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ABSTRACT 

Over the last two decades, several competing dynamic models have been proposed to 

explain the kinematics of the Himalayan thrust belt. The accuracy of dynamic and kinematic 

models is limited by poorly documented geologic structures. With increased accessibility of the 

thrust belt and advances in analytical techniques, several new data sets greatly improve our 

understanding and provide a background to reevaluate the kinematics of the Himalayan thrust 

belt. In this dissertation, I integrate structural mapping, microstructural analysis, detrital and 

igneous zircon geochronology, low-temperature thermochronology, Nd isotopic analysis, and 

structural reconstructions in central Nepal to determine the evolution of the Himalayan thrust 

belt. Because the role and evolution of the Main Central thrust, the Ramgarh-Munsiari thrust, 

and the Lesser Himalayan duplex are highly debated, I emphasize these systems to provide a 

comprehensive structural evolution of the Himalayan thrust belt.  

U-Pb dating of metamorphic rims of igneous zircons and crystallization ages of cross-

cutting pegmatite veins suggest that deformation on the Himalayan thrust belt started with slip on 

an intra-Greater Himalayan thrust active at ~20-29 Ma that emplaced the now erosionally 

isolated Kathmandu klippe. These ages predate the slip on the Main Central thrust. Absence of a 

fault contact between the Greater Himalaya and Tethyan Himalaya in the klippe suggests the 

South Tibetan Detachment system may have activated after the slip started on the intra-Greater 

Himalayan thrust. Ductile motion on the South Tibetan Detachment system may have ended 

prior to the activation of the Main Central thrust. This result and observations contradict the 

extrusion model that advocates contemporaneous activity with thrust sense shear on the Main
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Central thrust and normal sense shear on the South Tibetan Detachment system. In addition, 

there is another orogenic scale thrust, subparallel to the Main Central thrust, the Ramgarh-

Munsiari thrust, that only carries lower Lesser Himalayan Paleoproterozoic rock over other 

Lesser Himalayan rock and accommodates a magnitude of shortening similar to the 100’s km of 

slip on the Main Central thrust. I construct an orogenic scale balanced cross-section along the 

Marsyangdi River where the entire Lesser Himalayan duplex is exposed, particularly focusing on 

the architecture of the duplex to determine whether the duplex is forward dipping or hinterland 

dipping and the presence/absence of an orogenic scale, out-of-sequence thrust. I integrate quartz-

feldspar deformation temperatures and zircon (U-Th)/He thermochronology and present a 

kinematic model that provides the structural context for geophysical, petrological, and 

geochronological studies in central Nepal.  

Collectively, this study helps to determine partitioning of strain among the various thrust 

sheets that account for over 2000 km of shortening in a compressional continental tectonic 

setting. The results suggest that deformation in the Himalaya began with the activation of an 

intra-Greater Himalayan thrust and successively moved south with the activation of Main Central 

thrust, Ramgarh-Munsairi thrust, Lesser Himalayan duplex, and finally the Subhimalayan thrust 

system.  Although there was minor out-of-sequence thrusting in the hinterland, the bulk of the 

Himalaya evolved in-sequence thrusting from north to south. 



 

iv 
 

DEDICATION 

To my family and friends 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

v 
 

LIST OF ABBREVIATIONS AND SYMBOLS 

Bt  Biotite 

BT  Bhangeri Thrust 

°C   Temperature in degrees Celsius 

CAF   Central Analytical Facility 

CL   cathodoluminescence (image) 

cm   centimeter(s) 

DGS   Department of Geological Sciences 

DT  Dewachuli Thrust  

Fld   Feldspar 

Fig   Figure 

Ga   time in billions of years before present 

GBM  Grain Boundary Migration 

GPS   global positioning system 

GSAB  Geological Sciences Advisory board 

Grt   Garnet 

HCl   Hydrochloric Acid 

HF   Hydroflouric Acid 

LA-ICPMS  Laser Ablation Inductively Coupled Plasma Mass Spectrometry 

m   meter(s) 

Ma  Million years 

 



vi 
 

mg   milligram(s) 

mm   millimeter(s) 

µm   micrometer(s) 

MSWD  mean sum of weighted deviations 

P   pressure 

MFT   Main Frontal Thrust 

MBT   Main Boundary Thrust 

MCT   Main Central Thrust 

MDT   Main Dun Thrust 

MHT   Main Himalayan Thrust 

Ms   Muscovite 

Qtz   Quartz 

RMT   Ramngarh Munsiari Thrust 

SGR   Subgrain Rotation 

STDS   South Tibetan Detachment System 

T   temperature 

TT  Trishuli Thrust 

U   Uranium 

yr   year  

ZHe                Zircon(U-Th)/He 

OOS  Out of Sequence thrust  



vii 
 

ACKNOWLEDGEMENTS 

I thank many people who helped me complete this research. I am very thankful to Dr. 

