamorphism took place between 48-30 Ma, 

whereas in the upper Karnali valley, it occurred between 18-11 Ma (Fig. 2.10). There are no ages 

younger than 18 Ma preserved in the Jumla region; conversely there are no ages older than 18 Ma 
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preserved in the upper Karnali valley. Dates of 19-18 Ma represent the only overlap in recorded 

monazite (re-)crystallization between the two areas. Though the absolute Y + REE content is 

affected by bulk composition, in relative terms, samples from Jumla record monazite dates at 19-

18 Ma with low Y while samples from the upper Karnali valley record monazite ages at 19-18 

Ma with higher Y. At 19-18 Ma, monazite was growing in a Y-rich environment in the Jumla 

region and in a Y-poor environment in the upper Karnali valley (Fig. 2.11). The contrasting 

mineral growth environment in the upper Karnali valley and the Jumla region suggests the 

presence of a discontinuity between the two transects. The degree to which the GHS rocks were 

melted would greatly affect the preservation of older monazite; partial melting dissolves monazite 

and regrowth occurs during melt crystallization (Rubatto et al., 2001; Kelsey et al., 2008; 

Yakymchuk and Brown, 2014). If melting was sufficiently protracted to entirely consume 

monazite, there would be no record of the oldest stages of metamorphism (Gibson et al., 2004; 

Kohn et al., 2005). The oldest ages from the Jumla region are found in rocks that appear to 

contain less partial melt than the migmatitic rocks that produced the youngest ages. This may be 

because melt was more mobile in the Jumla region and is no longer present or because these 

rocks were not melted as extensively as those in the upper Karnali valley. In the upper Karnali 

valley, the rocks are migmatitic and appear to have undergone a greater degree of melting. With 

respect to the metamorphic discontinuity of Yakymchuk and Godin (2012), there is no 

corresponding break in the age of deformation across this region. There is no old monazite 

preserved in the upper Karnali valley, even within pre- to syn-kinematic porphyroblasts that could 

have shielded them from chemical re-setting. We suggest that different parts of the GHS 

experienced deformation at different times; ductile deformation in the southern GHS (Jumla 

region) ceased while the northern GHS (upper Karnali valley) was still actively deforming and 

melting. This situation is not unique to the western Nepal Himalaya; a comparable scenario has 

also been documented in the Mount Everest region (Cottle et al., 2009).  
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Figure 2.10 A) Plot showing range of dates in Ma for all eight samples, the Jumla region samples 

are on the right and the upper Karnali valley samples are on the left. Gray arrows indicate the 

progression of garnet breakdown. B) Schematic cross-section illustrates south-directed out-of-

sequence deformation. LHS: Lesser Himalayn sequence; MBT: Main Boundary thrust; MCT: 

Main Central thrust; MFT: Main Frontal thrust; MHT: Main Himalayan thrust; STD: South 

Tibetan detachment. 
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Figure 2.11 A) Plot of 208Pb/232Th date versus the Y concentration of each data point for sample 

ZB23A. B) Plot of 208Pb/232Th date versus the Y concentration of each data point for sample 

CY37B.  

 

2.5.5!Tectonic implications for western Nepal Himalaya  

Monazite data presented in this chapter suggest the GHS rocks in the Jumla region segmented and 

evolved independently from the GHS rocks in the upper Karnali valley from 18 Ma. Ductile 

deformation in the Jumla region ceased while out-of-sequence ductile deformation in the upper 

Karnali valley was rejuvenated. We postulate the presence of an out-of-sequence thrust between 

the two regions, which brought hot hanging-wall rocks exposed in the Karnali valley towards the 

foreland sometime after 18 Ma but prior to 10 Ma (Fig. 2.10).   

Current tectonic models for western Nepal fall roughly into two end-members (Kellett et 

al., 2015; Webb et al., 2015). The first view, referred to as duplexing, is that the GHS behaved as 
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a single cohesive thrust sheet behind a duplex that propagated southward through brittle footwall 

accretion; this model considers the influence of melt on the overall structure of the crystalline 

core to be negligible (Fig. 2.12A; Robinson et al., 2006; Webb et al., 2011; He et al., 2016). In 

contrast, the channel flow model suggests melt and the movement of ductily deforming material 

within a channel coupled with ductile footwall accretion were the dominant processes operating 

in this region during the Oligocene to early Miocene (Fig. 2.12B; Yakymchuk and Godin, 2012; 

Antolín et al., 2013; Soucy La Roche et al., 2016). This model involves significant internal 

deformation of the GHS and predicts younger deformation and metamorphism with lower 

structural position in the section (Godin et al., 2006a; Yakymchuk and Godin, 2012; Larson et al., 

2013). Crustal accommodation by virtue of several processes is more dynamic and allows for 

deformation to vary through time and space (Cottle et al., 2015). Pre-18 Ma deformation likely 

progressed through a combination of wedge behavior and ductile channel flow that operated 

simultaneously in different parts of the orogen (Fig. 2.12C; Cottle et al., 2015). Data presented 

here suggest a new deformation path for the orogen post-18 Ma (Fig. 2.12D).  

The age of deformation decreases down structural section from within the GHS towards 

the MCT. However, ductile deformation is younger in the hinterland, occurring as recently as 8-7 

Ma. The concept of forward (south) propagating deformation, by any mechanism, must be 

modified to accommodate the clear role of rejuvenated out-of-sequence deformation in the north 

(hinterland). Out-of-sequence deformation has been proposed for many different regions along 

the length of the Himalaya (e.g. Mukherjee, 2015), yet the role it plays in geodynamic models 

remains unclear. In the context of this integrated model, deformation can step backwards towards 

the hinterland to account for changes in the orogen (i.e. convergence rate, heat flow, angle of 

taper along the basal décollement) without compromising the overall foreland-propagating 

direction of the system. 
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Figure 2.12 A) Duplexing model, in which the Greater Himalayan sequence (dark gray) evolved 

via brittle footwall accretion to a single cohesive thrust sheet; modified after Webb et al. (2011). 

B) Channel flow model, in which the ductile middle crust flows as a channel due to the lithostatic 

pressure gradient between two plates; modified after Godin et al. (2006a). C) Integrative model 

that combines components of both ductile channel flow and brittle wedge behavior in different 

parts of the orogen simultaneously; modified after Cottle et al. (2015). D) Deformation path for 

post-18 Ma out-of-sequence deformation in the hinterland of the orogen. MBT: Main Boundary 

thrust; MCT: Main Central thrust; MFT: Main Frontal thrust; STD: South Tibetan detachment. 

 

2.6!Conclusions  

East-west trending, broad, upright folds in west Nepal expose GHS rocks from within and above 

the MCT shear zone in multiple places parallel to the tectonic transport direction. In situ U-Th/Pb 

monazite petrochronology indicates older ages in the foreland/southern (Jumla) region compared 

to structurally equivalent hinterland/northern rocks in the upper Karnali valley. Geochronologic 

and field evidence indicate that the GHS in these two regions did not experience a common 

metamorphic and deformation history; the GHS did not behave as a single cohesive unit. At 18 

Ma the upper Karnali valley was experiencing prograde metamorphism while the Jumla region 
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was undergoing melting. By the time deformation and metamorphism had progressed to involve 

melting in the upper Karnali valley - at the earliest 14 Ma - the GHS in the Jumla region was no 

longer being actively deformed and metamorphosed. Our data suggest that out-of-sequence 

deformation rejuvenated the GHS in the hinterland compared to older deformation/metamorphism 

in the foreland. Such out-of-sequence deformation must therefore be considered when modeling 

collision processes.  
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Chapter 3 

Renewed late Miocene (< 8 Ma) hinterland ductile thrusting 

3.1!Abstract 

8 Ma zircon rim ages are reported from a kyanite-bearing leucocratic pod within the lower 

metamorphic core of the Himalayan orogen in western Nepal. Zircon cores yield ~1.84 Ga ages, 

interpreted to be inherited igneous cores, consistent with the sample’s structural position and a 

Paleoproterozoic source. The pod is boudinaged and hosted in a pervasively top-to-the-south 

sheared pelitic schist; the 8 Ma zircon rim ages therefore provide a maximum age constraint on 

recent shear deformation. This late Miocene shearing is inferred to be associated with renewed 

thrusting in the hinterland of the western Nepal Himalaya, coeval with thrusting and erosion of 

Lesser Himalayan sequence rocks in the foreland. Hinterland ductile deformation at ! 8 Ma was 

followed by cooling below 350˚C at 6 Ma. This rapid transition from ductile thrusting to 

exhumation highlights the need for high-resolution geochronology to resolve deformation 

episodes in orogenic systems. 

3.2!Introduction 

Since the initiation of continental collision at ~59–54 Ma (Hu et al., 2016; Najman et al., 2017), 

the Himalayan orogen has evolved as a southward propagating thrust system involving rocks 

from the northern margin of greater India. In western Nepal, the Himalayan metamorphic core 

contains rocks belonging to the Greater Himalayan sequence (GHS) and Lesser Himalayan 

sequence (LHS) and forms the hanging wall of the top-to-the-south Main Central thrust (MCT; 

Yakymchuk and Godin, 2012; Fig. 3.1). The metamorphic core was thrust over weakly 

metamorphosed LHS rocks in the early to middle Miocene (Robinson et al., 2006). Deformation 

then propagated south toward the foreland through a series of thrusts within the LHS (Robinson 

et al., 2006). In the metamorphic core in Nepal, regional kyanite-grade metamorphic conditions 
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were attained as early as 48 Ma during crustal thickening (Larson and Cottle, 2015). LHS rocks 

directly beneath the MCT were metamorphosed to a maximum of greenschist facies by the early 

Miocene as a result of southward over-thrusting of the metamorphic core (Le Fort, 1975).  

 

Figure 3.1 A) Geologic map of Nepal Himalaya, modified from Robinson et al. (2006) and 

Gibson et al. (2016). Black box indicates location of this study and numbers indicate locations of 

previously reported relevant ages. B) Stratigraphic column of the Himalayan metamorphic core 

down through the Lesser Himalayan sequence. Hatched pattern indicates the extent of the Main 

Central thrust shear zone, the base of which correspond to the structurally-defined Main Central 

thrust (Searle et al., 2008). Modified from Yakymchuk and Godin (2012). GHS: Greater 

Himalayan sequence; HMC: Himalayan metamorphic core; LHS: Lesser Himalayan sequence; 

MBT: Main Boundary thrust; MCT: Main Central thrust; MFT: Main Frontal thrust; STD: South 

Tibetan detachment. 

 

A range of monazite ages beyond the well-constrained 23–14 Ma bracket of south-

directed thrusting have been reported across the Himalaya in the MCT shear zone, for example: 

10–8 Ma in the Karnali valley (Fig. 3.1A-1; Ch. 2; Braden et al., 2017), ~6 Ma in the Burhi 

Gandaki (Fig: 3.1A-2; Harrison et al., 1997), 9–8 Ma in the Darondi River valley (Fig. 3.1A-3; 
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Kohn et al., 2001), and ~10 Ma in the Dudh Kosi south of Everest (Fig. 3.1A-4; Catlos et al., 

2002). These monazite ages have been interpreted as dating metamorphism and/or slip on the 

MCT. Some of these ages may represent retrograde events such as recrystallization due to 

metasomatic hydrothermal fluid flow along the MCT that is unrelated to fault slip (Bollinger and 

Janots, 2006; Martin et al., 2007; Searle et al., 2008). Zircon is potentially a better recorder of the 

high temperature part of the pressure-temperature (P–T) path than monazite because it can grow 

in metamorphic systems and is less susceptible to subsolidus dissolution–reprecipitation (see 

Rubatto, 2017 and references therein). 

Here, we report U/Pb zircon ages that indicate zircon growth occurred in the late 

Miocene at the base of the Himalayan metamorphic core in western Nepal. These ages require an 

active thrust that operated coevally with thrusting and erosion of LHS rocks in the foreland. This 

chapter demonstrates the rapid rate at which burial and exhumation can occur in arguably the 

‘type’ example of a continental collisional orogen and the geochronological resolution needed to 

understand deformation and metamorphic events in analogous ancient orogenic systems. 

3.2.1!Geology of the Karnali Valley 

The upper Karnali valley is located in northwestern Nepal (Fig. 3.1A-1) and exposes a continuous 

section containing, from top to bottom, the Himalayan metamorphic core (made up of GHS and 

metamorphosed and sheared LHS; Fig. 3.1B), the MCT, and the weakly metamorphosed LHS 

(Murphy and Copeland, 2005; Yakymchuk and Godin, 2012). Directly to the south, this package 

of rocks is again exposed on both the north and south flanks of the Karnali klippe (Fig. 3.1A-5; 

Soucy La Roche et al., 2018b). The GHS comprises interlayered pelitic schist, orthogneiss and 

calc-gneiss. The MCT marks the base of a 2–3-km thick shear zone that involves rocks from the 

GHS and the LHS (Fig. 3.1B; Yakymchuk and Godin, 2012). The MCT shear zone contains 

interlayered quartzite, phyllite, calcareous quartz arenite, and pelitic schist that are highly sheared 

and metamorphosed between greenschist facies to amphibolite facies conditions (Yakymchuk and 
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Godin, 2012). The metamorphic field gradient is inverted: peak P–T conditions increase up 

section from garnet zone at the base of the MCT to sillimanite + K-feldspar zone (>700 °C) in the 

upper Himalayan metamorphic core (Yakymchuk and Godin, 2012). In the middle of the 

Himalayan metamorphic core, preserved pressures at peak T increase up structural section to ~1.0 

GPa and then decrease further up section. This change in pressure represents a metamorphic 

discontinuity (MD on Fig. 3.1B; Yakymchuk and Godin, 2012). In situ U-Th/Pb monazite 

petrochronology on samples from between the metamorphic discontinuity and the MCT yield 

ages of ca. 10 Ma, interpreted to represent renewed south-directed deformation and melt 

crystallization within the MCT zone of Himalayan metamorphic core rocks (Ch. 2; Braden et al., 

2017). The volume % of leucosome decreases progressively down-section from ~30% above the 

metamorphic discontinuity to ~10%–15% in the kyanite zone, below which there are 

discontinuous zones containing up to 10%–15% leucosome (Yakymchuk and Godin, 2012).  

A kyanite-bearing quartzofeldspathic pod (sample KAR18) is hosted in a garnet-biotite-

schist of the MCT. The host pelitic schist contains pervasive top-to-the-south C-S-C’ fabric and 

the leucocratic pod is asymmetrically boudinaged (Fig. 3.2). 
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Figure 3.2 A) Field photo and B) sketch of top-to-the-south sheared pelitic schist that hosts 

sample KAR18 (30.02278ºN, 81.96972ºE; WGS 1984). C) Field photo of the kyanite-bearing 

quartzofeldspathic pod. 

 

3.3!Timing of south-directed thrusting 

The timing of south-directed thrusting is constrained by zircon U/Pb geochronology on mineral 

separates from a sheared kyanite-bearing leucocratic pod (KAR18). 

3.3.1!Analytical Methods and Results 

3.3.1.1!U/Pb SHRIMP Geochronology 

U/Pb geochronology was initially conducted using the Sensitive High Resolution Ion Microprobe 

(SHRIMP) located at the Geological Survey of Canada in Ottawa, Ontario on 13 zircons from 

KAR18. Zircon grains have cores with oscillatory and sector zoning with thin (10–15 µm) 

oscillatory-zoned rims (see Fig. 3.3A). We use ‘date’ to refer to results and ‘age’ as a result 

interpreted in a tectono-metamorphic context. Reported Proterozoic dates are 204Pb corrected 

207Pb/206Pb and Mesozoic and younger are 207Pb corrected 206Pb/238U; all results reported to 2". 
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Full analytical details and results can be found in supplementary file B.1. A single zircon core 

analysis yielded a date of 1792 ± 52 Ma. 12 zircon rim analyses yielded dates between 9.3 ± 0.4 

Ma and 6.7 ± 0.5 Ma. 

 

Figure 3.3 A) Cathodoluminescence image of zircons from sample KAR18 showing distinct core 

and rim overgrowth regions. White circles indicate size and location of SHRIMP spots. B) 

Concordia diagram for LASS U/Pb data set. C) Plot showing the mean of concordant LASS 

zircon rim analyses. 

 

3.3.1.2!U/Pb LASS Geochronology 

Depth profiles from rim to core of surface-mounted zircon were completed at the University of 

California, Santa Barbara using split stream laser ablation inductively-coupled plasma mass 

spectrometery (LASS). Reported Proterozoic dates are 207Pb/206Pb dates and Mesozoic and 

younger are 207Pb corrected 206Pb/238U dates; all results reported to 2". Full analytical details and 

results can be found in the supplementary file B.2. 
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Using both age and trace element data, depth profiles from 62 grains were separated into 

two categories: rim or core (see Fig. B.1 in supplementary material). The zircon rim dates range 

from 604 ± 52 Ma to 5.4 ± 0.3 Ma and have Th/U ratios of < 0.1. The zircon core dates range 

from 2950 ± 17 Ma to 1736 ± 23 Ma and have Th/U ratios between 1.4 and 0.1. 

3.3.2!Geochronology Interpretation 

The data are distributed along a discordant mixing line between two distinct populations, a young 

rim population <10 Ma and an older core population at ~1.8 Ga as well as rare analyses >2.0 Ga. 

The best estimate for the age of the zircon cores is defined by the upper intercept of a regression 

line at 1843 ± 3 Ma (Fig. 3.3B). The best estimate for the age of the zircon rims is defined by the 

mean of LASS concordant rim analyses, 8.1 ± 0.1, (MSWD = 1.6; Fig. 3.3C). A regression line 

through zircon SHRIMP data yields an upper intercept of 1798 ± 120 Ma (core) and a lower 

intercept of 8 ± 1 Ma (rims), with an MSWD of 3.9 (Table B.2), consistent with the LASS data 

set. 

3.4!Discussion 

Based on combined LASS and SHRIMP geochronology results, we interpret the kyanite-bearing 

leucocratic pod to contain zircon cores inherited from a Paleoproterozoic source within the 

stratigraphic LHS. The age, consistency of Th/U ratios, and the morphology of zircon cores 

indicate they are likely igneous and sourced from either an igneous unit in the LHS, or an igneous 

detrital component to sediments in the LHS (DeCelles et al., 2000). These results are compatible 

with the location of the kyanite-bearing leucocratic pod within the MCT shear zone of the Karnali 

valley (Yakymchuk and Godin, 2012). 

The population of dates at 8 Ma is interpreted to represent the age of zircon rim growth 

either during melt crystallization or from metamorphic fluids. Deciphering which of these 

environments is more likely remains ambiguous. Th/U ratios of < 0.1 are typically associated 

with metamorphic zircon (Yakymchuk et al., 2018). Zircon of this type is expected to be small 



 

56 

 

(<20 µm) compared to igneous (anatectic) zircon (>50 µm; Toscano et al., 2014) and to be 

euhedral with polygonal zoning and a lack of inheritance (Rubatto and Hermann, 2007). 

However, zircons from KAR18 are large (40–100 µm) with oscillatory-zoned rims around 

inherited cores. If the zircon rims are anatectic, the source of partial melt is enigmatic. P–T 

estimates from nearby rocks (550–600 °C, 0.8 GPa) are inconsistent with the conditions needed 

for in situ partial melting (Yakymchuk and Godin, 2012). Alternatively, it is possible that the pod 

is an Al-rich vein of metamorphic/hydrothermal origin. However, mobilization of Zr to 

precipitate new zircon from metamorphic fluid is unlikely due to the low solubility of Zr in most 

crustal fluids (Ayers et al., 2012). Despite the ambiguity of the origin of the zircon rim growth, 

the structural context of the leucocratic pod still has significant implications for the orogenic 

processes occurring in the late Miocene. 

In the upper Karnali valley, the age of deformation decreases down structural section 

from ~18 Ma in the middle of the Himalayan metamorphic core toward the MCT shear zone, the 

youngest and structurally lowest of which appears to be the kyanite-bearing leucocratic pod. The 

rocks from this section of the metamorphic core have been interpreted as undergoing out-of-

sequence thrust-sense rejuvenation compared to the foreland exposures of the MCT (Ch. 2; 

Braden et al., 2017; Fig. 3.4). Monazite from the overlying (hanging wall) Himalayan 

metamorphic core does not record any pre-18 Ma ages, which suggests that recent activity erased 

evidence of earlier Himalayan events.  
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Figure 3.4 Schematic cross-section through western Nepal illustrates a kinematic model from the 

early Miocene (top) and from the late Miocene (bottom). 1: Renewed hinterland thrusting, 2: The 

Main Central thrust is cool and inactive in the foreland, 3: Thrusts within the foreland Lesser 

Himalayan sequence are active, 4: The Lesser Himalayan sequence in the foreland is exposed and 

being eroded, and deposited farther south. LHS: Lesser Himalayan sequence; MBT: Main 

Boundary; MCT: Main Central thrust; MHT: Main Himalayan thrust; STD: South Tibetan 

detachment. 

 

Shearing of the leucocratic pod and C-S-C’ fabric formation in the host schist at ~530 °C 

(based on quartz <c>-axis preferred orientation thermometry from a sample <300 m structurally 

above KAR18; Yakymchuk and Godin, 2012) must have occurred syn- or post-zircon-rim 

crystallization, which therefore constrains south-directed deformation to as recently as 8 Ma or 

younger. Renewed southward thrusting above sample KAR18 in the upper Karnali MCT zone at 

~10–8 Ma (Ch. 2; Braden et al., 2017) buried LHS strata. These LHS rocks hosting sample 

KAR18 were subsequently accreted to the hanging wall as deformation propagated structurally 

downward at !8 Ma. In contrast, during the late Miocene (by 11 Ma), slip along the MCT along 

most of the Himalayan belt is interpreted to have ceased, while deformation propagated south 
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toward the foreland (Robinson et al., 2006). Sedimentological and geochemical studies of the 

synorogenic Siwaliks Group rocks at the toe of the orogenic wedge along the Karnali River 

indicate a distinct increase of material of LHS origin from 10 to 8 Ma (Huyghe et al., 2001). LHS 

rocks were therefore exposed at surface and actively being eroded at that time (Fig. 3.4; Huyghe 

et al., 2001). 

While young monazite dates (!10 Ma) are now reported in many areas of the exposed 

Himalayan metamorphic core, similarly aged zircons have only been found in Ama Drime, in the 

Mount Everest region (Cottle et al., 2009) and in the syntaxes regions of the orogen in Nanga 

Parbat, Pakistan (Zeitler et al., 1993) and Namche Barwa, China (Ding et al., 2001). In the Mount 

Everest region, these zircon ages have been linked to melt crystallization during orogen-parallel 

extension (Cottle et al., 2009) whereas both syntaxes are considered half-windows or domes of 

the orogen’s basement rocks with high denudation and exhumation rates attributed primarily to 

large antecedent rivers (Zeitler et al., 2001). Similarly, in the upper Karnali valley, high rates of 

erosion from the antecedent Karnali River (in conjunction with duplexing of the underlying LHS) 

may provide a comparable mechanism for exhumation to the syntaxes. 40Ar/39Ar 

thermochronology on white mica ages indicates cooling below 350–400 °C by 6 Ma and apatite 

fission track ages suggest exhumation and cooling below ~120 °C between 3 and 1 Ma (Mercier, 

2014; van der Beek et al., 2016). The transition from ductile deformation and 550–600 °C 

metamorphism at 8 Ma to cooling ages at 6 Ma therefore implies rapid cooling and high 

exhumation rates following ductile thrusting of the Himalayan metamorphic core in far western 

Nepal. 

3.5!Conclusions 

A pre-kinematic kyanite-bearing leucocratic pod hosted within the MCT shear zone yields zircon 

rims that constrain mineral growth in the kyanite stability field and hinterland southward 

thrusting to !8 Ma. Since 10 Ma, the foreland and hinterland segments of the metamorphic core 
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in western Nepal behaved drastically differently. In the foreland, internal thrusting of the LHS 

was coupled with active erosion, while 550–600 °C metamorphism and ductile deformation along 

an inferred rejuvenated thrust was occurring in the hinterland. Elsewhere along the orogen, 

comparable metamorphic conditions linked to ductile deformation are recorded only prior to 10 

Ma. Ductile deformation during the late Miocene–early Pliocene indicates recent activity in the 

metamorphic core of the orogen, as has been previously suggested by other workers (Harrison et 

al., 1997; Catlos et al., 2002), and must be accounted for in orogenic models.  
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Chapter 4 

Spatio-temporal challenges in dating orogen-scale shear zones: the case of the Himalayan 

Main Central thrust  

4.1!Abstract 

The spatial extent and dynamic evolution of orogen-scale shear zones renders the determination 

of the timing and duration of ductile deformation and displacement challenging. The Himalayan 

Main Central thrust (MCT) is one of the most widely studied thrust-sense shear zones in the 

world, particularly regarding its timing, and yet ‘when was the MCT active’ remains an 

outstanding question. New and existing pressure-temperature-deformation-time (P-T-d-t) data 

from three well-exposed structural sections of the MCT in western Nepal, which together 

represent > 100 km in the direction of tectonic transport, are compared to examine how spatio-

temporal variations in recorded shear complicate the answer to this question. Metamorphic P-T 

data, quartz microstructures and quartz crystallographic preferred orientation suggest that all three 

MCT transects underwent similar shear conditions and kinematic behaviour. However, each 

shear-zone transect reached peak P-T conditions during different windows of time. Furthermore, 

40Ar/39Ar thermochronology on white mica reveals contrasting timing for the end of ductile 

deformation. When combined with published monazite and zircon dates, our data indicate that the 

record of ductile deformation on the MCT is diachronous in the transport direction and a single 

shear zone transect is thus not representative of the timing and duration of deformation on the 

MCT even for a narrow along-strike position. This study represents the first attempt to track 

ductile deformation in the direction of thrust propagation at this spatial extent on an orogen-scale 

thrust system. These results clearly point to the need to study the temporal evolution of shear 

zones at the full spatial extent possible, acknowledge potential gaps in the petrochronological 

record, and incorporate P-T-d data when using shear zone timing and duration results to make 

regional conclusions. 
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4.2!Introduction 

Crustal-scale shear zones are ductile deformation corridors that have accommodated major 

dislocation of the Earth’s crust and thus, play a critical role in the development and architecture 

of the Earth’s lithosphere, especially within orogenic systems. The timing and duration of major 

thrust-sense shear zones are critical for informing geodynamic models of plate convergence, as 

well as relating ore system evolution to dynamic, fault-controlled processes in orogens. Yet, 

determining the timing and duration of ductile deformation is difficult to achieve, as shear zones 

are dynamic features that evolve through time and space.  

As planar zones of localized shear strain, shear zones exhibit a strain gradient 

perpendicular to the boundaries and record predominantly non-coaxial (simple shear) strain 

(Passchier & Trouw, 2005). In an active orogen, rocks move through segments of a thrust-sense 

shear zone (through crustal depths), and hence pressure-temperature (P-T) conditions, through 

geological time. Consequently, a wide range of structural characteristics can contribute to the 

finite strain record of mylonites from different segments of the same shear zone, which evolved 

along similar P-T paths.  

The approach to dating deformation recorded in sheared rocks has changed with 

improvements to analytical techniques. The timing of shear-zone deformation can be indirectly 

constrained by dating a combination of deformed and un-deformed cross-cutting igneous 

intrusions, such as has been done on the Monashee décollement in the Canadian Cordillera and 

the Moine thrust in the Scottish Caledonides (e.g. Crowley et al., 2001; Goodenough et al., 2011). 

The time window during which deformation occurred can be narrowed successfully using this 

approach; however, it provides no direct control on the initiation, duration, periodicity or 

cessation of shearing. Dating of mineral separates interpreted to have grown syn-tectonically has 

also been used to constrain the timing of shear-zone deformation (e.g. Resor et al., 1996) but this 

method does not preserve the microstructural context of the dated minerals. Petrochronology 
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builds on in situ dating of syn-kinematic minerals (e.g. Williams and Jercinovic, 2012) by 

collecting complementary trace-element information via split-stream laser ablation inductively-

coupled-plasma mass-spectrometer (Kylander-Clark et al., 2013) and is emerging as the leading 

approach to dating deformation in shear zones. This method has been successfully used to 

estimate the rates of thrusting across the Main Central thrust (MCT) in the Sikkim Himalaya 

(Mottram et al., 2015a) and to directly date shearing on the South Tibetan detachment (Soucy La 

Roche et al., 2016). Despite the many strengths of this approach, the potential incompleteness of 

this record is not well accepted (see Warren et al., 2017). This approach has raised new questions 

regarding the context or geological significance of the dates being produced and what these dates 

can tell us about ductile shearing and the evolution of a shear zone. The complete characterization 

of a dynamically evolving structure with respect to deformation mechanisms, P-T conditions, 

periods of deformation, strain partitioning and regional diachroneity remains challenging 

(Williams, 1970; Fossen et al., 2018), particularly because most major thrust-sense shear zones 

are only well exposed parallel to the strike direction. 

How should periods of deformation be subdivided when the orientation of the stress field 

has not changed and dates from within the shear zone may span a 30 Myr range? Are gaps in 

recorded dates a true pause in active deformation or do they represent windows of P-T space that 

are not easy to target using available geochronology methods (e.g., where datable minerals do not 

readily crystallize, break down, or are not preserved)? What is the ideal sampling strategy to 

capture both the spatial and the temporal progression of a shear zone? Are true structural and 

temporal variations resolvable in the along-strike, across-strike and shear-orthogonal directions? 

How far can results from one sampled section be extended to characterize the entire shear system 

or used to develop a tectonic interpretation? Bearing these questions in mind, we attempt to more 

fully characterize shear-zone activity for one well-studied thrust system and use our results as a 

guide to approaching the dating of crustal-scale shear zones. 
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Exposure in the transport direction is required to more fully elucidate the timing and 

duration of ductile deformation within a shear zone, which is why the western Nepal exposure of 

the MCT was targeted for this study. The MCT, an Oligocene-Miocene ductile shear zone in the 

Himalayan orogen, is unparalleled with respect to the combined number of pressure, temperature, 

timing and deformation studies that have been undertaken over the past several decades (among 

many others: Bouchez and Pêcher, 1981; Hubbard and Harrison, 1989; Catlos et al., 2001; Grujic 

et al., 2002; Montomoli et al., 2013; Frassi, 2015; Cottle et al., 2015; Gibson et al., 2016). There 

is no clear consensus on the age of MCT shearing: reported ages for MCT activity in different 

parts of the orogen span 25–6 Ma and with a duration of deformation anywhere from only 2 Myr 

up to 10–20 Myr (see compilations in Godin et al. (2006a) and Martin (2017); Mottram et al., 

2015a; Walters and Kohn, 2017). The timing of deformation on the MCT has also been 

fundamental in formulating, testing and critiquing tectonic models for the evolution of the 

Himalaya (e.g. Beaumont et al., 2001; Webb et al., 2011) and large–hot orogens in general 

(Beaumont et al., 2006). The timing of deformation on this structure is key to understanding both 

hinterland and foreland regions of the orogen.  

The MCT is well exposed in all three orientations of the shear plane: > 100 km across-

strike, > 2000 km along-strike, and several kilometres of structural thickness. The MCT is located 

in mountainous terrain with deeply incised valleys, thereby enhancing exposure. The MCT is 

defined as a several-km-thick zone of distributed ductile shear at the base of the Himalayan 

metamorphic core (Searle et al., 2008), which builds on the original structural and metamorphic 

definition for the MCT (Heim and Gansser, 1939). The MCT shear zone records pervasive top-to-

the-south sense-of-shear indicators and carries the Himalayan metamorphic core in the hanging 

wall over the foreland fold-thrust belt. Footwall accretion likely caused the shear plane to migrate 

down-section as the thrust propagated towards the foreland (Mottram et al., 2014b; Cottle et al., 

2015). We focus on the latest MCT shearing but acknowledge that slip may have previously 
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occurred on structurally higher shear planes. This definition is consistent with our own 

observations and the use of ductile fabric elements to constrain the structure of the MCT (Searle 

et al., 2008; Hunter et al., 2018a; see Martin, 2017b for an overview of the debate surrounding 

alternate MCT definitions). 

In this study, we compare the timing and deformation across three structural sections of a 

single shear plane of the MCT, which together represent > 100 km in the transport direction, to 

test how spatial and temporal variations in shear impact the determination of timing and duration 

of the shear zone. Quartz microstructures and crystallographic preferred orientation (CPO) 

analyses are used to develop a quantitative structural framework of the MCT. Pressure and 

temperature conditions of the shear zone and hanging-wall rocks are defined using 

pseudosections and thermobarometry. 40Ar/30Ar thermochronology on white mica is used to 

constrain cooling of the shear zone. These new data are combined with published monazite and 

zircon geochronology results from the same transects. This chapter demonstrates that 

characterization and timing of shear within a single structural section through a shear zone does 

not yield a complete record of shear zone deformation in the transport direction. This impacts 

how the timing and duration of ductile deformation on crustal-scale thrust-sense shear zones 

should be approached in this and other orogenic systems, and in comparing the rock record to 

geodynamic models. 

4.3!Geological context 

The Himalayan orogen formed as a result of the ongoing collision between the Indian and Asian 

plates that began at ca. 59-54 Ma (Hu et al., 2016; Najman et al., 2010; 2017) and comprises four 

laterally continuous lithotectonic belts that are separated by north-dipping faults (Fig. 4.1; 

Gansser, 1964; Le Fort, 1975; Hodges, 2000; Yin and Harrison, 2000; Yin, 2006). The 

northernmost and structurally highest belt, the Tethyan sedimentary sequence, comprises 

Paleozoic and Cenozoic low-metamorphic-grade to non-metamorphosed sedimentary rocks, 
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originally deformed during Eocene crustal thickening (Aikman et al., 2008; Martin, 2017a). The 

Greater Himalayan sequence (GHS), which structurally underlies the Tethyan sedimentary 

sequence, comprises Proterozoic to Paleozoic metasedimentary rocks that are intruded by 

numerous Cenozoic granite rocks, themselves generated by partial melting of the 

metasedimentary rocks during the Eocene to Miocene (Parrish and Hodges, 1996; Gehrels et al., 

2011). The Lesser Himalayan sequence (LHS) structurally underlies the GHS and comprises 

duplexed Proterozoic sedimentary rocks metamorphosed to a maximum grade of greenschist 

facies and Paleoproterozoic granitic intrusions (Gehrels et al., 2011; Martin, 2017a). The foreland 

Sub-Himalayan syn-orogenic sedimentary rocks form the southernmost lithotectonic belt.  

The Oligocene to Miocene top-to-the-northeast South Tibetan detachment system separates the 

Tethyan sedimentary sequence from the GHS (Burchfiel et al., 1992; Soucy La Roche et al., 

2018b; Kellett et al., 2018). The hanging wall of the MCT up to the base of the South Tibetan 

detachment system is referred to as the Himalayan metamorphic core (HMC; Fig. 4.1C), which 

contains the GHS and part of the LHS stratigraphy. Structurally defined, the LHS forms the 

footwall of the MCT shear zone and the HMC the hanging wall. Based on a stratigraphic 

definition for the LHS and GHS, the MCT shear zone can be seen as including rocks from the 

base of the GHS and the top of the LHS (Fig. 4.1C; Searle et al., 2008). Footwall accretion is 

interpreted to have incorporated rocks from the base of the GHS and the top of the stratigraphic 

LHS into the shear zone such that the active MCT zone has stepped down-section over time 

(Mottram et al., 2014a; Cottle et al., 2015). The top-to-the-southwest Main Boundary thrust 

separates the LHS from the Sub-Himalayan belt and the Main Frontal thrust is the seismically 

active orogenic front. 
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Figure 4.1 A) Geologic map of western Nepal with Main Central thrust transect locations 

identified. B) Cross-section through western Nepal with Main Central thrust transect locations 

identified. Modified after Soucy La Roche et al. (2018b) and Robinson et al. (2006). C) Structural 

column that illustrates the definition of the Main Central thrust used for this study. Modified from 

Yakymchuk and Godin (2012). GHS: Greater Himalayan sequence; HL: hinterland; HMC: 

Himalayan metamorphic core; LHS: Lesser Himalayan sequence; MBT: Main Boundary thrust; 

MCT: Main Central thrust; MFT: Main Frontal thrust; MHT: Main Himalayan thrust; NF: north 

flank; SF: south flank; STD: South Tibetan detachment. 

 

4.3.1!The Main Central thrust in western Nepal 

In western Nepal, broad open folds define the Karnali klippe and expose the HMC and the MCT 

multiple times in the transport direction from north to south (Fig. 4.1; Soucy La Roche et al., 

2016; 2018b). In the hinterland of the orogen, the MCT is exposed in the upper Karnali valley 
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(Humla Karnali; Fig. 4.2; Fig. 4.3) and in the foreland on the north and south flanks of the 

Karnali klippe (Fig. 4.2; Fig. 4.3; Yakymchuk and Godin, 2012; Soucy La Roche et al., 2016; 

2018b; Ch. 2; Ch. 3; Braden et al., 2017; 2018). The MCT forms a two- to five-kilometer thick 

high strain zone with pervasive top-to-the-south shear-sense indicators (Yakymchuk and Godin, 

2012). In all three transects, the hanging wall comprises interlayered quartzite, pelitic schist, 

migmatite, calc-silicate schist, and granitic orthogneiss. The pelitic rocks record an inverted 

metamorphic gradient wherein P-T conditions increase from Bt + Grt at the base of the MCT high 

strain zone up to Ky + Grt + Ms + Bt with partial melt in the middle HMC (mineral abbreviations 

according to Whitney and Evans, 2010). In all three transects, the stratigraphic LHS in the 

footwall of the MCT consists of interlayered quartzite, quartz-rich phyllitic pelite and augen 

orthogneiss that were duplexed to form an imbricate stack beneath the HMC (Robinson et al., 

2006). A strongly developed schistose to gneissic foliation is north- to northeast-dipping in the 

hinterland and on the south flank of the Karnali klippe, and south- to southwest-dipping on the 

north flank of the klippe. A mineral aggregate lineation defined by aligned Bt + Ms + Qz ± Ky 

plunges to the north-northeast in the hinterland and on the south flank of the klippe and plunges 

towards the south-southwest on the north flank of the klippe. The proportion of leucosome (i.e. 

crystallized melt that was generated through anatexis) is highest in the hinterland, up to 15–20 

vol.% (Yakymchuk and Godin, 2012), and decreases significantly in structurally equivalent rocks 

towards the foreland. On the north and south flanks of the klippe, leucosome volumes are 5–10%.  

In this study, we determined the structural position relative to the base of the MCT high 

strain zone as a guide for sampling. In each transect, samples were collected in a vertical 

structural section from the middle of the metamorphic core down section to just below the MCT 

high strain zone (Fig. 4.3). The hinterland, north flank and south flank samples are therefore 

approximately structurally equivalent with respect to the basal MCT shear plane but with > 100 

km separation in the transport direction. Our previous work on these transects combined in situ 
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geochronology and trace element data to obtain dates for deformation and metamorphism of the 

MCT and HMC. ‘Date’ is used here to refer to results and ‘age’ refers to a result interpreted in a 

tectono-metamorphic context.  

 

 
Figure 4.2 Geological maps for the HL (A), NF (B) and SF (C) MCT transects. MD: 

Metamorphic discontinuity of Yakymchuk and Godin (2012); GMH: Gurla-Mandhata Humla 

transpressional fault; HL: hinterland; MCT: Main Central thrust; NF: north flank; SF: south flank. 

See Figure 4.3 for sample distribution in structural columns. 
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On the south flank in the HMC above the MCT zone, U-Th/Pb petrochronology yields 

monazite crystallization ages as early as 37 Ma; melt crystallization began at ~33 Ma and lasted 

until ~21 Ma (Soucy La Roche et al., 2018b). Monazite crystallization ages are recorded as early 

as 47 Ma in the lower HMC on the north flank, with decreasing ages down structural section 

towards the base of the MCT (Ch. 2; Braden et al., 2017). Melt crystallization began at ~35 Ma 

and lasted until 18 Ma on the north flank (Ch.2; Braden et al., 2017). In contrast, the oldest 

recorded monazite in the hinterland is 18 Ma in the lower HMC with melt crystallization 

beginning ~14 Ma and lasting until 8-7 Ma (Ch. 2; Braden et al., 2017). U/Pb zircon ages from a 

sheared leucocratic pod at the base of the MCT high strain zone in the hinterland constrain south-

directed deformation to as recently as 8 Ma (Ch. 3; Braden et al., 2018). In this chapter, new 

microstructural, geochronological and metamorphic data are presented to complete the structural 

and metamorphic framework of the shear zone.  

 

Figure 4.3 Structural columns for each transect showing distribution of samples and type of data 

obtained from each sample. The north flank column combines two Main Central thrust transects, 



 

70 

 

as shown in Figure 4.2C. Location of samples used for petrochronology (yellow) are shown for 

reference but originally published in Braden et al. (2017) and Chapter 2. CPO: crystallographic 

preferred orientation; HL: hinterland; NF: north flank; SF: south flank. 

 

4.4!Methods 

4.4.1!Quartz microstructures and crystallographic preferred orientations 

In addition to structures observed in the field, the strain gradient that defines the MCT zone is 

established using quartz microstructures from twenty samples (hinterland – six samples, north 

flank – ten samples, south flank – four samples), nine of which are used for CPO analyses (three 

from each transect; Fig. 4.3). Thin sections were cut parallel to the mineral lineation and in the 

absence of a lineation, parallel to the direction of regional tectonic transport. All samples are 

relatively pure quartzite (≥ 95% Qz) with only minor white mica, which defines the schistosity 

and a mineral lineation where present. Measurements of quartz CPOs were taken using a Crystal 

Imaging Systems G50 Automated Fabric Analyser at the University of Saskatchewan, Saskatoon. 

Sections were scanned at a resolution of 5 µm and quartz-grain data points were manually 

selected using the software INVESTIGATOR (Peternell et al., 2010). Opening angles of CPO 

fabrics with crossed girdles were measured using the method of Hunter et al. (2018b). Detailed 

methods and individual sample descriptions can be found in Appendix C.  

4.4.2!Mineral chemistry, thermobarometry and pseudosections 

Pseudosections and thermobarometry estimates for three pelitic schist samples, two from the 

hinterland and one from the north flank (Fig. 4.3), were used to constrain P–T conditions of the 

MCT hanging wall rocks. Temperature estimates were also calculated for one south flank sample, 

which did not have a mineral assemblage useful for constraining the pressure. Samples used for 

pseudosections and thermobarometry exhibit mineral assemblages consistent with lower to upper 

amphibolite-facies metamorphic conditions. The structurally highest samples in the hinterland 
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and on the north flank contain Grt + Ky + Bt + Ms + Pl + Qz ± St ± Ilm. At the base of the MCT 

high strain zone, the hinterland sample contains Grt + Bt + Ms + Pl + Qz + Ilm, whereas the south 

flank sample contains Grt + Bt + Ms + Chl + Ilm + Ep ± Tur ± Ap. 

Wavelength-dispersive X-ray spectroscopy analyses were conducted on cores and rims of 

a number of representative white mica, biotite, plagioclase and K-feldspar grains from each 

sample and in transects across garnet porphyroblasts using the JEOL JXA-8230 electron 

microprobe at Queen’s University, Kingston, Ontario. To complement the garnet profile data, X-

ray maps of Ca, Mg, Mn, Fe, Si, and Al were also made for garnet porphyroblasts. Samples were 

powdered and analyzed via X-ray fluorescence to obtain whole-rock major-element 

compositions. 

Conventional thermobarometry calculations were carried out using the software 

TC_Comb (Dolivo-Dobrovolsky, 2013, http://www.dimadd.ru/en), which is a user-friendly 

interface for the software THERMOCALC (Holland and Powell, 1998) and uses the internally 

consistent database of Holland and Powell (1998). Pseudosections were calculated in the system 

MnNCKFMASHT (MnO– Na2O–CaO–K2O–FeO–MgO–Al2O3–SiO2–H2O–TiO2) using the 

software Perple_X 6.7.8 (Connelly 1990; 2009). Individual sample descriptions, calculation 

parameters and activity–composition models are described in Appendix C. 

4.4.3!40Ar/39Ar thermochronology and diffusion modelling 

White mica from eight samples were dated via 40Ar/39Ar thermochronology, six of which are 

from the hinterland, and one each from the north and south flanks of the klippe (Fig. 4.3). 

Samples were manually crushed, sieved and picked under magnification. Single white mica 

grains were chosen for analysis with the exception of the south flank sample, which contained 

only fine-grained white mica aggregates. Dated white mica grains were selected based on lack of 

inclusions, alteration, and grain edge damage. All samples were irradiated at McMaster 

University, Canada. Hinterland white mica grains were step-heated using a New Wave Research 
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MIR 10-30 CO2 laser and resulting increments of gas were measured using a MAP 216 mass 

spectrometer at Queen’s University. Hinterland results were converted to use the same decay 

constant and flux monitor as the north and south flank samples for consistency, details can be 

found in Appendix C. White mica grains from north and south flank samples were step-heated 

using a Photon Machines CO2 laser and resulting increments of gas were measured using a Nu 

Instruments Noblesse multicollector mass spectrometer at the Geological Survey of Canada in 

Ottawa. Two aliquots per sample were heated over 10-15 steps. Data collection, reduction, error 

propagation and age calculation were carried out using ISOPLOT 3.7 (Ludwig, 2008) and 

MassSpec software version 7.93 (Deino, 2001) and the 40K/40Ar decay constant of Min et al. 

(2000). Complete analytical details can be found in the Appendix C. Plateau ages are defined by 

three contiguous steps that are within 2" error and that comprise # 50% of 39Ar released.  

Considering the peak temperatures, length of metamorphic cycle, and relatively high 

deformation temperatures of the dated samples (see text for discussion), the white mica 40Ar/39Ar 

dates are considered cooling ages (Warren et al., 2012; Mottram et al., 2015b). Forward diffusion 

models were conducted using Diffarg (Wheeler, 1996) to determine model closure temperature 

for each sample (see Appendix C for details on model parameters). Model white mica 40Ar/39Ar 

closure temperatures are 450°C for the hinterland, 415°C for the north flank of the klippe and 

315°C for the south flank of the klippe. 

4.5!Results 

4.5.1!Structural framework of the Main Central thrust 

Results are discussed from structurally highest to lowest. In all three transects towards the top of 

the MCT high-strain zone, quartz displays lobate grain boundaries that suggest recrystallization 

via grain-boundary migration with some polygonal grains that indicate static recrystallization 

(Fig. 4.4A, B). The onset of grain-boundary migration occurs between 500–550°C (Stipp et al., 

2002a). In the hinterland MCT and the MCT on the north flank of the klippe, chessboard 
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extinction is present in the hanging-wall samples (middle to lower HMC) that recrystallized by 

grain-boundary migration; chessboard extinction only occurs above the quartz α-β transition, 

above ca. 630°C (Kruhl, 1996; Stipp et al., 2002b). In the middle hanging wall rocks of the MCT 

shear zone of all three transects, lobate quartz boundaries indicate recrystallization predominantly 

by grain-boundary migration (Fig. 4.4C, D). In the basal part of the MCT shear zone at both 

hinterland and south flank locations (Fig. 4.4E, F), ellipsoidal relict quartz grains and a matrix of 

fine-grained quartz display a core and mantle-type texture. This texture is typical of the transition 

from bulging recrystallization to subgrain rotation that occurs at ca. 400°C (Stipp et al., 2002b). 

Quartz recrystallization textures therefore suggest a distinct decrease in temperature of 

deformation from the hanging wall to the footwall of the MCT. 

 

Figure 4.4 A-B) Quartzite deformed via grain boundary-migration in the upper Main Central 

thrust high-strain zone on the south flank and hinterland Main Central thrust transects. C-D) 
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Quartzite deformed via grain-boundary migration in the immediate hanging wall of the south 

flank and hinterland Main Central thrust transects. E-F) Quartzite deformed via bulging 

recrystallization and subgrain rotation in the basal part of the shear zone of the south flank and 

hinterland Main Central thrust transects. 

 

Quartz CPOs show that deformation was accommodated primarily by rhomb <a> slip on 

the north and south flank MCT zones (Fig. 4.4). In the hinterland MCT zone, all three samples 

have a much stronger prism <a> slip component, which generally indicates quartz dynamic 

recrystallization above 550°C (Fig. 4.3; Mainprice et al. 1986; Stipp et al., 2002b). Asymmetric 

crossed girdles and inclined single-girdle fabrics confirm a top-to-the-south sense of shear. 

Opening angles increase up structural section, away from the MCT. Using the linear calibration 

of Kruhl (1998), modified by Law (2014), these angles indicate minimum temperatures of 

deformation at the base of the shear zone in the foreland of at least 425°C ± 50°C, and on the 

north flank of the klippe and in the hinterland of at least 500-550°C (Fig. 4.5). 

 

Figure 4.5 Diagram showing the temperature of deformation for all measured samples based on 

the opening angle of quartz crystallographic preferred orientation analyses. HL: hinterland; NF: 

north flank; SF: south flank. 
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Despite the slight decrease in temperature towards the foreland, all transects preserve 

remarkably similar ductile quartz recrystallization microstructures across the MCT. Opening 

angle thermometry yields temperature of deformation estimates that are consistent with the 

relative temperature indicated by quartz recrystallization textures. In the north flank and the 

hinterland MCT transects, deformation occurred at slightly higher temperature conditions than in 

the foreland.  

4.5.2!Peak pressure-temperature conditions and cooling of the Main Central thrust zone 

Full results of the P–T calculations are provided in Appendix C. In summary, the peak P–T 

conditions in the metamorphic core directly overlying the MCT shear zone in the hinterland and 

on the north flank of the klippe record similar conditions in both locations of 650–700°C at 0.8–

1.1 GPa despite a down-dip structural separation of ~35 km (Fig. 4.6A, 4.6B). The middle 

hanging wall rocks of the MCT in the hinterland records peak P–T conditions of ~570°C and 0.8 

GPa (Fig. 4.6C). Peak temperature estimates from the middle hanging wall rocks of the MCT 

high-strain zone of the south flank of the klippe are 500-600°C. Pressure remains unconstrained 

on the south flank MCT. 
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Figure 4.6 Pseudosections for samples CY37B (A; hinterland), ZB49 (B; north flank), and 

KAR25 (C; hinterland). Blue fields indicated observed mineral assemblage. Pseudosections with 

garnet compositional isopleths, thermobarometry points and numbered mineral assemblages for 

each sample can be found in the supplementary material (Fig. C.4). 

 

Cooling of the MCT zone is constrained by combining model white mica closure 

temperatures for each transect with 40Ar/39Ar thermochronology on white mica. The south flank 

sample yields a white mica plateau date of 17.0 ± 0.2 Ma (MSWD = 1.7, 88.8% of 39Ar) at 

315°C. The north flank sample yields white mica plateau dates of 14.1 ± 0.26 Ma (MSWD = 

0.28, 63.9% of 39Ar) and 14.3 ± 0.2 Ma (MSWD = 0.93, 62.1% of 39Ar) at 415°C. The hinterland 

samples yield white mica plateau dates of 5.73 ± 0.2 Ma (MSWD = 0.31, 100% of 39Ar), 6.15 ± 
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0.28 Ma (MSWD = 0.73, 86.2% of 39Ar), 6.70 ± 0.2 Ma (MSWD = 0.77, 100% of 39Ar), 5.80 ± 

0.16 Ma (MSWD = 0.45, 100% of 39Ar), 6.11 ± 0.16 Ma (MSWD = 0.28, 100% of 39Ar), and 

5.97 ± 0.18 Ma (MSWD = 0.74, 96.2% of the 39Ar) at 450°C. Step-heat plots can be found in 

Appendix C. 

4.6!Discussion 

4.6.1!Conditions of deformation 

The MCT in western Nepal is a several-km thick zone of distributed ductile shear that records 

progressively higher temperature of deformation from footwall to hanging wall. Ductile 

deformation in the hanging wall is accommodated by grain-boundary migration at minimum 

temperatures of 500-550°C in the hinterland and on the north flank and at 425°C on the south 

flank (Fig. 4.7). Ductile deformation in the base of the shear zone is recorded as a combination of 

bulging recrystallization and subgrain rotation at ca. 400°C. The collected data suggest that the 

MCT is defined by a near-identical thermal profile of deformation for > 100 km in the transport 

direction. These results are similar to quartz fabric studies on other across-strike, hinterland 

exposures of the MCT (e.g. Law et al., 2013; Frassi, 2015; Hunter et al., 2018a), which suggest 

that the deformation mechanisms and temperature of deformation that define this shear zone in 

western Nepal are comparable to other parts of the orogen. Metamorphism of the HMC in the 

hanging wall of the MCT reached comparable peak P-T conditions of 650–700°C at 0.8–1.1 GPa 

in the hinterland and on the north flank, although peak P-T conditions are lower towards the 

foreland. Peak metamorphic temperatures are also lower down structural section through the 

MCT high-strain zone in all three localities.  
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Figure 4.7 Relative temperature-time paths for each of the three Main Central thrust transects. 

Data used for this figure can be found in Table 4.1. HL: hinterland; HMC: Himalayan 

metamorphic core; LHS: Less Himalayan sequence; MHT: Main Himalayan thrust; MCT: Main 

Central thrust; NF: north flank; SF: south flank. 
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4.6.2!Timing and duration of deformation in each shear zone transect 

New constraints on the conditions and timing of deformation are combined here with existing U-

Th/Pb petrochronology on monazite (Ch. 2; Braden et al., 2017) and U/Pb zircon geochronology 

(Ch. 3; Braden et al., 2018) results from the same three MCT transects to determine the initiation, 

duration and cessation of deformation (Fig. 4.7; Table 4.1). Deformation is interpreted to be 

approximately coeval with peak metamorphism and lasted post-peak for variable amounts of time 

on each MCT transect. 

Sample Transect 
Time 
(Ma) Temp. (°C) Type 

JD71A SF  380 CPO 
JD71A SF  500 CPO 
JD71B SF  500 P-T 
JD71B SF 17 350 40Ar/39Ar thermochron. 
JD62* SF  550 CPO 
JD62* SF 17  40Ar/39Ar geochron. 
JD58* SF  710 CPO 
JD58* SF 33 700 P-T 
ZB60 NF 32  Mnz petrochron. 
ZB49 NF 30 700 P-T 
ZB49 NF 48  Mnz petrochron. 
ZB62 NF 14 415 40Ar/39Ar thermochron. 
ZB34 NF  610 CPO 
ZB23A NF 21 600 Mnz petrochron. 
ZB19 NF 19 550 Mnz petrochron. 
CY37B HL 18 600 Mnz petrochron. 
CY37B HL 12 650 P-T 
CY08 HL  525 CPO 
CY08 HL  450 CPO 
KK16 HL  480 CPO 
KAR25 HL 7 570 P-T 
KK30 HL  300 CPO 
K16A HL 11  Mnz petrochron. 
KAR17 HL 8  Zr geochron. 
KK12 HL 6 450 40Ar/39Ar thermochron. 
KAR09 HL 6 450 40Ar/39Ar thermochron. 
KK46 HL 6 450 40Ar/39Ar thermochron. 
CY06 HL 6 450 40Ar/39Ar thermochron. 
KAR40 HL 6 450 40Ar/39Ar thermochron. 

Table 4.1 Summary of data used to build the Figure 4.7 temperature-time path diagram. Not all 

samples are discussed directly in this chapter but descriptions can be found in the supplementary 

material. Timing and temperature constraints marked with a ‘*’ are from Soucy La Roche et al. 
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(2018b). In some cases, temperature was approximated from the mineral assemblage and 

monazite petrochronology data. CPO: crystallographic preferred orientation; HL: hinterland; NF: 

north flank; P-T: pressure-temperature; SF: south flank. 

 

The oldest recorded monazite date in the hinterland is 18 Ma and syn-kinematic peak P-T 

conditions of ~650°C, 0.8 GPa were reached by 14-12 Ma (Ch. 2; Braden et al. 2017). Towards 

the base of the MCT in the hinterland, rocks yield syn-kinematic peak P–T conditions of ~570°C 

and 0.7-0.8 GPa at 7 Ma. An asymmetrically boudinaged and sheared leucocratic pod with 8 Ma 

zircon rims indicates that shear deformation on the MCT lasted until ≤ 8 Ma (Ch. 2-3; Braden et 

al., 2017; 2018). The hinterland MCT cooled below 450°C by 6 Ma. We interpret active MCT 

deformation by at least 14 Ma. The MCT formed as shear propagated from the metamorphic core 

towards the foreland (Godin et al., 2006a; Searle et al., 2008), which implies that deformation on 

the hinterland MCT section initiated prior to 14 Ma, yet due to pervasive recrystallization this is 

not apparently recorded in the dated monazite. The data presented here imply a minimum possible 

duration of ≥ 8 Myr for the hinterland MCT (Fig. 4.7).  

The oldest recorded monazite date on the north flank MCT is 47 Ma and peak P-T 

conditions of ~700°C, 1.0 GPa were reached between 35-30 Ma (Ch. 2; Braden et al., 2017). 

There are syn-kinematic monazite dates from 30-19 Ma (Ch. 2; Braden et al., 2017) and the north 

flank MCT cooled below 415°C by 14 Ma (this chapter). We interpret initiation of MCT 

deformation occurred at ca. 30 Ma and this implies a maximum possible duration of 16 Myr (Fig. 

4.7).  

No samples from the south flank MCT zone contained monazite grains large enough for 

current in situ geochronology capabilities (≥ 20 µm), which may be due to a combination of 

overall lower peak P–T conditions and bulk composition (e.g. Spear and Pyle, 2010; Yakymchuk 

et al., 2018). The south flank MCT reached 315°C at 17 Ma and peak metamorphic temperature 

conditions of 500-600°C can therefore only be said to have occurred at some point prior to the 
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end of ductile shear. Ductile shear deformation linked to the south flank MCT is interpreted to 

have occurred here based on the strain gradient established by field structures, quartz deformation 

mechanisms and the associated temperature of deformation, which are comparable to both other 

MCT transects. Samples ca. 2 km up-section from the top of the MCT zone on the south flank 

record peak metamorphic conditions of 660-780°C, 0.7-1.3 GPa from 35-30 Ma (Soucy La Roche 

et al., 2018b). This is interpreted as an upper bracket to deformation since metamorphism and 

deformation tend to propagate down-section through the HMC (Cottle et al., 2015 and references 

therein). When considered in combination with this study, these data imply a maximum possible 

duration of 16 Myr for MCT deformation in the south flank locality (Fig. 4.7). 

4.6.3!Data gaps and the ‘age of the Main Central thrust’ 

Data gaps refer to windows of time during which there are no recorded dates, dates from different 

methods do not overlap or where dates cannot be tied directly to a process or temperature. 

Identification and consideration of these apparent gaps in the temporal record is important 

because the gaps may not necessarily reflect an absence of tectonic processes but rather the 

absence of its record. We identify a few data gaps in the T-deformation record defined above that 

influence how we can interpret the timing and duration of the MCT. 

There are no pre-18 Ma ages recorded in the hinterland locality, despite well-documented 

older Himalayan metamorphism elsewhere (see Goscombe et al., 2018 and references therein). 

Transects through the HMC and MCT in the hinterland of west-central Nepal record deformation 

across one or more shear planes from 28-17 Ma (Carosi et al., 2018), which suggests that the 

earliest MCT initiation likely occurred prior to 14 Ma on the hinterland transect in this study as 

well, but has been pervasively overprinted by the late deformation. 

There are no direct (syn-kinematic monazite) constraints on initiation or cessation of 

ductile deformation on the south flank of the klippe. Did deformation persist during the gap in 

recorded time between the youngest monazite ages and the argon cooling ages on all three 
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transects or does the youngest syn-kinematic monazite age represent the end of ductile 

deformation? The argon closure temperature is within uncertainty of the temperature of 

deformation in the hinterland and on the north flank MCT, which suggests that the 40Ar/39Ar age 

for these samples approximates the timing of the lowest-temperature ductile deformation on the 

MCT. The lack of tectonic overprint in the MCT zone suggests that the end of ductile 

deformation coincides with the end of major deformation on the MCT. In contrast, the argon 

closure temperature on the south flank MCT is lower than the temperature of deformation, which 

suggests that ductile deformation ended prior to the 40Ar/39Ar age of 17 Ma. 

The temperature of deformation is similar on each MCT shear zone transect; however, 

the recorded timing and implied possible duration of shear is not (Fig. 4.7). The maximum 

allowable period of active deformation across all transects is 27 Myr (35 Ma to 8 Ma) but 

deformation was not continuously recorded on all three MCT locations for this entire time; rather, 

the recorded timing and duration of deformation varies with each MCT transect. Similar 

conditions (peak P-T, temperature of deformation, cooling) did not occur at the same time on any 

of the three MCT transects. While the south flank had cooled below 315°C by 17 Ma, the north 

flank did not cool below 415°C until 14 Ma, and rejuvenation of the hinterland MCT zone at 8 

Ma occurred while both the north and south flank MCT zones were colder than 350°C.  

Based on these insights, what is the age of the MCT in western Nepal? The answer 

depends upon the transect studied. Deformation on the MCT did not evolve strictly from 

hinterland to foreland as might be expected. The MCT formed initially as ductile shear 

propagated from the hinterland towards the foreland; apparent diachroneity in the transport 

direction indicates that this process occurred variably between 35-8 Ma on the MCT in western 

Nepal. Ductile deformation at ~8 Ma in the hinterland likely overprints and post-dates an older, 

in-sequence MCT shear plane. Though currently unresolvable, it is worth contemplating whether 

the shear zone is truly slipping at different places at different times or whether preservation 
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makes it appear that way, particularly with respect to the initiation of deformation. Locally, there 

may be the appearance of ‘gaps’ in the recorded timing of deformation but from a regional 

perspective, MCT activity involved progressive, diachronous deformation. This illustrates our 

improved ability to describe deformation in increasingly narrow windows of time and the 

necessity of spatially-informed geochronological data sets to understanding the evolution of 

crustal-scale shear zones. 

4.6.4!Implications 

The MCT records diachronous deformation, which must be considered in the formulation of 

tectonic models across the Himalaya. As the MCT transects here variably record ≥ 8-16 Myr for 

the duration of shear, previous suggestions of only 2-5 Myr of MCT deformation based on 

smaller or more geographically-confined datasets are likely an underestimation for the entire 

MCT (see compilation in Godin et al., 2006a). Recent work identified significant differences in 

P-T conditions, timing and temperature of deformation in the along-strike direction of the MCT 

zone (Gibson et al., 2016) and of the entire homoclinal slab (Soucy La Roche et al., 2018a; 

2018b) in western Nepal. Across-strike diachroneity of the MCT zone in the Sikkim Himalaya 

occurred between 21 Ma and 12 Ma with a variability of only ~5 Myr between MCT exposures 

(~50 km separation between transects; Mottram et al., 2015a). The amount of variability between 

MCT transects and the overall time window during which deformation on all of the transects in 

Sikkim occurred appear to be much smaller than what is recorded in western Nepal. 

Consequently, the MCT is demonstrably diachronous in the across-strike and along-strike 

directions and there may also be diachroneity in the shear-orthogonal direction. Conclusions 

derived from a single MCT transect thus cannot be extended to describe the full shear zone at a 

single along-strike position, nor at the orogen scale. Due to the dynamic nature of orogenic shear 

zones, characterization of these structures is required on multiple scales, from microstructural to 

multiple structural sections. To capture the spatial progression of a shear zone, sampling should 
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be undertaken across more than one exposure of the shear zone with transects spaced as far apart 

in the transport direction and/or in the along-strike direction as reasonably possible. 

Many tectonic models for the evolution of the Himalaya are contingent on a period of 

synchronous movement on the MCT and the South Tibetan detachment system, which bounds the 

top of the HMC (Godin et al., 2006a). Based on the variability recorded here on multiple MCT 

transects, synchronous movement of the two shear zones everywhere in the orogen should not be 

inferred from a single transect through either structure in different regions. Acknowledgment of 

data gaps when applying the timing and duration of deformation on a regional scale, particularly 

when the study is restricted, for logistical or scope reasons, to a single structural section, is key 

for interpretation of results. Slip on the South Tibetan detachment from 30-19 Ma has been 

reported on the north flank of the Karnali klippe (Soucy La Roche et al., 2016), which implies 

coeval ductile shearing on both structures at this location during this full timeframe.  

4.7!Conclusions 

Based on new P-T, 40Ar/39Ar thermochronology, and quartz microstructure data combined with 

published monazite U-Th/Pb ages, a single MCT shear plane in western Nepal records different 

timing and duration of deformation across three transects at different positions along the transport 

direction. The hinterland MCT was active for a minimum of 8 Myr with peak metamorphic 

conditions of ~650°C, 0.8 GPa from 14-12 Ma and a minimum temperature of deformation of 

500°C ± 50°C; the MCT cooled below 450°C by 6 Ma. The MCT on the north flank of the 

Karnali klippe was active for a maximum of 16 Myr with peak metamorphic conditions of 

~700°C, 1.0 GPa reached by 30 Ma and a minimum temperature of deformation of 500°C ± 

50°C; the MCT cooled below 415°C by 14 Ma. The MCT on the south flank of the Karnali klippe 

was active prior to 17 Ma, possibly beginning around 33-30 Ma with peak temperature conditions 

of 500-600°C and a minimum temperature of deformation of 425°C ± 50°C; the MCT cooled 
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below 315°C by 17 Ma. These data have several important implications for interpretation of the 

MCT and other major shear zones worldwide: 

1.! The timing and duration of the MCT based on one sampled transect does not capture the 

timing and duration of the MCT in the transport direction. The MCT shear zone is 

dynamic and evolved diachronously through time.  

2.! Acknowledgement and discussion of data gaps is critical when trying to link timing 

constraints to protracted ductile deformation. It is not clear whether the shear zone is 

truly slipping at different places at different times or whether this is due entirely to 

preservation and/or sampling bias. 

3.! The timing constraints recorded within a shear zone likely only represent a snapshot of 

shear-zone evolution that is not applicable to exposures of the shear zone elsewhere in the 

orogen. The degree to which local timing constraints are used to formulate regional 

tectonic models must be carefully considered based on data from multiple shear-zone 

transects along the length of the orogen.!  
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Chapter 5 

Tracking foreland thrust propagation in low-grade metamorphic rocks, 

Variscan orogen, Sardinia, Italy 

5.1!Abstract 

The hinterland-to-foreland, ductile-to-brittle transition in the Variscan orogen is hypothesized to 

occur across several successive thrust-sense shear zones preserved between the metamorphic core 

and the toe of the orogenic wedge. The timing of formation of the high-strain mylonitic fabric 

from each shear zone should thus reveal the timing of deformation as it propagated from the 

metamorphic core towards the foreland. Here we apply in situ and step-heat 40Ar/39Ar dating of 

syn-kinematic white mica sampled from three of these low-temperature ductile shear zones of the 

Variscan orogen on the island of Sardinia (Italy). Both in situ and step-heating 40Ar/39Ar analysis 

of white mica results reveal significant intra-sample variation that may reflect protracted syn-

kinematic mica growth, multiple mica generations, and/or more complicated Ar systematics such 

as post-kinematic partial resetting, in this case likely by the Alpine orogeny.  Despite these 

complications, approximate ages for deformation can be determined for the two more hinterland 

shear zones. Syn-kinematic white mica (re-)crystallization during mylonite formation appears to 

have occurred on both the Barbagia and Meana Sardo thrusts between 325-318 Ma. These are the 

first direct age constraints for these structures, and better situate their formation into the overall 

structural history of the region, with deformation migrating towards the foreland during latest 

Mississippian/earliest Pennsylvanian. 

5.2!Introduction 

In most orogenic systems, plate convergence results in the propagation of deformation outwards 

from the thickening metamorphic core towards the foreland, where thin-skin fold-thrust belts 
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develop (e.g. Jamieson and Beaumont, 2013). The Variscan orogen is an intermediate-sized 

system that underwent moderate crustal thickening compared to many other orogens worldwide 

(Beaumont et al., 2006). By comparing the deformation evolution against well-studied large 

orogens such as the Himalayan orogen, it may be possible to discern how orogen size, and 

consequently thermal profile, affect the propagation of shear-zone deformation from hinterland to 

foreland. To determine this, a detailed reconstruction of the temperature-time history of shear-

zone development for the orogen is required. At deeply exhumed crustal levels of an orogen, 

higher-temperature deformation processes can be directly constrained with petrochronology of U-

bearing accessory phases (e.g. Mottram et al., 2014b; Soucy La Roche et al., 2016). At shallow 

crustal levels, where fault slip can generate clay-rich gouge, a combination of grain size analysis, 

X-ray diffraction modelling and 40Ar/39Ar or K-Ar dating has been used with success to date 

brittle deformation occurring within fault zones (van der Pluijm et al., 2001; Zwingmann and 

Mancktelow, 2004; Haines and van der Pluijm, 2008; Zwingmann et al., 2010; Duvall et al., 

2011). However, between these crustal levels, the direct dating of deformation of low-

temperature mylonite in foreland thrusts is particularly challenging due to the low peak 

temperature (T) conditions of metamorphism and deformation (300-400 °C; e.g. van der Pluijm et 

al., 2006). Under lower metamorphic conditions, particularly with respect to peak T, few 

conventional geochronometers recrystallize partly or fully during deformation. The 

characterization of shear zones located at these intermediate positions is fundamental to 

understanding the overall time scale of deformation propagation through an orogenic system, 

particularly for overall smaller, cooler orogens.  

White mica is one of the most prospective geochronometers for use in dating these types 

of shear zones because it is a common and generally abundant rock-forming mineral. It is also 

one of the weakest phases in the rock and therefore most likely to dynamically crystallize or re-

crystallize under low-temperature deformation conditions. Further, thermal diffusion of Ar in 
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white mica is inefficient at and below these crystallization temperatures (ca. 350-450°C; Reuter 

and Dallmeyer, 1989; Harrison et al., 2009), which permits the likelihood of Ar retention post-

deformation in comparison to lower temperature thermochronometers such as biotite. Ar 

systematics in low-grade shear zones can be complex because of different possible sources of Ar, 

and the confluence of heat, fluids and kinetic energy. Possible sources of Ar, aside from 

radiogenic Ar, include inherited 40Ar that formed prior to the deformation event of interest and 

excess Ar incorporated via intergranular fluid migration or inclusions in the white mica 

(McDougall and Harrison, 1999; Mulch and Cosca, 2004). Radiogenic Ar may also be lost in a 

number of ways, in particular during deformation that post-dates the period of deformation of 

interest (Mulch et al., 2002).  

The thermal history of low-grade metamorphic rocks may involve multiple episodes of 

white mica crystallization or re-crystallization that can be difficult to resolve via 40Ar/39Ar step-

heating experiments alone (e.g. Kellett et al., 2016). In situ UV-laser 40Ar/39Ar geochronology 

provides high spatial resolution and has been used effectively to differentiate between 

neocrystallization and recrystallization dates obtained from greenschist-facies mylonitic rocks 

(e.g. Mulch and Cosca, 2004). Thus, both in situ and step-heat approaches are important for 

resolving the complexities involved in dating syn-kinematic white mica from low-grade shear 

zones (Kellett et al., 2016; 2017). 

The island of Sardinia (Italy) exposes a cross section through the Variscan orogen from 

the metamorphic core to the foreland fold-thrust belt (Fig. 5.1) including a number of shear zones 

intermediate to the hinterland and the toe of the orogenic wedge (Carmignani et al., 1979; 2001; 

Carosi and Pertusati, 1990). Low to moderately metamorphosed rocks have been imbricated 

along strongly developed mylonitic ductile shear zones during the Paleozoic and preserved in the 

Internal Nappe zone of the island (Fig. 5.1; Carmignani et al., 1979; 2001; Conti et al., 1998). 

These intermediate shear zones have not been heated above 350-400°C and are old enough to 
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generate sufficient daughter 40Ar for high spatial resolution Ar/Ar, which makes dating of syn-

kinematic white mica the ideal method with which to constrain the timing of deformation. In 

doing so, we provide the first direct dating estimates for shear zones in the Internal Nappe Zone 

on Sardinia, which situate these structures in the overall evolution of the Variscan orogen. 

 

Figure 5.1 Simplified geological map of the island of Sardinia, modified after Carosi et al. 

(2005). Black box indicates location of map in Figure 2. 
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5.3!Geological context 

The island of Sardinia comprises Paleozoic metasedimentary and meta-igneous rocks of the 

southern European Variscides, intruded by Late Carboniferous to Permian igneous rocks and 

overlain by Mesozoic carbonate and Cenozoic volcanic rocks. The Sardinia Variscan belt resulted 

from the suturing of disparate plate fragments during the collision of Laurussia and Gondwana 

during the mid-Paleozoic (Stampfli et al., 2002; von Raumer et al., 2003; Rossi et al., 2009). 

Sardinia was shielded from much of the intense Cenozoic Alpine overprint that most of the 

Variscan belt was subjected to and therefore well-preserves its early, Paleozoic tectonic history. 

The island of Sardinia has been divided into four main tectono-metamorphic zones: the External 

Zone, the External Nappe Zone, the Internal Nappe Zone, and the Inner Zone (Fig. 5.1; 

Carmignani et al., 1979; 1994; 2001). The External Zone in the SW corner of the island consists 

of very low-grade metamorphic facies, thrust-imbricated Ediacaran to Carboniferous 

metasedimentary rocks. The External Nappe Zone in central and southern Sardinia consists of 

SW-directed thrusts of very low-grade earliest Paleozoic metasedimentary rocks intruded by an 

Ordovician continental arc-volcanic suite. The Internal Nappe Zone in central and northern 

Sardinia consists of low- to medium-grade metamorphosed Paleozoic sedimentary rocks. The 

Internal Nappe Zone is separated from the Inner Zone by the Posada-Asinara Line (PAL), a steep 

transpressional dextral shear zone dated between 325-310 Ma (Fig. 5.1; Di Vincenzo et al., 2004; 

Carosi et al., 2012). The Inner Zone exposes medium- to high metamorphic-grade migmatitic 

metamorphic rocks that display an inverted Barrovian P-T gradient and are intruded by late-

Variscan granitic bodies (Carmignani et al., 1994; 2001; Carosi et al., 2005). Metabasite rocks in 

the Inner Zone were emplaced at ca. 460 Ma (Cortesogno et al., 2004; Giacomini et al., 2005) and 

reached peak eclogite conditions at ca. 403 Ma (Cortesogno et al., 2004) with amphibolite-facies 

metamorphism occurring at ca. 352 Ma (Giacomini et al., 2005). All zones are affected by 

Variscan metamorphism. 
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5.4!Mylonite zones from the Internal and External Nappe Zones 

Transects through multiple exposures of three different thrusts in the Internal and External Nappe 

Zones were studied (Fig. 5.2). From north to south, the thrusts are: the Barbagia thrust, which 

placed the Barbagia unit over the Meana Sardo unit; the Meana Sardo thrust, which placed the 

Meana Sardo unit over the Gerrei unit; and the Castello Medusa thrust (structurally deepest), 

which placed the Gerrei unit over the Riu Gruppa-Castello Medusa unit (Fig. 5.2; Conti et al., 

1998). The thrust nappes all repeat a similar sequence of Cambrian-Lower Ordovician 

metasandstone, quartzite and phyllite, Middle Ordovician metaconglomerate and metavolcanic 

rocks (rhyolite, andesite, metatuffite, metabasite, etc.), Upper Ordovician meta-arkose and 

metasiltstone, Silurian-Lower Devonian black shale, phyllite and marble, and Middle-Upper 

Devonian thickly bedded marble, all of which are overlain by Lower Carboniferous syn-orogenic 

flysch deposits (Conti et al., 2001).  
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Figure 5.2 A) Geological map of the central nappe zone showing sample transects. Map modified 

after Meloni et al. (2017). B) Location and sample numbers of samples (gray boxes) used for 
40Ar/39Ar dating. C) Cross-section through the central nappe zone. Sample locations illustrate 

footwall or hanging wall position, not exact sample location. 

 

5.4.1!Regional structure & timing of deformation 

The Variscan rocks in Sardinia have an overall NW-SE structural trend, with units and SW-

directed thrusts dipping to the NE (Carmignani et al., 1979; 1994; 2001 and references therein). 

Variscan orogenesis in Sardinia is defined by two main deformation events. The first deformation 

event (D1) produced south-verging recumbent folds and both brittle and ductile shear zones 
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attributed to thickening of the orogen. D1 has been bracketed between 340-330 Ma based on in 

situ 40Ar/39Ar dating of white mica (Di Vincenzo et al., 2004) and possibly beginning as early as 

344 Ma based on Rb/Sr dating of migmitization/peak metamorphism of a banded migmatitic 

gneiss (Ferrara et al., 1978). These timing constraints on D1 deformation and metamorphism have 

been obtained from the northern region of the island, almost exclusively within the Inner Zone. 

Timing of nappe emplacement involving mylonite formation in the Internal and External Nappe 

Zones has not been directly constrained. Within each nappe unit, D1 resulted in a mylonitic fabric 

that forms the dominant regional foliation (Conti et al., 1998). D1 isoclinal folds formed coevally 

to the mylonitic fabric and are thinned and sheared on the limbs with fold axes parallel to the 

regional NNE-SSW striking stretching and mineral lineation (Carosi and Pertusati, 1990; Conti et 

al. 1998; 2001; Carosi et al., 2004). Relics of older fabric elements are observable in low-strain 

pockets throughout the Barbagia, Meana Sardo, Gerrei, and Riu Gruppa-Castello Medusa units 

and are considered to be remnants of the earliest polyphase D1 deformation (Conti et al. 1998). A 

crenulation cleavage developed in all nappe units during the latest stages of D1. 

The second deformation event (D2) is related to the PAL transpressional shear zone 

between the Internal Nappe Zone and the Inner Zone (see Fig. 5.1) during belt-parallel transport 

and has been dated to between 325-310 Ma from in situ 40Ar/39Ar dating of syn-kinematic white 

mica (Di Vincenzo et al., 2004) and U-Th/Pb dating of monazite (Carosi et al., 2012). D2 

involved periods of both sinistral and dextral shearing that locally resulted in mylonitic fabric 

(Carosi et al., 2012). D2 transpressional deformation produced fabric elements observable only in 

the northern part of the island and it is unclear whether timing of late D1 fabric formation pre-

dates or overlaps with timing of D2. Regional-scale upright to recumbent folding, such as the 

Flumendosa antiform and the Barbagia synform (see cross-section, Fig. 5.2), occurred during 

late-stage collisional deformation and was accompanied by granitic intrusions (‘D3’ by some 

authors; Conti et al., 1998; Pertusati et al., 2002; Carosi et al., 2004). 
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5.4.2!Shear zones 

Mylonite development is strongest in the northernmost Barbagia unit of the External nappe zone 

and decreases towards the edge of the fold-thrust belt in the south (Conti et al., 1998). The 

Barbagia thrust yields a minimum dip-slip displacement of 20 km (Carosi and Malfatti, 1995; 

Carosi et al., 2004), and contains mylonite that reached 300-350°C, based on illite and chlorite 

crystallinity (Franceschelli et al., 1992; Montomoli et al., 2018). The second thrust, the Meana 

Sardo thrust, separates the Meana Sardo unit (hanging wall) and Gerrei unit (footwall). At the 

base of the Gerrei unit is the third thrust sampled for this study, the Castello Medusa thrust. The 

Castello Medusa thrust, or the Baccu Locci mylonite, underwent heterogeneous plastic flow, 

which is expressed as an anastomosing network of high-strain zones displaying strong grain-size 

reduction, dynamically recrystallized quartz veins, and elongated quartz porphyroclasts (Conti et 

al., 1998).  

Each shear zone is approximately 100-150 m thick with distributed ductile shear in both 

the immediate hanging wall and the immediate footwall. The contact between shear zones and the 

overlying and underlying units is not sharp but rather expressed in outcrop as a gradual transition 

from high to lower strain fabric development. Based on our field observations and those of 

previous workers (Carosi and Pertusati, 1990; Conti et al. 1998; 2001; Carosi et al., 2004), strain 

appears to be preferentially localized in metavolcanic rocks. Illite crystallinity on pelitic rocks 

confirms that all the thrust nappes reached at least greenschist-facies metamorphic conditions 

(Franceschelli et al., 1992), though the timing of peak conditions remains unconstrained. 

Microstructures observed in the field include rotated porphyroclasts, C-S fabric and asymmetric 

folds, and indicate a top-to-the-south sense of shear. Though not directly constrained, mylonite 

formation on all shear zones must have occurred between the onset of the amphibolite facies 

metamorphism in the Inner zone (ca. 352 Ma; Giacomini et al., 2005) and the end of orogenic 

activity marked by post-collisional extension and emplacement of a large batholith (ca. 320-280 

Ma; Del Moro et al., 1975; Casini et al., 2012). 
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5.5!Sample descriptions and white mica mineralogy 

Samples were collected across 100-200 m vertical sections through each thrust (depending on 

exposure), perpendicular to the main foliation plane (Fig. 5.2). Samples for both step-heat and in 

situ 40Ar/39Ar geochronology were collected from thin, high-strain mylonite zones (ca. 1-2 m) 

found at the base of each nappe unit. These zones were targeted as the areas of highest strain, the 

shear plane, where all fabric elements are rotated into parallelism, in the hopes of circumventing 

the problem of multiple preserved fabric elements. Mylonitization appears to be strongly 

developed in metarhyolitic units of the hanging wall with black shale and phyllite directly in the 

footwall. White mica is intergrown with quartz and is concentrated within the high-strain zones, 

which strengthens the interpretation that white mica is syn-kinematic and not pre-existing detrital 

or metamorphic mica that were deformed in the shear zones. Four hanging-wall and three 

footwall samples were selected for 40Ar/39Ar dating. Samples SAR08A (Barbagia thrust; Fig. 

5.3A), SAR14 (Barbagia thrust), SAR19 (Meana Sardo thrust; Fig. 5.3B), and SAR69 (Meana 

Sardo thrust; Fig. 5.3C) are mylonitic porphyritic rhyolite from the immediate hanging wall of 

each shear zone. The matrix foliation in the samples is defined by fine-grained white mica and 

quartz banding with clasts of quartz and feldspar (Fig. 5.4). Samples SAR03 (Barbagia thrust), 

SAR25 (Meana Sardo thrust) and SAR28 (Castello Medusa thrust) are from the immediate 

footwall of each shear zone. Sample SAR25 is a mylonitic porphyritic rhyolite that is 

compositionally comparable to the hanging wall samples. Sample SAR03 is a sandstone with 

white mica concentrated in abundant phyllitic layers. Sample SAR28 is a quartz-rich black shale 

with quartz veins 0.2-1 cm in thickness.  
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Figure 5.3 A-C): Stitched photomicrograph showing entire polished thick sections of mylonitic 

porphyritic rhyolite samples of SAR08 (A), SAR19 (B) and SAR69 (C). D) Field photo showing 

multiple orientations of fabric elements from sample outside of high-strain zone. E) 

Photomicrograph in cross-polarized light of rotated porphyroclasts showing a top-to-the-south 

sense of shear. F) Photomicrograph showing quartz ribbons with a foam texture in a matrix of 

matted white mica and quartz. G-H) Photomicrograph showing deformed quartz porphyroclasts 

surrounded by finer-grained deformed quartz. Black arrows point to accumulated lines of fluid 

inclusions. 

 

DC

Figure 3

NS

Qtz ribbons

F
10 mm

NS
E

Fsp

Wm

Qtz + Wm

Fsp

HG

Qtz

Qtz

Qtz

Qtz

Qtz
SGR

Qtz
SGR

S1

S2

NS

1 cm

1 mm 1 mm

1 mm 1 mm

Wm

Wm

Wm
Wm

Wm

Wm

Qtz

Fsp

A
NS

Wm

Qtz

Qtz + Wm

SESE NWNW
B

Qtz

Qtz + Wm Fsp

10 mm 10 mm



 

97 

 

In the samples selected for geochronology, sense-of-shear indicators are consistent with 

top-to-the-south thrust sense based on rotated clasts and C’ shear bands observed in the field and 

in some samples (Figs. 5.3E, 5.4A). Quartz in ribbons display a foam texture indicative of static 

recrystallization (Fig. 5.3F, 5.4B). Strongly deformed quartz porphyroclasts display undulose 

extinction and contain abundant fluid inclusions (Fig. 5.3G, 5.3H). These quartz grains have a 

core and mantle texture and are surrounded by smaller quartz grains deformed by subgrain 

rotation (Fig. 5.3G, 5.3H; indicative of temperature of deformation of at least 350-400°C; Stipp et 

al., 2002b). Samples SAR19 and SAR69 contain larger, brittle-fractured clasts of both quartz and 

feldspar as well as micro-crenulations developed in the matrix muscovite. Clast fractures are 

filled with fine-grained quartz grains. White mica is fine-grained (~10-40 µm) in all samples, 

matted along the foliation plane, and mica seams are extensively crenulated in coarser-grained 

and lower strain rocks (Fig. 5.4B). White mica is also concentrated in the high-strain quadrants of 

porphyroclasts (Figs. 5.3E, 5.4A, 5.4E) and within phyllitic layers; grain boundaries are difficult 

to discern due to grain size.  
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Figure 5.4 A) Crenulated white mica in the hinge of a micro-fold. B) Matrix of matted fine-

grained white mica. C) Fine-grained white mica wrapping a porphyroclast and crenulated in the 

matrix. D) Matrix of fine-grained white mica and deformed quartz. E) Rotated feldspar 

porphyroclast with a top-to-the-south sense of shear and asymmetric strain shadow of white mica. 

F) Matted white mica in which grain boundaries are indistinguishable due small size. Slightly 

hazy appearance of thin sections photos is due to the residual carbon coat applied for analytical 

work. 
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5.5.1!White mica composition 

Wavelength-dispersive spectroscopy analyses were used to determine the white-mica 

composition of in situ target areas and were obtained using the JEOL JXA-8230 electron 

microprobe at Queen’s University, Kingston, Canada. Spots were measured using an accelerating 

potential of 15 kV, a beam current of 10 nA and a beam diameter of 7 µm. Matrix corrections 

were made with JEOL PC-EPMA version 1.11.2.0 using the XPP atomic number/absorption 

corrections (Pouchou and Pichoir, 1991), the database of Chantler et al. (2005) and the 

fluorescence correction of Reed (1965). Matrix corrections were made assuming 4.5 wt. % H2O. 

SAR19 is ~96% pure muscovite whereas SAR08 and SAR69 both contain ~20% Fe-celadonite; 

results are reported in Table 5.1. SAR08 and SAR69 are slightly phengitic at 3.3 Si atoms per 

formula unit compared to SAR19, which has no Si enrichment. 

5.6!40Ar/39Ar geochronology 

5.6.1!Methods 

Standard crushing, washing and sieving procedures were followed to separate white mica from all 

seven samples (Fig. 5.2). Mineral grains were visually inspected under a microscope for lack of 

inclusions, visible alteration etc. Compositional X-ray maps of in situ target areas for samples 

SAR08, 69 and 19 were obtained using the JEOL JXA-8230 electron microprobe at Queen’s 

University, Kingston, Canada (Appendix D). Chips were manually cut out of the 100 µm-thick 

polished thick sections and re-scanned in the scanning electron microscope (SEM) for back-

scattered electron (BSE) images. BSE images were then overlain on images of the full thick 

sections to match chips to intended target areas. Mineral separates and thick-section chips were 

irradiated at the McMaster nuclear reactor facility for 160 MWh, operating at 2.5 MW with Cd 

shielding. After irradiation, mineral separates and thick-section chips were loaded into different 

copper planchets and placed in an all-metal, ultra-high vacuum line at the Geological Survey of 

Canada, Ottawa. Mineral separates were step-heated using a Photon Machines CO2 laser and 
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analyzed using the Nu Instruments Noblesse mass spectrometer. Two to four multi-grain aliquots 

of white mica from each sample were step-heated over 20-25 heating steps with sample replicates 

intended to test variability within a sample. 
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 SAR08       SAR19       SAR69       
 min mean max stdev min mean max stdev min mean max stdev 

SiO2 47.84 48.74 49.59 0.46 45.33 45.78 46.39 0.33 48.14 48.65 49.38 0.39 
TiO2 0.18 0.26 0.35 0.06 0.17 0.36 0.53 0.12 0.07 0.14 0.21 0.04 

Al2O3 27.63 28.72 30.82 0.72 36.67 37.48 38.29 0.46 27.96 28.62 29.58 0.44 
FeO 3.36 4.12 5.02 0.55 0.49 0.65 0.83 0.10 4.19 4.82 5.70 0.38 

Fe2O3 0.00  0.00  0.00  0.00  0.00  0.00   
MnO 0.01 0.04 0.09 0.02 0.00 0.01 0.07 0.02 0.08 0.11 0.15 0.02 
MgO 1.54 1.84 2.15 0.19 0.18 0.28 0.49 0.07 1.56 1.70 1.85 0.08 
CaO 0.00 0.02 0.04 0.01 0.00 0.01 0.04 0.01 0.00 0.01 0.04 0.01 

Na2O 0.01 0.04 0.07 0.02 0.07 0.12 0.17 0.02 0.04 0.09 0.16 0.03 
K2O 10.69 10.94 11.20 0.14 10.96 11.20 11.41 0.12 10.46 10.83 11.17 0.19 

F 0.17 0.38 0.59 0.13 0.00 0.26 0.92 0.30 0.00 0.21 0.70 0.22 
Cl 0.00 0.01 0.02 0.01 0.00 0.01 0.01 0.00 0.01 0.02 0.03 0.01 

H2O 0.00  0.00  0.00  0.00  0.00  0.00   
Total 94.01 95.47 97.11 0.81 94.47 95.11 95.98 0.41 91.62 94.79 96.96 1.33 

Si 3.234 3.312 3.352 0.027 2.993 3.023 3.066 0.022 3.283 3.308 3.350 0.018 
Ti 0.009 0.014 0.018 0.003 0.008 0.018 0.026 0.006 0.004 0.007 0.011 0.002 
Al 2.238 2.299 2.456 0.052 2.859 2.916 2.979 0.031 2.243 2.294 2.372 0.034 

Fe2+ 0.190 0.234 0.285 0.032 0.027 0.036 0.046 0.006 0.236 0.274 0.326 0.022 
Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.000 0.002 0.005 0.001 0.000 0.001 0.004 0.001 0.004 0.006 0.009 0.001 
Mg 0.155 0.186 0.218 0.020 0.018 0.027 0.048 0.007 0.158 0.172 0.189 0.008 
Ca 0.000 0.001 0.003 0.001 0.000 0.001 0.003 0.001 0.000 0.001 0.003 0.001 
Na 0.001 0.006 0.009 0.002 0.009 0.016 0.021 0.003 0.006 0.012 0.021 0.005 
K 0.936 0.948 0.971 0.011 0.924 0.943 0.957 0.009 0.908 0.939 0.966 0.015 
F 6.987 7.002 7.029 0.012 6.961 6.981 6.998 0.009 6.983 7.014 7.042 0.017 
Cl 0.036 0.082 0.126 0.027 0.000 0.054 0.194 0.062 0.000 0.045 0.150 0.047 
Si 3.234 3.312 3.352 0.027 2.993 3.023 3.066 0.022 3.283 3.308 3.350 0.018 
Ti 0.009 0.014 0.018 0.003 0.008 0.018 0.026 0.006 0.004 0.007 0.011 0.002 

Al(IV) 0.638 0.675 0.752 0.026 0.922 0.959 0.999 0.021 0.645 0.685 0.712 0.017 
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Al(VI) 1.582 1.625 1.704 0.028 1.937 1.957 1.980 0.011 1.569 1.609 1.661 0.024 
Mg(M2) 0.132 0.165 0.199 0.020 0.008 0.018 0.035 0.007 0.132 0.148 0.156 0.007 
Fe(M2) 0.162 0.208 0.253 0.028 0.012 0.024 0.036 0.006 0.200 0.236 0.268 0.017 

(M2) 0.294 0.373 0.412 0.028 0.020 0.042 0.063 0.011 0.332 0.385 0.423 0.023 
Mn(M2) 0.000 0.002 0.005 0.001 0.000 0.001 0.004 0.001 0.004 0.006 0.009 0.001 
Mg(M1) 0.015 0.021 0.025 0.002 0.004 0.009 0.013 0.003 0.016 0.024 0.033 0.004 
Fe(M1) 0.014 0.026 0.035 0.006 0.004 0.012 0.017 0.004 0.024 0.038 0.058 0.008 
v(M1) 0.942 0.953 0.971 0.007 0.972 0.979 0.992 0.007 0.909 0.939 0.959 0.012 
K(A) 0.936 0.948 0.971 0.011 0.924 0.943 0.957 0.009 0.908 0.939 0.966 0.015 

Na(A) 0.001 0.006 0.009 0.002 0.009 0.016 0.021 0.003 0.006 0.012 0.021 0.005 
v(A) 0.028 0.046 0.061 0.010 0.026 0.041 0.060 0.010 0.022 0.048 0.084 0.015 

Musc 73.58% 77.47% 83.50% 2.51% 95.21% 96.01% 97.06% 0.51% 72.40% 74.81% 77.93% 1.62% 
Parag 0.07% 0.46% 0.77% 0.20% 0.95% 1.59% 2.15% 0.30% 0.45% 0.98% 1.61% 0.35% 

Fe-Celad 13.73% 20.22% 25.12% 2.86% 0.61% 1.29% 2.07% 0.36% 18.15% 22.36% 25.13% 1.91% 
Pyroph 1.04% 1.85% 2.47% 0.42% 0.66% 1.12% 1.80% 0.29% 0.87% 1.85% 3.26% 0.60% 

Table 5.1 White mica composition of samples used for in situ 40Ar/39Ar dating. Calculations after Vidal and Parra (2000) and Parra et al. (2002).
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In situ data for SAR08, 69 and 19 were collected using a UV laser with a beam size of 80 µm, 

laser power of 95%, frequency of 20 Hz, and a dwell time of 60s. Irradiation flux was monitored 

using Fish Canyon tuff sanidine (FCT-SAN; 28.305 ± 0.036, 1!; Renne et al., 2010). In-situ 

40Ar/39Ar dating requires a balance between increasing the spatial precision by using a smaller 

laser beam size and increasing the analytical precision by using a larger laser beam size and 

thereby increasing the amount of gas released per spot. Beam sizes below 60 µm yielded too little 

gas in some samples and so for consistency, a beam size of 80 µm was used for all spots. The 

supplementary material contains full analytical details, which follow Kellett and Joyce (2014). 

Data collection, reduction and age calculation were performed using MassSpec software version 

7.93 (Deino, 2001). Plateau dates are defined by three contiguous steps that are within 2! error 

and that comprise " 50% of 39Ar released. Pseudo-plateau dates are defined by an integration of 

the steps comprising the flattest portion of the step heat spectrum. In this chapter, “date” refers to 

results and “age” refers to interpreted results with geological significance. All errors on ages and 

dates are reported at the 2! level. 

5.6.2!Results 

5.6.2.1!Step-heating 40Ar/39Ar geochronology 

Because white mica from all seven samples is fine grained (< 40 µm), each analyzed aliquot 

comprised multiple grains.  Each of these aggregates was progressively step-heated with varying 

heating patterns until all argon gas was released; all raw data can be found in Appendix D. 

Irregular gas-release spectra between aliquots of most samples yield reproducible patterns. In the 

absence of plateau ages, many samples yielded consistent age of gas released per step at the same 

stage in the release spectra. In the reported data below, ‘n’ refers to the number of steps included 

in pseudo-plateau dates. 
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Two aliquots from sample SAR03 yield younger dates in the initial heating steps (<10% total 

39Ar released) increasing to pseudo-plateau dates of 320.6 ± 2.2 Ma (n = 14, MSWD = 18, 82.2% 

of 39Ar; Fig. 5.5A) and 323 ± 2.3 Ma (n = 13, MSWD = 14, 88.9% of 39Ar; Fig. 5.5B), 

respectively. A few older later steps associated with small spikes in Ca/K indicate minor 

heterogeneity. 

 

Figure 5.5 Step-heat gas release spectra used for pseudo-plateau date calculations for samples 

SAR03 (A-B), SAR08 (C-E), SAR14 (F-H), and SAR19 (I-K). Box heights equivalent to 1!. 
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The first, third and fourth aliquots from sample SAR08 yield pseudo-plateau dates of 

321.7 ± 3.1 Ma (n = 4, MSWD = 11.2, 76.2% of 39Ar; Fig. 5.5C), 328.3 ± 2.3 (n = 7, MSWD = 

4.2, 91% of 39Ar; Fig. 5.5D), and 319.6 ± 2.3 Ma (n = 11, MSWD = 4.8, 86.8% of 39Ar; Fig. 

5.5E). The second aliquot released over 60% of gas in a single step and did not yield a statistical 

plateau or pseudo-plateau date.  

The first aliquot of sample SAR14 yielded a staircase pattern that steps down towards the 

end (right) of the spectrum. Aliquots two through four from this sample have similar hump-

shaped release spectra. A pseudo-plateau can be calculated across flattest steps corresponding to 

the highest temperature heating steps for aliquots two to four and yield dates of 339.7 ± 4.0 Ma (n 

= 5, MSWD = 18, 19.1% of 39Ar; Fig. 5.5F), 337.8 ± 2.8 Ma (n = 5, MSWD = 0.92, 11% of 39Ar; 

Fig. 5.5G), and 336.41 ± 2.4 Ma (n = 4, MSWD = 2.8, 23.5% of 39Ar; Fig. 5.5H). 

Three aliquots from sample SAR19 yield pseudo-plateau dates of 318.9 ± 3.9 Ma (n = 3, 

MSWD = 10.6, 56.5% of 39Ar; Fig. 5.5I), 322.3 ± 2.4 Ma (n = 8, MSWD = 10.6, 66.8% of 39Ar; 

Fig. 5.5J), and 318.4 ± 3.2 Ma (n = 5, MSWD = 13, 58.6% of 39Ar; Fig. 5.5K). The fourth aliquot 

did not yield a statistical plateau or pseudo-plateau date. All four aliquots show a similar staircase 

pattern, stepping upwards from the initial steps towards the middle of the spectra, where pseudo-

plateau dates were calculated. 

The first and second aliquots from sample SAR25 show comparable release patterns; the 

initial steps step upwards towards relatively flat middle segments and then step upwards slightly 

towards the end of the spectra.  The middle steps yield pseudo-plateau dates of 311.1 ± 2.2 Ma (n 

= 14, MSWD = 12, 72.7% of 39Ar; Fig. 5.6A) and 318.1 ± 2.5 Ma (n = 8, MSWD = 12, 69.9% of 

39Ar; Fig. 5.6B). The third aliquot shows a staircase pattern in the middle of the release spectra 

and the fourth aliquot released 95% of the gas in a single step. Pseudo-plateau dates were not 

calculated for either aliquot three or four.  
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Figure 5.6 Step-heat gas release spectra used for pseudo-plateau date calculations for samples 

SAR25 (A-B), SAR28 (C-E) and SAR69 (F-J). Box heights equivalent to 1!. 

 

Aliquots one, two and four from sample SAR28 show comparable patterns in which the 

initial steps increase in date upwards, flattening out for the middle segments and then step 

upwards again towards the end of the spectra. Pseudo-plateau dates were calculated across the 

flattest middle steps and yield dates of 316.9 ± 3.1 Ma (n = 5, MSWD = 17, 42.7% of 39Ar; Fig. 

5.6C), 318.6 ± 2.0 (n = 5, MSWD = 1.8, 38.2% of 39Ar; Fig. 5.6D) and 324 ± 3.8 Ma (n = 13, 

MSWD = 3.9, 86.2% of 39Ar; Fig. 5.6E). The third aliquot did not yield any contiguous steps that 

could be used to confidently calculate a pseudo-plateau date. 
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Two aliquots of sample SAR69 yield pseudo-plateau dates of 324.6 ± 2.2 Ma (n = 19, 

MSWD = 15, 84.4% of 39Ar; Fig. 5.6F) and 325.2 ± 2.0 Ma (n = 22, MSWD = 3.7, 82.6% of 

39Ar; Fig. 5.6G). Both aliquots show very similar release spectra in which there is a slight 

stepping-upwards staircase pattern over the initial few steps and the rest are relatively flat. 

5.6.2.2!In situ 40Ar/39Ar geochronology 

Laser spots were placed on four chips from three samples. Spots were placed on bands of white 

mica that define the main foliation and wrap porphyroclasts as well as on mica in the strain 

shadow of a porphyroclast. 20-25 spots were analyzed per sample, in clusters of 5-10 spots per 

mica band. Reported dates are the calculated peaks from probability density plots of all spots in a 

cluster.  

In situ dates from sample SAR08 appear to record more than one age population (Fig. 

5.7). Three separate clusters of spots were analyzed on sample SAR08, which yield dates of 321 

± 3 Ma, (MSWD = 3.51), 327 ± 3 Ma (MSWD = 1.58) and 330 ± 4 Ma (MSWD = 2.57), 

respectively. In situ dates obtained from samples SAR19 (Fig. 5.8) and SAR69 (Fig. 5.9) are 

internally consistent and clusters of spots yield dates within error of one another. Three separate 

clusters of spots were analyzed on sample SAR19, which yield dates of 312 ± 4 Ma (MSWD = 

1.95), 301 ± 11 Ma (MSWD = 13.37) and 315 ± 4 Ma (MSWD = 1.35), respectively. Two 

clusters of spots were analyzed on sample SAR69, which yield dates of 317 ± 2 Ma (MSWD = 

1.42) and 318 ± 4 Ma (MSWD = 3.02).  
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Figure 5.7 A) Image of in situ chip for sample SAR08 with spot locations annotated with 
40Ar/39Ar dates. Dates in red indicate dates discarded due to low analyzed counts of Ar. Results 

are reported at the 2! confidence level. B) Probability density age plots for SAR08 in situ ages. 

Spot numbers in plot correspond to spot numbers shown in A).  
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Figure 5.8 A) Image of in situ chip for sample SAR19 with spot locations annotated with 
40Ar/39Ar dates. Dates in red indicate dates discarded due to low analyzed counts of Ar. Results 

are reported at the 2! confidence level. B) BSE image of SAR19 chip. C) Probability density age 

plots for SAR19 in situ ages. Spot numbers in plot correspond to spot numbers shown in A). 
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Figure 5.9 A) Image of in situ chip for sample SAR69 with spot locations annotated with 
40Ar/39Ar dates. Dates in red indicate dates discarded due to low analyzed counts of Ar. Results 

are reported at the 2! confidence level. B) Probability density age plots for SAR69 in situ ages. 

Spot numbers in plot correspond to spot numbers shown in A). 

 

5.7!Discussion 

5.7.1!Interpretation of 40Ar/39Ar results 

Interpretation of the geological significance of the white mica Ar/Ar dates presented above 

requires consideration of the different potential sources of 40Ar in the white mica: in situ 

production, inherited, and excess. 

Inherited Ar 

Inherited Ar is radiogenic Ar from pre-existing detrital or metamorphic mica that formed prior to 

the deformation period of interest. The shear zones deform Middle Ordovician metavolcanic 

rocks and Silurian-Lower Devonian black shale. Deformation occurred during peak 

metamorphism in the thrust nappes and white mica is less abundant outside of the mylonitic 

01A-315 ± 3.0

02A-308 ± 14
03A-304 ± 7.1

04A-328 ± 5.3

05A-332 ± 8.1
06A-319 ± 4.6

07A-311 ± 2.5
08A-320 ± 1.7

09A-312 ± 2.3
10A-314 ± 1.911A-316 ± 1.8

12A-316 ± 2.5

313A-10 ± 2.5

15A-319 ± 2.1

14A-314 ± 2.2

16A-315 ± 2.2
17A-319 ± 4.7

18A-313 ± 2.3

19A-316 ± 1.9

20A-311 ± 2.3

21A-316 ± 2.4 
22A-313 ± 2.3

0.050.100.150.200.250.300.350.400.450.500.550.60

Pr
ob

ab
ilit

y 316.8

318 ± 4
MSWD = 3.02
Prob. = 0.02

0
1
2
3
4
5
6

Analysis#07A

08A

09A
10A
11A

0
0.005
0.010
0.015

Cl
/K

250 270 290 310 330 3500
0.2
0.4 Ca/K

Age (Ma)

0.10.20.30.40.50.60.70.80.91.01.11.21.3

Pr
ob

ab
ilit

y 317.1

317 ± 2
MSWD = 1.42
Prob. = 0.17

0
1
2
3
4
5
6
7
8
9
10
11

Analysis#

13A

14A

15A

16A

17A

18A

19A

20A

21A

22A

0
0.005
0.010
0.015

Cl
/K

250 270 290 310 330 350
0
0.2
0.4 Ca/K

Age (Ma)

Figure 9

SAR69A

500 µm

B

C



 

111 

 

zones. Based on these observations, white mica is interpreted to be syn-kinematic and a result of 

prograde metamorphism in the mylonite samples with felsic volcanic protoliths, which would not 

likely have contained any pre-existing mica. One sample, SAR28, shows evidence of an inherited 

Ar component, exhibited by steps that increase upwards at the end of the spectra in two of the 

aliquots (see Fig. 5.6C-D). SAR28 is the only metasedimentary rock dated here, a quartz-rich 

shale, and which may have contained detrital mica, prior to the production of prograde 

metamorphic white mica during D1. Steps exhibiting this inherited Ar pattern were not included 

in pseudo-plateau date calculations. 

Excess Ar 

Excess Ar is parentless Ar that has been incorporated by processes other than in situ decay of 40K. 

The oldest steps in SAR14 are older than the interpreted deformation history (> 350 Ma) and step 

downwards towards the flattest portion of the spectra, which were used to calculate a pseudo-

plateau date. This hump-shaped Ar release pattern suggests the presence of excess Ar, which may 

have been incorporated via K-bearing fluid or mineral inclusions, intergranular fluid flow or post-

deformation diffusion (Kelley, 2002). This also necessitates the interpretation of the calculated 

SAR14 pseudo-plateau date as a maximum age only. Because the white mica grains are 

intergrown with quartz on a fine scale (< 20 µm?), it is possible that the quartz may contain fluid 

inclusions, which could release Ca, Cl and excess Ar when they decrepitate during heating. As 

with evidence for inherited Ar, steps that reflected potential excess Ar were left out of pseudo-

plateau date calculations. 

Ar loss 

Samples SAR19, SAR14 and SAR69 show a climbing staircase pattern in the initial low 

temperature steps (see Figs. 5.5 and 5.6) that is usually considered to reflect Ar loss (McDougall 

and Harrison, 1999; Cosca et al., 2011). Deformation post-crystallization of the white mica can 

result in the formation of lattice defects, which act as pathways across which Ar diffuses out of 
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the grain and produces anomalously low dates that are not reflective of the timing of 

crystallization (Cosca et al., 2011). In situ dates from SAR19 and SAR69 are younger than those 

obtained via step-heating because a single laser spot encompasses multiple grains and averages 

the Ar signal from all these grains, including highly localized regions of partial Ar loss. In 

contrast, the portions of the step-heating release spectra that reflect Ar loss can be isolated and 

left out of age calculations. Pseudo-plateau ages calculated in this manner are interpreted to better 

represent a geologically meaningful timing of white mica crystallization, pre-Ar loss. In this case, 

we interpret post-deformation Ar loss to reflect the effect of a weak Alpine overprint on the white 

mica. 

Based on the available information, we interpret pseudo-plateau dates to reflect the 

timing of syn-kinematic white mica growth for each sample, which can be used to examine the 

propagation of ductile D1 deformation. 

5.7.2!Timing of deformation in the foreland shear zones 

Some first-order interpretations can be made based on microstructures and the 40Ar/39Ar results 

for two of the three studied shear zones. Quartz grains deformed via subgrain rotation suggest 

temperature of deformation of at least 350-400°C (Stipp et al., 2002b), which is comparable to 

the peak T conditions from mineral crystallinity studies (Montomoli et al., 2018) and suggests 

that deformation occurred during peak metamorphism. White mica grains are strongly aligned 

with microstructures associated with mylonite formation (Conti et al., 1998; Montomoli et al., 

2018) and not anticipated to be the result of late fluid interaction or overprinting deformation 

events. Based on these conditions, it is interpreted that the thrusts deformed primarily via ductile 

shear, during which white mica grew preferentially in high-strain zones. Therefore, the white 

mica dates obtained may be considered representative of major ductile deformation on these shear 

zones. There are no clear spatial correlations between in situ date variations on an intra-sample 

basis, which suggests that white mica in all samples record a single deformation event, with the 
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except of SAR08 in which both methods support two age populations. Results from both 

40Ar/39Ar methods fall within the reasonable time window for mylonite formation (350-300 Ma) 

predicted by previous work (among others: Del Moro et al., 1975; Giacomini et al., 2005; Casini 

et al., 2012).  

Barbagia thrust 

SAR08 and SAR03 are from the hanging wall and footwall, respectively, where the Barbagia 

thrust is exposed on the northern limb of a regional synform (see Fig. 5.2). Both step-heat and in 

situ results from SAR08 record an older population of dates from 330-327 Ma and a younger 

population from 322-320 Ma. SAR08 results from both methods, for both populations, are within 

uncertainty. Step-heating experiments on SAR03 yield a single population of dates from 323-320 

Ma. SAR14 is from the hanging wall of the Barbagia thrust exposed on the southern limb of the 

synform. Though Ar loss and excess Ar appear to have affected the sample, pseudo-plateau dates 

can be calculated through the flattest contiguous steps at the end of the spectra, which yield a 

single population of dates from 340-336 Ma, interpreted as a maximum age only. 

Meana Sardo thrust 

SAR69 and SAR19 are from the hanging wall of the Meana Sardo thrust but from different 

exposures that have an along-strike separation of ~40 km. Step-heating experiments on SAR69 

yield dates of ~325 Ma and in situ analyses yield dates of 318-317 Ma. Step-heating experiments 

on SAR19 yield dates of 322-318 Ma and in situ analyses yield dates of ~301 Ma and 315-312 

Ma. In both cases, the younger in situ dates compared to the step-heating results are interpreted to 

be a result of Ar loss. SAR25 is from the footwall of the Meana Sardo thrust and step-heating 

experiments yield a ca. 318 Ma population; there is no apparent Ar loss in SAR25.  

Implications 

The Barbagia thrust records an older period of white mica crystallization from 330-327 Ma. The 

Barbagia thrust and Meana Sardo thrust both record a period of white mica crystallization, 
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interpreted to be a result of prograde metamorphism and deformation from ~325-318 Ma. The 

Meana Sardo thrust may record a late, poorly defined, white mica growth event from ~310-301 

Ma. Though the one sample dated from the Castello Medusa thrust (SAR28, footwall, step-heat) 

also records an apparent syn-kinematic white mica population from ~325-318 Ma, it is poorly 

defined. These results suggest that there was white mica crystallization occurring coevally on the 

Barbagia, Meana Sardo, and potentially the Castello Medusa thrust, during 325-318 Ma. Samples 

with an along-strike separation on the Meana Sardo thrust suggest that deformation and white 

mica crystallization around 318 Ma was active regionally, not just across a single shear zone 

locality.  

Syn-kinematic white mica preserved as inclusion trails in albite porphyroblasts and relict 

matrix fabric elements record D1 deformation in the Inner Zone and Internal Nappe Zone of the 

hinterland from ca. 340-335 Ma (Fig. 5.10; Di Vincenzo et al., 2004). D1 white mica are 

interpreted to represent syn-kinematic recrystallization ages. White mica that forms the main 

matrix foliation constrains D2 from 320-315 Ma and these ages are interpreted to represent the 

timing of the end of chemical re-equilibration of white mica (Fig. 5.10; Di Vincenzo et al., 2004). 

In the foreland, nappe emplacement and development of the mylonitic regional foliation are 

considered part of D1 deformation and based on the data presented in this chapter, this occurred 

as early as 330 Ma and lasted until ca. 317 Ma. The white mica dating constrains a common 

period of deformation on all three studied shear zones and it is therefore not possible to separate 

the timing of deformation propagation from one thrust to the next. However, white mica does 

record the overall southward propagation of D1 deformation from the hinterland (340-335 Ma; Di 

Vincenzo et al., 2004) towards the foreland (330-317 Ma). Foreland D1 deformation overlaps in 

time with hinterland D2 syn-kinematic mineral growth (Fig. 5.10). D1 deformation may have 

been slow to propagate towards the foreland and nappe emplacement occurred more recently than 
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previously thought or the shear zones underwent long-lasting deformation that recrystallized 

(most) evidence of earlier emplacement.  

 

Figure 5.10 Timing of Variscan deformation events in Sardinia including new foreland mylonite 

formation ages. 

 

5.8!Conclusions 

A combination of step-heating and in situ 40Ar/39Ar geochronology on syn-kinematic white mica 

effectively constrain the timing of ductile deformation on foreland Variscan thrusts in Sardinia, 

Italy. The Barbagia thrust and the Meana Sardo thrust both record a syn-kinematic white mica 

growth event from 325-318 Ma and the Barbagia thrust records an older event from 330-327 Ma. 

In a regional context, these white mica ages indicate foreland-propagation of deformation, which 

caused nappe emplacement and mylonite formation from ~330-317 Ma. 

  

D1 Crustal 
thickening &
polyphase 
deformation

D2 

350

D1 Periods of 
mylonite formation 
&
wm crysallization

340

330

320

310

300

290

280

Ma

D3 Late stage 
collisional to 
post-collisional 
deformation 

Figure 10

? D1 Late wm growth?

Hinterland(1) Foreland(2)

(1)  Wm 40Ar/39Ar, Di Vincenzo et al. (2004)
 Rb/Sr of migmatitic gneiss, Ferrara et al. (1978)
 U-Th/Pb of monazite, Carosi et al. (2012)

(2)  This study



 

116 

 

 

Chapter 6 

Conclusions 

6.1!Contributions 

The results presented in this thesis contribute to our understanding of ductile, crustal-scale shear 

zones in two different orogens, the Himalaya and the Variscan. The results comprise 

contributions to both Himalayan geology (Ch. 2; Braden et al., 2017; Ch. 3; Braden et al., 2018; 

Ch. 4; Braden et al., in review) and Variscan geology (Ch. 5). The first research question was 

addressed in Chapters 2, 3 and 4, which present new pressure, temperature, timing and 

deformation data from multiple MCT exposures in western Nepal. The second research question 

was addressed in Chapter 5, which presents new timing data from two Variscan, foreland shear 

zones. The research questions (listed below) and problem statement are further discussed in 

sections 6.1.1-6.1.4 and unresolved questions and potential future research directions are 

discussed in section 6.2. 

Research questions: 

1.! Are similar pressure-temperature conditions and timing of ductile deformation recorded 

across multiple MCT exposures from the hinterland to the foreland in western Nepal? 

2.! Is it possible to date the propagation of deformation across multiple, successive shear 

zones located intermediate to the hinterland and foreland regions of the Variscan orogen 

exposed in Sardinia? 

3.! What constitutes an effective approach to tracking the conditions and timing of ductile 

deformation on thrust-sense orogenic shear zones? 
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6.1.1!P-T-t-d evolution of the MCT in western Nepal 

Microstructures and quartz crystallographic preferred orientation analyses reveal the similarities 

in the structural framework of the MCT over 100 km in the transport direction. The quartz 

microstructures and deformation mechanisms are remarkably similar on all three exposures of the 

MCT from the hinterland to the foreland in western Nepal. Temperature of deformation in the 

immediate hanging wall is 500-550°C in the hinterland and on the north flank of the Karnali 

klippe MCT and decreases to ca. 425°C on the south flank of the Karnali klippe; temperature of 

deformation decreases down section from the hanging wall towards ca. 350-400°C in footwall of 

all three transects. Peak metamorphic P-T conditions of 650-700°C, 0.8-1.1 GPa in the overlying 

HMC are comparable in the hinterland and on the north flank of the klippe. Peak P-T conditions 

decrease towards the foreland as well as down section towards the base of the MCT high-strain 

zone. A combination of monazite petrochronology, zircon geochronology and 40Ar/39Ar 

thermochronology on white mica reveal significant variations in the timing of deformation and 

cooling on all three MCT transects.  

The hinterland MCT zone reached peak P-T conditions of ~650°C, ~0.8 GPa by 14-12 

Ma and peak conditions decreased down section towards the base of the hinterland MCT 

(~570°C, 0.7-0.8 GPa) at 7 Ma. Shear deformation lasted until ≤ 8 Ma and rocks cooled below 

450°C by ~6 Ma. The MCT exposed on the north flank of the Karnali klippe reached peak P-T 

conditions of ~700°C, ~1.0 GPa between 35-30 Ma and syn-kinematic monazite ages span 30-19 

Ma. The north-flank MCT zone cooled below 415°C by 14 Ma. The south-flank MCT (foreland) 

reached 350°C at 17 Ma, the timing of peak temperature conditions of 500-600°C remains 

unconstrained. There are no direct constraints on the timing of ductile deformation and pressure 

conditions are unconstrained on the foreland-most exposure of the MCT. Samples ca. 2 km up-

section from the MCT zone on the south flank reached peak P-T conditions of 660-780°C, 0.7-1.3 

GPa from 35-30 Ma (Soucy La Roche et al., 2018b).  
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The recorded timing of deformation decreases down section from hanging wall to 

footwall and towards the hinterland. The hinterland MCT records recent rejuvenation of shear 

deformation compared to the north and south flank MCT transects and this rejuvenation appears 

to have masked evidence (by pervasive recrystallization) of any earlier MCT deformation (see 

compilation of MCT ages in Godin et al., 2006a; Montomoli et al., 2013; Gibson et al., 2016). 

The MCT shear zone in western Nepal reached peak P-T conditions and cooled through 450-

350°C at different times across a single shear plane on different down-dip exposures. The 

initiation, duration and cessation of deformation occurred at different times on each of the three 

MCT exposures rather than in a progressive, hinterland-foreland manner, as might have been 

expected. A single transect through the MCT is not representative of the P-T-t-d history of the 

shear zone in the transport direction and results should not be broadly applied across the orogen. 

It is difficult to determine to what degree preservation bias, and consequently limitations to the 

types of data that can be collected, may impact the record of rock deformation. It is possible that 

the MCT was slipping at the same time in different places for the majority of its life cycle but 

depending on variations in crustal depth (P), temperature and bulk composition, the recorded 

timing of deformation may differ. In western Nepal, the exception to this is the young (<8 Ma), 

ductile reactivation of the MCT zone, of which there is no evidence towards the foreland. 

6.1.2!The Variscan foreland shear zones in Sardinia 

The timing of deformation in the foreland of orogenic belts is difficult to constrain and must be 

approached with methods different from those used on higher-temperature ductile shear zones 

such as the Himalayan MCT. Three shear zones exposed successively on the island of Sardinia 

(Italy) provide the ideal opportunity to track ductile deformation towards the foreland. In this 

case, a combination of step-heating and in situ 40Ar/39Ar dating of syn-kinematic white mica was 

determined to be the most prospective approach. The Sardinian shear zones were not heated 

above 350-400°C, are old enough to generate sufficient daughter 40Ar for high-spatial-resolution 
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Ar/Ar dating, and the mylonitic zones have volcanic protoliths, which are unlikely to have 

contained detrital white mica. Consideration of Ar behaviour (Ar loss, inherited Ar, excess Ar), 

white mica composition and microstructures is critical to make first-order conclusions about the 

timing of deformation. Here, white-mica ages represent timing of syn-kinematic (re-

)crystallization rather than cooling, and can be used to infer timing of mylonite formation. The 

timing of syn-kinematic white-mica growth was successfully determined for two of the three 

studied shear zones. 

An older period of white-mica recrystallization is recorded on the most hinterland shear 

zone, the Barbagia thrust, from 330-327 Ma. Syn-kinematic white-mica growth occurred coevally 

on the Barbagia thrust and the Meana Sardo thrust from 325-318 Ma. The only sample dated from 

the Castello Medusa thrust, located furthest towards the foreland, also records a poorly defined 

period of white-mica growth from 325-318 Ma. The Meana Sardo thrust may also record a late, 

poorly defined white-mica growth event from ~311-310 Ma. Based on the timing of syn-

kinematic white mica (re-)crystallization, the oldest deformation is only recorded on the 

northernmost thrust, followed by a period of deformation common to two, and potentially all 

three, thrusts and the youngest deformation is only recoded in the middle thrust. However, these 

ages probably do not represent the entire window of time during which deformation occurred. 

Similar peak T of metamorphism and T of deformation conditions (ca. 350°C; Montomoli et al., 

2018) suggest that shearing occurred during peak metamorphism. The timing of shear initiation 

remains challenging to constrain and it is unlikely that the white-mica ages directly reflect the 

propagation of deformation from one thrust to the next. However, the white-mica ages can be 

used to observe the propagation of deformation from the hinterland towards the foreland on a 

regional scale. D1 deformation in the hinterland is recoded in relict syn-kinematic white mica 

from 340-335 Ma (Di Vincenzo et al., 2004). Hinterland D1 deformation is considered to reflect 

the same deformation event that caused mylonite formation and nappe emplacement in the 
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foreland, which occurred, based on the data presented in Chapter 5, from ~330-317 Ma. The 

combination of step-heating and in situ dating of the Variscan foreland thrusts constrained the 

timing of white-mica (re-)crystallization and ductile deformation, however, interpretations 

regarding the progression of shearing across individual thrusts and rates of propagation should be 

made with caution.  

6.1.3!Addressing the problem statement 

Problem statement: In orogenic systems, thrust-sense crustal-scale shear zones are dynamic and 

evolving structures that carry rocks from deep in the metamorphic core (hinterland) to shallower 

crustal levels in the foreland. (1) Can changes in pressure, temperature, timing, deformation 

mechanism and temperature of deformation be used to track ductile shear from hinterland to 

foreland across multiple shear zone exposures? (2) Do these two different kinematic regimes 

affect the timing and duration of deformation on a structure that passes through both? 

(1)! This thesis demonstrates that changes in temperature, timing and deformation mechanism 

can be linked directly to ductile shearing and can be tracked from the hinterland over 100 

km in the transport direction towards the foreland in the Himalaya. Pressure is the most 

challenging variable to determine but can be constrained along the majority of the studied 

100 km. Samples from the Variscan orogen record coeval white-mica (re-)crystallization 

and mylonite formation on three foreland-propagating shear zones, and this suggests that 

despite more challenging study parameters, deformation can be dated on lower 

temperature thrusts. 

(2)! The second question requires a more complex answer. The hinterland and foreland 

kinematic regimes evolve through different P-T conditions, and this impacts the 

mechanisms by which deformation occurs and limits the type of geochronometers that 

can be used to date ductile shearing. The hinterland-to-foreland transition of the 

Himalaya has been identified by a distinct increase in P-T conditions between the lower 
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GHS (including the MCT zone) and the upper GHS (Larson et al., 2010). This point in P-

T space was constrained using samples in a vertical section from the top of the 

metamorphic core down section to the base of the MCT. In this thesis, I compare three 

separate vertical sections of the lower GHS, that display a similar change in P-T 

conditions (though this was not confirmed using a comparable number of samples). This 

change in kinematic regime is observable in all three transects, spanning over 100 km in 

the transport direction such that rocks passed through this point at different times in 

different places during the evolution of the orogen. In terms of crustal thickening, the 

Himalayan orogen is much larger than the Variscan orogen and this results in higher P-T 

conditions of deformation and metamorphism persisting farther into the foreland in the 

Himalaya than in the Variscan. In the foreland exposure of the MCT in the Himalaya, 

temperature of deformation reached a minimum 400°C, with peak metamorphic P-T 

conditions >500°C. On the intermediate foreland Variscan shear zones, temperature of 

deformation only reached ca. 300-350°C with peak metamorphic T ~350-400°C 

(Franceschelli et al., 1992; Montomoli et al., 2018). Higher T in the foreland of the 

Himalaya makes it much easier to directly date shearing, as opposed to inferring the syn-

tectonic recrystallization of muscovite in the Variscan orogen of Sardinia. Persistently 

higher T in the hinterland, particularly in the Himalaya, also means that reactivation of 

the shear zone is more likely to pervasively recrystallize any evidence of previous 

shearing, particularly if partial melting occurs over a protracted time. In contrast, 

reactivation of deformation in the foreland would likely occur at lower P-T conditions 

and in the ideal scenario could preserve the full deformation history as chemical zoning 

in geochronometers and multiple generations of microstructures. In the less-than-ideal 

scenario, these lower P-T conditions could result in indistinguishable mixed ages that are 

not representative of any part of the deformation history. Independent determination of 
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peak P-T conditions and the conditions of deformation are therefore crucial to the 

appropriate application of different geochronometers.  

6.1.4!How to track ductile deformation in orogenic shear zones? 

Based on the results of this thesis, I propose a few considerations for constraining the conditions 

and timing of ductile deformation on orogen-scale shear zones. Detailed field studies are 

necessary to provide context for analytical work. It is important to establish a strain gradient in 

the field, to define the plane where the highest shear strain is recorded and ensure the same shear 

plane is identified if working on multiple exposures. Due to the dynamic nature of orogenic shear 

zones, characterization of these structures is required at multiple scales, from microstructural to 

multiple structural sections.  

•! To capture the spatial progression of a shear zone, sampling must be undertaken across 

more than one exposure of the shear zone with transects spaced as far apart in the 

transport direction and/or in the along-strike direction as reasonably possible. Samples 

must also be collected in a vertical section from above the high-strain zone in the hanging 

wall to below the high-strain zone in the footwall. The same parameters should be used to 

define the shear plane in all locations to aid regional correlation of structural position of 

samples. 

•! Petrology and microstructural studies are necessary to quantify the structural framework, 

confirm the strain gradient and define the mechanisms of deformation to ascertain the 

temperature of deformation. 

•! Independent constraints on the conditions of deformation (temperature and mechanisms 

of deformation) and conditions of metamorphism (P-T) must be obtained across the shear 

zone. 

•! The timing of deformation should be defined using spatially resolved geochronology and 

should incorporate geochronometers with different closure temperatures and that 
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crystallize under different conditions. Microchemical characterization of minerals used 

for geochronology can be used to determine variations in the timing of metamorphic 

conditions and better contextualize the progression of ductile deformation. 

•! Data gaps must be carefully described and acknowledged when applying the timing and 

duration of deformation on a regional scale. This is particularly important when the study 

is restricted, for logistical or scope reasons, to a single structural section. 

6.2!Unresolved questions & future research directions 

In this thesis, I identified recent (≤ 8 Ma) south-directed thrusting within the MCT zone of the 

hinterland of the Himalaya, which is out of sequence with respect to the foreland exposures of the 

MCT. It is not possible to determine whether this rejuvenation occurred directly on the same 

shear plane as previous MCT deformation nor to directly date the timing of initial (older) MCT 

shearing. The prograde metamorphic path recorded by trace-element patterns in monazite from 

the hinterland MCT transect could be interpreted to represent a decrease in the P-T conditions 

related to the initial MCT shearing or to indicate that shearing stopped entirely for a period of 

time prior to reactivation. Though the cause of this hinterland rejuvenation remains speculative, 

the ductile reactivation of the hinterland MCT suggests that the foreland stepped northwards, 

which would result in vertical thickening overprinting older vertical thinning at that same locality. 

In fold-thrust belts, changes to the taper angle of the deforming orogenic wedge may cause 

deformation to move towards or away from the leading edge of deformation to maintain a critical 

taper angle (Davis et al., 1983). A decrease in the taper angle of the deforming wedge would 

result in deformation back-stepping, in this case stepping northwards, towards the hinterland, 

perhaps due to prolonged shearing on the South Tibetan detachment while southward MCT 

motion has ceased or resulting from increased erosion from an intensifying Indian monsoon as 

proposed in the models of Hodges et al. (1996) and Godin et al. (2006b).  
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Studies that employ similar methods of direct dating, P-T analyses and microstructures 

across multiple down-dip exposures of the MCT in other parts of the orogen could be used to 

investigate diachroneity of deformation in the strike-parallel direction, furthering work done by 

Gibson et al., (2016). The South Tibetan detachment system is thought to have operated coevally 

to the MCT for a period of time during mid-crustal flow in the Himalaya (Beaumont et al., 2001). 

Work across multiple exposures of both shear zones in the same region could be used to 

determine whether variations the timing of deformation in the transport direction of the MCT are 

mirrored in the structurally higher low-angle South Tibetan detachment. 

The characterization of MCT deformation conditions can be improved by analyzing the 

paleopiezometry of quartzite samples from each shear zone transect. Crustal strength data 

combined with timing constraints can be used to determine the rate of strain and ductile thrusting 

on each shear zone transect and compare variations from hinterland to foreland. In particular, 

comparison of conditions of deformation relating to the initial shearing of the MCT vs. the 

hinterland reactivation of the MCT would be useful for evaluating the impact of shear-zone 

reactivation on the evolution of the orogen. Constraints on timing of on foreland MCT 

deformation can also be improved. The lack of monazite grains appropriate for dating is likely a 

result of lower peak P-T conditions of the foreland MCT zone. This limits the ability to directly 

constrain the timing of deformation or metamorphism. Garnet, however, is present and Lu-Hf 

dating of garnet grains (e.g. Kohn, 2009; Anczkiewicz et al., 2014), coupled with more detailed 

40Ar/39Ar thermochronology, could be used to better constrain the T-t evolution. 

Several samples from the studied shear zones in Sardinia display step-heat gas release 

patterns consistent with Ar loss. I hypothesize that this Ar loss reflects a weak Alpine overprint 

on the white mica. This can be tested by comparing the integrated age of more well-behaved 

samples from the same shear zones to models in which a Carboniferous-aged mica is partially 

reset by different periods and temperature ranges of Cenozoic heating. To do this, the diffusion 
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modelling software DIFFARG (Wheeler, 1996) could be used to explore which heating 

conditions would induce full, partial or no loss of radiogenic Ar and establish boundary 

conditions for what the duration and T of the event may have been (similar to the approach of 

Mottram et al., 2015b). Direct constraints on the peak T of the Meana Sardo and Castello Medusa 

thrusts would improve confidence in interpretation of timing constraints. I infer that peak T 

conditions are likely comparable across all three thrusts based on temperatures determined from 

the Barbagia thrust (Montomoli et al., 2018). However, T conditions are very near the closure T 

for white mica and small changes in the peak T could greatly affect the behaviour of Ar. In this 

thesis, the white mica composition was examined only for those samples chosen for in situ 

analysis. Further chemical analysis of the white-mica composition of the northernmost Barbagia 

thrust sample and the Castello Medusa thrust sample could be used to examine compositional 

variations from hinterland to foreland. 

In this thesis, the presence or development of strain partitioning within the shear zone 

transects, either Himalayan or Variscan, was not investigated. Because we observe the end 

product of time-integrated strain and not snapshots of specific conditions at a specific time during 

shear zone evolution, it is challenging to evaluate whether the imposed stress changed through 

time or how different rocks reacted to the same constant stress. Better pressure constraints, such 

as can be obtained from inclusion barometry of quartz-in-garnet (e.g. Ashley et al., 2016), could 

be combined with paleopiezometry of shear-zone samples at regular intervals across different 

lithologic units. While this has been done successfully across extensional shear zones (e.g. Behr 

and Platt, 2011), constraints of this kind on a thrust-sense shear zone in an active orogen are not 

well defined. Determining the deformation conditions and rates of strain recorded by each sample 

in a vertical profile through the shear zone and through shear zones exposures located in different 

kinematic regimes of an orogen, could provide valuable insight into the evolution of these shear 

zones. Assuming a constant stress through time, these data could speak to the way in which 
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different rocks accommodate strain, from hinterland to foreland and from hanging wall to 

footwall.   
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Appendix A 

Supplementary Material for Chapter 2 

 

! Excel file: Braden A.1 karnali (U-Th/Pb data for upper Karnali valley) 

! Excel file: Braden A.2 north flank (U-Th/Pb data for north flank of Karnali klippe) 

! Excel file: Braden A.3 TE data (Trace element data for both transects) 

 

A.1 Calculations 

Trace element concentrations were normalized to the secondary monazite reference “Bananeira”, 

which is accurate at 3-5% based on long-term reproducibility. Uncertainties on trace elements are 

shown in all plots at 5% and an uncertainty of 5% was used to calculate uncertainties for Gd/Yb 

and EuN/Eu*N values. 

Uncertainty on Gd/Yb: 

(((Gd*0.05/Gd)^2 + (Yb*0.05/Yb)^2)^0.5)*(Gd/Yb) = ~7% 

  

To normalize Eu to chondrite values: 

EuN/Eu*N= (Eu/0.0563)/((Sm/0.148)*(Gd/0.199))^0.5 

 

Uncertainty on EuN/Eu*N: 

Total error = SQRT((A)^2 + (B)^2) 

A = 0.05 

B = ½(SQRT(0.05^2 + 0.05^2)) = 0.03535 

Total error = SQRT(0.05^2 + 0.03535^2) = 0.06123 = ~6% 

 

A.2 Monazite maps 

 Monazite grain maps show chemical zoning of Yttrium. Red is indicative of high Y values and 

blue is indicative of low Y values. Circles represent ablation pits. Dates and circles marked in red 

are analyses that have been discarded either due to high uncertainty or because pits indicate the 
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laser ablated material from overlapping chemical zones. Analyses in red on the grain maps 

correspond to the values in red in the excel data tables. 

 

Figure A. 1 Yttrium zoning grain maps for sample CY37B. 
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Figure A. 2 Yttrium zoning grain maps for sample K16. 
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Figure A. 3 Yttrium zoning grain maps for sample KAR25. 
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Figure A. 4 Yttrium zoning grain maps for sample KAR05. 
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Figure A. 5 Yttrium zoning grain maps for sample ZB49. 
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Figure A. 6 Yttrium zoning grain maps for sample ZB60. 
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Figure A. 7 Yttrium zoning grain maps for sample ZB23A. 
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Figure A. 8 Yttrium zoning grain maps for sample ZB19. 
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Figure A. 9 Whetherill concordia plot for sample ZB49, which contains the oldest dates (>50 

Ma). These dates plot significantly off the concordia line and this suggest that they are a result of 

age domain mixing. These dates are not considered to be geologically meaningful.  
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Appendix B 

Supplementary Material for Chapter 3 

 
! Excel file: Braden B.1 SHRIMP (U/Pb data from SHRIMP analyses) 

! Excel file: Braden B.2 Depth Profile (U/Pb data from depth profile analyses) 

 

B.1 SHRIMP U/Pb Geochronology  

Analytical procedures are modified from those described by Stern (1997) with data processing 

using SQUID2 (version 2.22; Ludwig, 2009). The 6266 zircon was used as the primary 

calibration standard with 206Pb/238U age of 559 Ma (Stern and Amelin).  Zircons were cast in 2.5 

cm diameter epoxy mounts along with fragments of reference zircons. The mid-sections of the 

zircons were exposed using 9, 6, and 1 µm diamond compound, and the internal features of the 

zircons (such as zoning, structures, alteration, etc.) were characterized in back-scattered electron 

mode (BSE) utilizing a Zeiss Evo 50 scanning electron microscrope. Mount surfaces were coated 

with 10 nm of high purity Au. Analyses were conducted using an 16O- primary beam projected 

onto the zircon surface at 10 kV.  A 50 m kohler aperture produced a ~9 m analytical spot with a 

beam current of ca. 1.3 nA. The count rates at ten masses including background were sequentially 

measured over 5 scans with a single electron multiplier and a pulse counting system with 

deadtime of 23 ns. The 1s external uncertainty of 206Pb/238U ratios reported in the data table 

incorporate a ±1.0 % error in calibrating the standard zircon (Stern and Amelin, 2003). No 

fractionation correction was applied to the Pb-isotope data; common Pb correction utilized the Pb 

composition of the surface blank (Stern, 1997). The uncertainty of the calibration for the mount is 

0.36%. Isoplot v. 3.00 (Ludwig, 2003) was used to generate concordia plots and calculate 

weighted means. The error ellipses on the concordia diagrams, and the weighted mean errors are 

reported at 2.   
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Analyses of a secondary zircon standard (Fish Canyon tuff) were interspersed between 

the sample analyses to verify the accuracy of the U-Pb calibration. The weighted mean 206Pb/238U 

age of four SHRIMP analyses of Fish Canyon Tuff zircon was determined to be 28.8 ± 0.5 Ma, 

within error of the value of 28.476 ± 0.029 Ma reported by Schmitz and Bowring (2001).  

 

Full analytical results and concordia plot (created in Isoplot) are shown in excel spreadsheet B.1. 

 

Table B.1 has four tabs:  

Tab 1 – U, Th, Pb data 

Tab 2 – Standard data 

Tab 3 – Wetherill concordia plot 

Tab 4 – Tera-Wasserburg plot 

 

B.2 LASS depth profiling U/Pb Geochronology & trace element data 

Depth profiles from rim to core of loose-mounted zircon grains was completed at the University 

of California, Santa Barbara using a Photon Machines 193 nm ArF Excimer laser ablation system 

connected via split stream to a multi-collector Nu Plasma and an Agilent 7700S Quadrupole 

inductively-coupled plasma mass spectrometer (LASS-MC-ICPMS). U, Th, Pb, and trace element 

data were collected simultaneously using a spot size of 25 µm, 225 shots (75 seconds) at a 

frequency of 3 Hz and 100% of source laser energy of 3 mJ. Reported ages are 207Pb corrected 

207Pb/238U; all age results reported to 2!. Zircon standard 91500 (Wiedenbeck et al., 1995) was 

used with GJ-1 (Jackson et al., 2004) as a secondary standard. Analytical procedures are outlined 

in Cottle et al. (2013), Kylander-Clark et al. (2013) with modifications described in McKinney et 

al. (2015). Data reduction was carried out using version 2.1.2 of Iolite (Paton et al., 2010).  

The final 208Pb/238U age (207Pb corrected) for each depth profile was plotted against the 

Yb concentration (Fig. B.1) to determine the core and rim separation for each grain. The x axis of 

the plot is time, i.e. the length of time signal was collected from rim to core of the depth profile. 
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The y axis on the left is the amount of Yb in ppm, displayed on a logarithmic scale. The y axis on 

the right is the age in Ma. The profiles were divided into segments where the age and trace 

element data form consistently flat plateaus. 

 

Figure B. 1 Example of method for separating the rim and core of zircon grains in depth profile 

analyses (grain #25 shown). 

 

A few (analyses with grain_position label xx_m) grains with a mantle between the outer rim of 

the grain and the core were analyzed but all data points were discarded as meaningless mixing 

ages. Data falling along the regression line represent mixing arrays. 

 

Full analytical results including trace element and standard data are shown in excel spreadsheet 

Table B.2. Table B.2 has one tab with all the U, Th, Pb and trace element data and secondary 

standard data. 
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% discordance = 

(1-(206Pb/238UAge/207Pb/206PbAge))*100 
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Appendix C 

Supplementary Material for Chapter 4  

 

! Excel file: Braden C.1 Sample GPS (Global positioning system (GPS) coordinates of all 

samples) 

! Excel file: Braden C.2 Mineral comp (electron microprobe analyses for samples JD71B & 

ZB49) 

! Excel file: Braden C.3 Garnet profiles (for samples JD71B & ZB49) 

! Excel file: Braden C.4 Bulk comp (Effective bulk composition for all samples) 

! Excel file: Braden C.5 Garnet-ilmenite (Garnet-ilmenite temperature calculations for sample 

JD71B) 

! Excel file: Braden C.6 (Ar/Ar analytical results for samples ZB62, JD71B) 

! Excel file: Braden C.7 Karnali argon (Ar/Ar analytical results from upper Karnali MCT 

transect, from thesis of C. Yakymchuk, 2010) 

! PDF file: Braden C.8 Quartz textures (Quartz photomicrographs of all samples, attached 

separately because very large) 

 

The supplementary material contains methods for quartz microstructures and <c>-axis preferred 

orientations (C1), mineral chemistry (C2), pseudosections and conventional thermobarometry 

(C3), and 40Ar/39Ar thermochronology (C4). Table C.1 contains GPS location information for all 

samples and tables C.2-C.6 contain the raw data associated with each supplementary material 

section; these files were uploaded separately. 

 

C.1 Quartz microstructures and <c>-axis preferred orientations 



 

161 

 

Thin sections were cut parallel to the mineral lineation and in the absence of a lineation, 

perpendicular to the foliation. Samples CY08, KK16, and KK30 were originally described in 

Yakymchuk and Godin (2012) and re-scanned and analyzed as part of this study for 

methodological consistency. The number of collected <c>-axis points per sample increased but 

overall pole figures results are comparable to those in Yakymchuk and Godin (2012). 

Twenty thin sections were cut from quartzite samples parallel to the mineral lineation and 

perpendicular to the foliation for microstructural analysis of quartz textures (see Fig. C.1; C.2). 

Nine of these samples were used for quartz <c>-axis orientation analyses (described below). The 

temperature of deformation during quartz fabric formation can be inferred from recrystallization 

textures and <c>-axis orientation analyses provided that, during deformation, strain rates 

remained relatively constant, there was no hydrolytic weakening, and that temperature was the 

dominant control on critically resolved shear stresses of the glide systems (Kruhl, 1996; Law et 

al., 2004; Law, 2014; Faleiros et al., 2016). Measurements of quartz c-axis orientations were 

taken using a Crystal Imaging Systems G50 Automated Fabric Analyzer at the University of 

Saskatchewan, Saskatoon. All thin sections were scanned at a resolution of 5 µm. Quartz grain 

data points were manually selected using the software INVESTIGATOR (Peternell et al., 2010) 

and all optical axes plunging less than 70º to the surface of the thin section were filtered for a 

geometric quality of "80%. Equal-area lower-hemisphere stereographic projections are used to 

display <c>-axis orientation data; foliation is represented by a vertical east-west plane and 

lineation by a horizontal east-west line. 1% area contours are at significance and interval level of 

1. Opening angles were measured using the code of Hunter et al. (2018b) for MATLAB. 

 

Sample JD69 was collected from just above the base of the MCT high strain zone in the foreland. 

The CPO fabric is similar to an inclined single girdle but with a complete absence of prism <a> 
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slip. Deformation is interpreted to have been accommodated primarily via rhomb <a> slip. The 

asymmetry of the fabric is consistent with a top-to-the-south sense of shear. 

 

Sample JD71A was collected from the base of the MCT shear zone and is the structurally lowest 

and geographically farthest south in the foreland. The thin section was cut slightly off from the 

mineral lineation and data was therefore rotated by -10º around vertical. The CPO fabric is 

defined by an asymmetric crossed girdle consistent with a top-to-the-south sense of shear. 

Deformation is interpreted to have been accommodated primarily via a combination of rhomb 

<a> and prism <a> slip. The opening angle is 51.5°. 

 

Sample JD77 was collected from within the hanging wall of the foreland MCT. The CPO fabric is 

defined by a single girdle inclined by ~17º that suggests top-to-the-north-northeast sense of shear. 

Deformation is interpreted to have been accommodated via prism <a> slip. 

 

Sample ZB24A was collected on the MCT exposed to the east of Jumla. The CPO fabric has a 

weak crossed girdle fabric with weak top arms and more well-developed the bottom arms. 

Deformation is interpreted to have been accommodated primarily via prism <a> slip. The opening 

angle is 81.5°. 

 

Sample ZB34 was collected from the MCT on the north flank of the Karnali klippe. The CPO 

fabric is defined by a strong single girdle inclined by ~28º that is consistent with a top-to-the-

south sense of shear. Deformation is interpreted to have been accommodated primarily via rhomb 

<a> slip. 

 



 

163 

 

Sample ZB42A was collected from the lower GHS, just above the basal MCT high strain zone on 

the north flank of the Karnali klippe. The thin section was cut slightly off from the mineral 

lineation and data was therefore rotated by -20º around vertical. The CPO fabric is symmetrical 

and unusual, with small circles near the top and bottom of the stereonet that suggest a strong 

flattening component. Deformation is interpreted to have been accommodated primarily via 

rhomb <a> slip and evidence for prism <a> slip is completely absent. A strong flattening strain 

component may affect the sample, which would cause overestimation of the opening angle. The 

measured opening angle is 75°. 

 

Sample CY08 was from the top of the MCT high strain zone in the hinterland. The CPO fabric 

shows a symmetric crossed girdle. Deformation is interpreted to have been accommodated 

primarily via prism <a> and basal <a> slip. The opening angle is 60°. 

 

Sample KK16 was collected from within the MCT high strain zone in the hinterland. The CPO 

fabric shows a well-defined symmetric crossed girdle. Deformation is interpreted to have been 

accommodated primarily via prism <a> slip. The opening angle is 55°. 

 

Sample KK30 is the structurally lowest sample collected in the hinterland. The CPO fabric shows 

a very diffuse symmetric crossed girdle. Deformation is interpreted to have been accommodated 

primarily via prism <a> and basal <a> slip. The opening angle is 41°. 
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Figure C. 1 Quartz <c>-axis crystallographic preferred orientation data. J) indicates approximate 

structural height of samples relative to the Main Central thrust. GHS: Greater Himalayan 

sequence; HMC: Himalayan metamorphic core; LHS: Lesser Himalayan sequence; MBT: Main 

Boundary thrust; MCT: Main Central thrust; MFT: Main Frontal thrust; MHT: Main Himalayan 

thrust; STD: South Tibetan detachment. 

 

 

 !
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Opening angle measurements: 
CY08_run1 
Output summary: 

 
Figures generated:  

  

 

Figure C. 2 Output form automated opening angle measurements for sample CY08 after Hunter 

et al. (2018b). 
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KAR06_run2 

Output summary: 

 
Figures generated:  

  

 

Figure C. 3 Output form automated opening angle measurements for sample KAR06 after Hunter 

et al. (2018b). 
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KAR17_run1 

Output summary: 

 
Figures generated:  

  

 

Figure C. 4 Output form automated opening angle measurements for sample KAR17 after Hunter 

et al. (2018b). 
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KK16_run3 

Output summary: 

 
Figures generated:  

  

 

Figure C. 5 Output form automated opening angle measurements for sample KK16 after Hunter 

et al. (2018b). 
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KK30_run1 

Output summary: 

 
Figures generated:  

  

 

Figure C. 6 Output form automated opening angle measurements for sample KK30 after Hunter 

et al. (2018b). 
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JD71A_working-rotated 

Output summary:  

 
Figures generated:  

  

 

Figure C. 7 Output form automated opening angle measurements for sample JD71A after Hunter 

et al. (2018b). 
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ZB24A_working_2 

Output summary:  

 
Figures generated:  

  

 

Figure C. 8 Output form automated opening angle measurements for sample ZB24A after Hunter 

et al. (2018b). 
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ZB42A_working-rotated 

Output summary:  

 
Figures generated:  

  

 

Figure C. 9 Output form automated opening angle measurements for sample ZB42A after Hunter 

et al. (2018b). 
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C.2 Mineral Chemistry 

Backscattered electron images and mineral maps of thin sections were obtained using a mineral 

liberation analyzer 650 field emission gun environmental scanning electron microscrope (MLA 

650 FEG ESEM; Fandrich et al., 2007) at Queen’s University, Kingston, Canada. Wavelength 

dispersive spectrometry on the JEOL JXA-8230 electron microprobe at Queen’s University was 

used to obtain the chemical composition of garnet, plagioclase, biotite and white mica; the 

acceleration voltage was 15 kV with a beam current of 20 nA. Natural and synthetic mineral 

standards were used with the Pouchou and Pichoir 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). Mineral grains were analyzed 

with both core and rim spots, in several different locations in each thin section to account for 

potential compositional zoning (attached excel table Braden C.2). X-ray mapping of garnet grains 

used the following experimental conditions: 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. Fe, Mg, Mn, and 

Ca maps of garnet were complemented by rim to rim point transects (Figure C.2-C.3; attached 

excel table Braden C.3). Compositional data for samples CY37B and KAR25 are published in 

Yakymchuk and Godin, 2012. 
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Figure C. 10 X-ray maps of garnet porphyroblasts in sample JD71B (SF). 
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Figure C. 11 X-ray maps of garnet porphyroblasts in sample ZB49 (NF). 

 

C.3 Phase equilibria modelling & thermobarometry 

Thin sections of each sample were chemically mapped using the JEOL JXA-8230 electron 

microprobe at Queen’s University, Kingston, Ontario. Wave-dispersive X-ray spectroscopy 

(WDS) points were taken on a number of representative muscovite, biotite, plagioclase and K-

feldspar grains from each sample and in transects across garnet porphyroblasts. To complement 

the garnet profile data, X-ray maps of Ca, Mg, Mn, Fe, Si, and Al were also made for garnet 

porphyroblasts. Samples were powdered and analyzed via X-ray fluorescence to obtain whole-

rock geochemical data. 

Conventional thermobarometry calculations were carried out using the software 

TC_Comb (Dolivo-Dobrovolsky, 2013, http://www.dimadd.ru/en) and the internally consistent 

database of Holland and Powell (1998). TC_Comb is a wrapper program for Thermocalc 

(Holland and Powell, 1998) in Average P-T mode that calculates all possible permutations of 
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results based on input mineral composition analyses. Pseudosections were calculated in the 

system TiMnCaNaKFMASH using the software Perple_X 6.7.8 (Connelly 1990; 2009). Fe3+ was 

not included as there are no Fe3+-rich oxides present in the assemblages and the effect of adding 

of Fe3+ to the bulk composition was negligible (Boger et al., 2012).  

The chemical bulk composition of samples was obtained via X-ray fluorescence on fist-

sized fragments by Bureau Veritas Commodities Canada (Vancouver, Canada). New bulk 

composition data was obtained for samples CY37B and KAR25, for which P-T conditions were 

previously constrained using electron microprobe analyses only (Yakymchuk and Godin, 2012). 

The effective bulk composition used for calculations for all samples can be found in attached 

excel Table Braden C.4. The calcium content of the bulk composition was adjusted because 

Perple_X does not account for P2O5. Apatite is considered to be the primary host of P2O5 in these 

rocks, which compositionally also hosts Ca. A small amount of Ca was therefore removed from 

the bulk composition (the amount that would be contained in apatite and is unaccounted for by 

the software) to prevent an excessively large reservoir of Ca that could produce falsely high Ca-

concentrations in certain minerals or allow Ca-rich minerals to be stable where they should not be 

present. Monazite also contains phosphate but it is present in negligible amounts compared to 

apatite and therefore its effects were neglected. The bulk composition of sample KAR25 was 

adjusted to account for the preserved growth zoning in garnet porphyroblasts. A modified bulk 

composition was calculated based on the fractionation of MnO between the core and rim of 

garnet porphyroblasts, following the method of Gaidies et al. (2006) after Evans (2004). In 

sample KAR25, the resulting pseudosections were virtually identical and therefore both prograde 

and peak results are shown on the same pseudosection (Fig. C.4). 

All pseudosections were calculated in the system TiO2-MnO-FeO-MgO-CaO-Na2O-K2O-

Al2O3-SiO2-H2O. No Fe3+ minerals were observed and therefore the effect of Fe3+ was considered 

negligible and ignored in calculations. Pseudosections were calculated using the software 
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Perple_X 6.7.3 (Connolly, 1990; 2005; 2009), the internally consistent thermodynamic database 

of Holland and Powell (1998) and the CORK equation of state for H2O of Holland and Powell 

(1991; 1998). Sub-solidus samples were calculated with a saturated H2O phase (#H2O=1) and 

supra-solidus samples were calculated with just enough water to saturate the system at the solidus 

at peak conditions, which is correlative to the proportion of micas present in the sample. The fluid 

phase was considered to be pure H2O. Paragonite appears to be slightly over stable, likely 

muscovite and paragonite are intergrown on a scale that is too small to be resolvable with the 

microprobe. Pseudosections can be found in Fig. C.4.  

Solid solution models used:  

1.! Biotite: Bio(TCC), Tajčmanová et al., 2009 

2.! Garnet: Gt(WPPH), White et al., 2005 

3.! Plagioclase: Pl(h), Newton et al., 1981 

4.! San K-feldspar: San, Waldbaum and Thompson, 1968 

5.! White mica: Mica(SGH), Smye et al., 2010 

6.! Staurolite: St(HP), Holland and Powell, 1998 

7.! Chlorite: Chl(HP), Holland and Powell, 1998 

8.! Chloritoid: Ctd(SGH), Smye et al., 2010 

9.! Melt: melt(HP), Holland and Powell, 2001; White et al., 2001; 2007 

10.! Ideal cordierite: hCrd 

11.! Ideal ilmenite: IlPy 

 

Points from garnet porphyroblasts were taken from a plateau composition close to the rim 

when a perfectly flat zoning profile was not present to avoid any (potential) relict growth zoning 

remaining in the core of the grain. The P-T conditions for each sample was constrained by 

comparing the observed mineral assemblage in thin section with the intersection of compositional 

garnet isopleths on a pseudosection and to conventional thermobarometry P-T estimates. 

Pseudosections and thermobarometry rely on different core assumptions and both have different 

levels of inherent uncertainty (Powell and Holland, 2008; Palin et al., 2016). It is for this reason 
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that the methods are seen as complimentary and some discrepancies between results is not 

unusual. In this study, discrepancies between the two methods for a single sample fall within 

uncertainty of one another and results are therefore still interpreted to be representative of P-T 

conditions of formation. [absolute uncertainty: ± 75°C, relative uncertainty: ± 50°C] 

 

Sample CY37B is from the lower HMC, above MCT shear zone in the hinterland. 

Garnet chemical zoning profiles are relatively flat with only diffuse remnants of growth zoning, 

except at the rims, which show a sharp increase in Mn. Garnet compositional isopleths (Xalm, 

Xpy, Xsps) intersect in the mineral stability field of Grt + Ky + Bt + Pl + Qz + Ms ± melt at 

~700°C, 0.8 GPa (Fig. C.4A-B). This is consistent with the observed mineral assemblage, with 

the exception of staurolite, which is interpreted to be a retrograde phase. Thermobarometry yields 

estimates at slightly lower conditions at ~650°C and 0.9-1.0 GPa. 

 

Sample ZB49 is from the lower HMC, above the MCT shear zone, on the north flank of the 

Karnali klippe. Garnet chemical zoning profiles are flat except at the rims, which show a sharp 

increase in Mg and Mn and a decrease in Fe. Garnet cores contain inclusions of randomly 

oriented quartz, feldspar, monazite and aluminosilicates, surrounded by inclusion-free rims. 

Garnet compositional isopleths (Xalm, Xpy, Xsps) intersect broadly at ~700°C, and pressures 

between 0.9-1.2 GPa in the stability field of Grt + Ky + Pl + Qz + Bt + Rt + melt, consistent with 

the observed mineral assemblage (Fig. C.4C-D). Thermobarometry yields points that are at 

slightly higher temperature (~750°C) but comparable pressure. 

 

Sample KAR25 is from within the MCT high strain zone in hinterland. Garnet chemical profiles 

show preserved growth zoning, with a gradual decrease in Mn and Ca from core to rim and 

increase in Mg and Fe from core to rim. Garnet contains sigmoidal inclusions trails of quartz and 



 

179 

 

ilmenite. Garnet core compositional isopleths (Xalm, Xgrs, Xpy, Xsps) intersect at ~570°C, 0.8 

GPa and garnet rim compositional isopleths (Xalm, Xgrs, Xpy, Xsps) intersect at ~570°C, 0.65 

GPa (Fig. C.4E-F). Both core and rim intersections occur in the same mineral stability field, Grt + 

Bt + Chl + Pl + Qz + Pg + Ilm, consistent with the observed mineral assemblage. 

Thermobarometry points lie within error of these intersections. 

 

We applied the garnet-ilmenite thermometer of Pownceby et al. (1991) with modifications from 

Martin et al. (2010) to sample JD71B from the base of the MCT high strain zone in the foreland. 

Only ilmenite inclusions in garnet were used for calculations. Inclusions were chosen based on 

clear rim or core positions within garnet. Temperature calculations can be found in Table Braden 

C.5. 

Sample JD71B is from the base of the MCT high strain zone in the foreland on the south flank of 

the Karnali klippe. Garnet chemical profiles show preserved growth zoning, with a gradual 

decrease in Mn and Ca from core to rim and increase in Mg and Fe from core to rim. The mineral 

assemblage of sample JD71B, Grt + Chl + Ms + Ilm + Ap + Ep ± Tur, is not amenable to 

producing a pseudosection and temperature estimates were therefore obtained using the garnet-

ilmenite thermometer of Pownceby et al. (1991), with modifications after Martin et al. (2010). 

Full calculation details can be found in the supplementary material excel file Braden C.5. The 

garnet core composition coupled with inclusions of ilmenite in the garnet core yield prograde 

temperature estimates of 543°C and 526°C. Garnet rim composition coupled with inclusions of 

ilmenite in the garnet rim yield a peak temperature of 605°C.  
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Figure C. 12 Pseudosections for samples CY37B (A, B; hinterland), ZB49 (C, D; north flank), 

and KAR25 (E, F; hinterland). Garnet composition isopleth intersections (coloured lines) and 

thermobarometry points from TC_Comb (white circles) are show on the diagrams on the right-

hand side. Numbered mineral assemblages for each sample can be found in the supplementary 

material. Peak fields (those that are blue in the main text) are indicated by assemblages in bolded 

white font. 
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CY37B pseudosection mineral list 
 
1 - Chl Mica Mica law q ru 
2 - Chl Mica Mica Gt law q ru 
3 - Chl Mica Mica Gt law sph q ru 
4 - Chl Mica Mica law sph q ru 
5 - Chl Mica Mica Gt q ru 
6 - Bio Chl Mica Mica Gt sph q ru 
7 - Bio Chl Mica Mica Gt sph ab q ru 
8 - Bio Chl Mica Gt sph ab q ru 
9 - Bio Chl Ilm Mica Gt sph ab q ru 
10 - Chl Ilm Mica Gt sph ab q ru 
11 - Chl Mica Gt sph ab q ru 
12 - Bio Chl Ilm Mica sph ab q ru 
13 - Chl Ilm Mica sph ab q ru 
14 - Bio Chl Pl Ilm Mica ab q ru 
15 - Bio Chl Pl Ilm Mica ab q 
16 - Bio Chl Pl Ilm Mica q 
17 - Bio Chl Pl Ilm Mica Mica q 
18 - Bio Chl Pl Ilm Mica Mica Gt q 
19 - Bio Chl St Ilm Mica Mica Gt q 
20 - Bio St Ilm Mica Mica Gt q ru 
21 - Bio St Pl Mica Mica Gt q ru 
22 – Bio St Mica Mica Gt q 
23 - Bio St Pl Mica Mica Gt q 
24 - Bio St Pl Mica Mica Gt ky q 
25 – Bio Pl Mica Gt ky q 
26 - Bio Pl Mica Gt sill q 
27 - Bio St Mica Mica Gt ky q ru 
28 - Bio Pl Mica Mica Gt ky q 
29 - Bio Pl Mica Mica Gt ky q ru 
30 - Bio Mica Mica Gt ky q ru 
31 - Bio Melt Pl San Mica Gt sill q 
32 - Bio Melt Pl San Mica Gt ky q 
33 - Bio Melt San Gt sill q 
34 - Bio Melt San Gt ky q 
35 - Bio Melt Pl Mica Mica Gt q ru 
36 - Bio Melt San Mica Gt ky q 
37 - Bio Melt Pl San Mica Gt ky q ru 
38 - Bio Melt Pl Mica Gt a 
39 - Bio Melt Pl Mica Mica Gt a 
40 - Bio Melt Mica Mica Gt a 
41 - Bio Chl Pl Ilm Mica Mica Gt q ru 
42 – PlMica SilBtGtmelt 
 
ZB49 pseudosection mineral list 
 
1 - Chl Mica Mica law gln q ru 
2 - Chl Mica Mica law sph gl q ru 
3 - Chl Mica Mica Gt gln q ru 
4 - Bio Chl Mica Mica Gt gln q ru 
5 - Bio Chl Mica Mica Gt sph gln q ru 
6 - Chl Mica Mica sph gln ab q ru 
7 - Bio Chl Mica Mica sph q ru 
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8 - Bio Chl Mica Mica sph ab q ru 
9 - Chl Pl Mica Mica ab q ru 
10 - Chl Mica sph ab q ru 
11 - Chl Pl Mica ab q ru 
12 - Bio Chl Pl Mica ab q ru 
13 - Bio Chl Pl Ilm Mica ab q ru 
14 - Bio Chl Pl Ilm Mica Mica q ru 
15 - Bio Chl Pl Mica Mica q ru 
16 - Bio Chl Mica Mica q ru 
17 - Bio Chl Ilm Mica Mica q ru 
18 - Bio Chl Ilm Mica Mica q 
19 - Bio Chl Ilm Mica Mica Gt q ru 
20 - Bio Chl Ilm Mica Mica Gt q 
21 - Bio Chl St Ilm Mica Mica Gt q 
22 - Bio Chl St Ilm Mica Gt q ru 
23 - Bio Chl St Ilm Mica Gt q 
24 - Bio Chl St Pl Ilm Mica Gt q 
25 - Bio Chl St Mica Gt q ru 
26 - Bio Chl St Pl Mica Gt q ru 
27 - Bio Chl St Pl Ilm Mica Gt q ru 
28 - Bio St Pl Gt q ru 
29 - Bio St Pl Ilm Gt sill q 
30 - Bio St Pl Mica Gt q ru 
31 - Bio St Pl Gt 
32 - Bio Crd Pl Ilm Gt sill q 
33 - Bio Crd Pl Ilm sill q 
34 - Bio St Mica Gt q ru 
35 - Bio St Pl Mica Gt 
36 -   
37 - Bio St Mica Gt 
38 - Bio St Mica Mica Gt q ru 
39 - Bio St Mica Mica Gt 
40 - Bio Melt Pl Ilm Gt sill q 
41 - Bio Melt Crd Pl Ilm Gt sill q 
42 - Bio Melt Crd Pl Gt sill q 
43 - Bio Melt Pl Kfs Gt sill q 
44 - Bio Melt Pl Kfs Mica Gt ky q 
45 - Bio Melt Pl Mica Mica Gt ky q ru 
46 - Bio Melt Pl Mica Mica Gt q ru 
47 - Bio Chl St Mica Mica Gt q ru 
 
KAR25 pseudosection mineral list 
 
1 – Chl Mica Mica sph ab q ru 
2 – Bio Chl Ilm Mica Gt sph ab q ru 
3 – Bio Chl Mica Gt sph ab q ru 
4 – Bio Chl Pl Mica Gt q ru 
5 – Bio Chl Mica Mica Gt sph ab q ru 
6 – Bio Chl Pl Mica Gt sph q ru 
7 – Bio Chl Pl Ilm Mica Gt q ru 
8 – Bio Chl Pl Mica Gt zo q ru 
9 - Bio Chl Pl Mica Mica Gt sph q ru 
10 - Bio Chl Pl Mica Mica Gt q ru 
11 - Bio Chl Ilm Mica sph ab q ru 
12 - Bio Chl Pl Ilm Mica Mica q ru 
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13 - Bio Chl Pl Ilm Mica q ru 
14 - Bio Chl Pl Ilm Mica Mica q 
15 - Bio Chl Pl Mica ab q ru 
16 - Bio Chl Pl Ilm Mica ab q 
17 - Bio Chl St Pl Ilm Mica Gt q 
18 - Bio Chl St Crd Pl Ilm Gt q 
19 - Bio St Crd Pl Ilm Gt q 
20 - Bio St Crd Pl Ilm Gt sill q 
21 - Bio St Pl Ilm Gt sill q 
22 – Bio Pl Ilm Gt sill q 
23 - Bio St Pl Ilm Mica Gt q 
24 – Bio St Pl Ilm Mica Gt q ru 
25 – Bio St Pl Ilm Gt q ru 
26 - Bio St Pl Gt ky q ru  
27 - Bio St Pl Mica Gt q ru 
28 – Bio Pl Ilm Mica Gt q 
29 – Bio Pl Ilm Mica Gt q ru 
30 - Bio Pl Mica Gt q ru 
31 - Bio Pl Mica Gt ky q ru 
32 - Bio St Pl Ilm Gt ky q 
33 - Bio St Pl Gt q ru 
34 - Bio St Pl Mica Gt ky q ru 
 

C.4 40Ar/39Ar Step heat analyses 

Sample preparation was carried out at Queen’s University in Kingston, Ontario, Canada. Samples 

that were selected for 40Ar/39Ar thermochronology were manually crushed and sieved and the best 

quality grains from the 250-500 µm fraction were picked under a binocular microscope. At the 

Geological Survey of Canada (GSC) in Ottawa, mineral separates were then individually loaded 

into 2-3 mm-deep aluminum foil packets, which were stacked vertically in 35-mm long foil tubes 

and placed in the tubular holes of an aluminum cylinder. Flux monitor grains of Fish Canyon tuff 

sanidine (FCT-SAN, 28.305 ± 0.036 1!; Renne et al., 2010) were loaded into each sample 

packet. J values were interpolated for samples situated between the spaced FCT-SAN monitor 

grains. These cans of mineral separates were part of GSC irradiations batch #70 and #71 and it 

was irradiated for 160 MWH in medium flux position 8B at the research nuclear reactor of 

McMaster University in Hamilton, Ontario, Canada. Neutron fluence was ~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 S4. 
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Step heat analyses follow the method detailed in Kellett and Joyce, 2014. Samples were loaded 

into 1.5 mm diameter pits in a copper planchet and placed under vacuum in an all-metal 

extraction line. Each aliquot was heated in a step-wise manner 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 GSC. Laser energy was homogenized 

over a beam radius of 2 mm for a total of 40 seconds, after which the released gas was exposed to 

SAES™ NP-10 (~400°C) and HY-STORY$ 201 (room temperature) getters in the extraction 

line for three 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 EPT$ 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. Analytical results can be found in 

excel file C.7. Sensitivity of the Nu Noblesse at the time of analyses was 7.1-7.5 Amps/mol. Data 

collection, reduction, error propagation, age 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). 

 

Sample ZB62 (A) was collected from the north flank of the Karnali klippe. Two analyzed grains 

produced plateau ages of 14.11± 0.12 Ma and 14.28 ± 0.07 Ma, respectively and a third did not 

produce a plateau (Fig. C.13). 
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Sample JD71B (B) was collected from the south flank of the klippe, within the base of the MCT 

high strain zone. One of the grains from this sample produced a pseudo-plateau age of ca. 17 Ma 

and the second grain produced a plateau age of 17.03 ± 0.06 Ma (Fig. C.13).  

 

 

Figure C. 13 Step-heat release spectra for samples ZB62 and JD71B.  

 

***The following describes the analytical details for the HL samples, which were dated as part of 

an unpublished Master’s thesis (Yakymchuk, 2010) at Queen’s University. The resulting data 

were converted to use the same decay constant and flux monitor as the SF and NF samples for 

consistency. Results can be found in excel file C.7 and plateau plots in Figure C.14. All samples 

have a consistent 0.64% shift up in age after recalculation and no change in the 1 sigma age error 
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(at the same significant figures). Recalculation was done using the spreadsheet ArArReCalc by 

Noah Mclean, available at: www.earth-time.org/ArArReCalc_7-31-09.xls 

 

Mineral separates were obtained through standard crushing techniques and were hand-picked 

under a binocular microscope to an estimated purity of >99%. Mineral separates and flux-

monitors (standards) were wrapped in Al-foil and the resulting disks stacked vertically into a 11.5 

cm long and 2.0 cm diameter Al irradiation capsule, and then irradiated with fast neutrons in 

position 5C of the McMaster Nuclear Reactor (Hamilton, Ontario) for a duration of 7 h (at 3 

MWH). Packets of flux monitors were located at ca. 1 cm intervals along the irradiation container 

and J-values for individual samples were determined by second-order polynomial interpolation 

between replicate analyses of splits for each monitor position in the capsule. Typically, J-values 

vary by <10% over the length of the capsule. No attempt is made to monitor horizontal flux 

gradients as these are considered to be minor in the core of the reactor. 

For total fusion of monitors and step-heating using a laser, the samples are loaded into 

pits in a copper sample-holder, beneath the ZnS view-port of a small, bakeable, stainless-steel 

chamber connected to an ultra-high vacuum purification system. For step-heating, the laser beam 

of a 30W New Wave Research MIR 10-30 CO2 laser is defocused to 2 mm to cover the entire 

sample. Heating periods are ca. 3 minutes at increasing percent power settings (1.5 to 7 %). The 

evolved gas, after purification using an SAES C50 getter (ca. 5 minutes), is admitted to an on-

line, MAP 216 mass spectrometer, with a Bäur Signer source and an electron multiplier (set to a 

gain of 100 over the Faraday). Blanks, measured routinely, are subtracted from the subsequent 

sample gas-fractions. The extraction blanks are typically <10 x 10-13, <0.5 x 10-13, <0.5 x 10-13, 

and <0.5 x 10-13 cm-3 STP for masses 40, 39, 37, and 36, respectively. Measured argon-isotope 

peak heights are extrapolated to zero-time, normalized to the 40Ar/36Ar atmospheric ratio (295.5) 

using measured values of atmospheric argon, and corrected for neutron-induced 40Ar from 
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potassium, 39Ar and 36Ar from calcium, and 36Ar from chlorine (Roddick, 1983). Dates and errors 

are calculated using ISOPLOT 3.7 (Ludwig, 2008) and the constants of Steiger and Jäger (1977). 

Errors shown in the tables and on the age spectra diagrams represent the analytical precision at 

2σ, assuming that the errors in the ages of the flux monitors are zero. This is suitable for 

comparing within-spectrum variation and determining which steps form a plateau (e.g., 

McDougall and Harrison, 1988, p. 89). A conservative estimate of this error in the J-value is 

0.5% and can be added for inter-sample comparison. The dates and J-values for the intra-

laboratory standard (MAC-83 biotite at 24.36 Ma; Sandeman et al., 1999) are referenced to TCR 

sanidine at 28.34 Ma and FCT sanidine at 28.02 Ma (Renne et al., 1998). Original data (not 

converted to same decay constants) can be found in excel file C.7.  

 

Diffusion modelling 

Forward diffusion models representing HL, NF and SF were performed using the program 

Diffarg (Wheeler, 1996) following the workflow of Warren et al. (2011) and diffusion parameters 

for white mica described in Harrison et al. (2009), to determine idealized Dodson (1973) closure 

temperatures representing the white mica 40Ar/39Ar plateau ages. Peak conditions were 

determined from P-T modelling and used to calculate cooling rates along with published apatite 

fission track ages for the same transect locations (closure T of ~120°C; van der Beek et al., 2016). 

For HL, peak P-T conditions of 8 kbar and 570 °C, cooling rate of 100 °C/Myr and a grain radius 

of 75 µm yielded a model closure T of 450°C. Modeling parameters for the NF were peak P-T of 

10 kbar and 700°C, cooling rate of 30°C/Myr, and a grain radius of 50 µm, yielding a model 

closure T of 415°C. Peak P-T conditions of 10 kbar and 675°C, a cooling rate of 30°C/Myr and a 

grain radius of 5 µm resulted in a model closure T for the SF of 315 °C. The difference in model 

closure temperature between samples is the result of large grains and a fast cooling rate in the HL 

and small grains and a slower cooling rate towards the SF. 
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Figure C. 14 Step-heat release spectra for samples from upper Karnali valley (hinterland). Re-

plotted after data conversion described above. Original plots can be found in the MSc thesis of C. 

Yakymchuk (2010). 
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Appendix D 

Supplementary Material for Chapter 5 

 

! Excel file: Braden D.1 Field data (All sample descriptions including GPS locations) 

This file contains all sample locations, rock types and field measurements. 

 

! Excel file: Braden D.2 CO2 argon (Step-heating 40Ar/39Ar results) 

Bolded steps are those used to calculate pseudo-plateau dates. All step-heat analyses have a J 

error of ~0.3% at 1!. 

 

! PDF file: Braden D.2 step-heat (Step-heat plots for all samples, including those which did not 

produce plateau or pseudo-plateau dates) 

 

! Excel file: Braden D.3 UV argon (In situ 40Ar/39Ar results) 

 

! PDF files: SAR08 in situ, SAR19 in situ, SAR69 in situ 

These files contain images that are too large to insert in the thesis document. Each file contains a 

BSE image of the thick section from which in situ chips were cut for each sample. Approximate 

target (chip) locations are marked on the BSE images and correspond to compositional X-ray map 

for each target (red = high, blue = low). 