Delores M. Robinson for providing valuable time, guidance, and support in all perspectives 

while doing this research. I could not possibly have completed this research without her 

encouraging remarks and valuable input. 

Special thanks to the University of Alabama Graduate School, faculty, staff and current 

and former students in the Department of Geological Sciences (DGS). I thank Dr. Harold 

Stowell, Dr. Andrew M Goodliffe, Dr. Mathew Kohn (Boise University), and Dr Ryan Ewing 

(Texas A&M University) for serving on my dissertation committee and providing feedback on 

my research. Dr. Kohn was especially helpful with my projects. I would like to thank DGS for 

providing a teaching assistantship. The DGS Hooks fund, Graduate Student Services, Geological 

Society of America Student Research Grant, and Explorers Club, Exploration Fund Grant made 

possible to carry out field work and ship back rock to the University of Alabama for further 

analysis. The DGS Johnson Student Travel Fund, Graduate School, School of Arts and Sciences, 

Capstone International, and Graduate Student Services made it possible for me to present at 

several national and international professional meetings. The Geological Sciences Advisory 

Board (GSAB) provided financial support for one summer. I thank Dr. Robinson for providing 

summer support for three years, which gave me the time to edit my dissertation proposal in 2012 

and write manuscripts in 2013 and 2014. I am also grateful to Bibek Khanal, Kumar KC, 

Prabhakar Dhungel, Pradhumna Paudel, Pramod Simkhada, Saroj Khanal, Kapil Khanal, and 

Sudip Shrestha for providing their valuable time during field research. Thanks to Milan Khanal, 



viii 
 

Suraj Khanal, Subarna Khanal, Saroj Paudel, and Pramod Khanal for their support in logistics. 

Thanks to March Pecha and Nikki Giesler from the University of Arizona Laserchron facility 

(NSF-EAR 1032156) for assisting me with zircon U-Pb data collection, Peter Reiners and Uttam 

Chaudhari from University of Arizona for analyzing zircons for U-Th/He ages and Jeff Vervoort, 

Washington State University, for Nd isotopic analysis, and Rob Holler from University of 

Alabama, Central Analytical Facility (CAF) for helping taking cathodoluminiscence (CL) 

images of zircons. I greatly appreciate Ghanashyam Neupane, Kamal Kant Acharya, and Bishal 

Nath Upreti for their invaluable support and experience to complete this research. Thanks to lab 

mates and friends Subhadip Mandal, Sid Bhattacharaya, Will Jackson, Andrea Gregg, Ian Hunter 

and Craig Cato for sharing news, jokes and coffee. 

Finally, I thank my family for their love and support throughout good and bad times. My 

parents, Chandra and Om Kumari Khanal for teaching me the value of education and supporting 

me throughout my trips to Nepal for the field work. Many thanks to my brother, Sundar, for his 

financial and moral support, and my sister and brother-in-law, Amrita and Shukdev, for their 

constant encouragement. Finally, I thank my wife for her patience, support, encouragement and 

love. My work has required many late nights in the department and travel for months away from 

her for field work. Thanks for always being supportive with a smiling face and saying “better 

days will come”, which helped me through every step in the last five years. 



ix 
 

CONTENTS 

ABSTRACT .................................................................................................................................... ii 

DEDICATION ............................................................................................................................... iv 

LIST OF ABBREVIATIONS AND SYMBOLS ............................................................................v 

ACKNOWLEDGEMENTS .......................................................................................................... vii 

LIST OF TABLES ....................................................................................................................... xiii 

LIST OF FIGURES ..................................................................................................................... xiv 

CHAPTER 1: INTRODUCTION ....................................................................................................1 

References ........................................................................................................................................5 

CHAPTER 2: STRUCTURAL, GEOCHRONOLOGICAL AND GEOCHEMICAL EVIDENCE 
FOR TWO DISTINCT THRUST SHEETS IN THE ‘MAIN CENTRAL THRUST ZONE’, THE 
MAIN CENTRAL THRUST AND RAMGARH-MUNSIARI THRUST: IMPLICATIONS FOR 
UPPER CRUSTAL SHORTENING IN CENTRAL NEPAL .........................................................7 

2.1. Abstract .................................................................................................................................... 7 

2.2. Introduction .............................................................................................................................. 7 

2.3. Geology .................................................................................................................................. 10 

2.3.1. Lesser Himalaya .............................................................................................................. 12 

2.3.2. Greater Himalaya ............................................................................................................ 14 

2.4. Structural Geology ................................................................................................................. 16 

2.4.1. Main Central thrust (MCT) ............................................................................................. 16 

2.4.2. Ramgarh-Munsiari thrust ................................................................................................ 17 

2.5. Evidence of two thrusts .......................................................................................................... 18 

2.6. Geochronology and Geochemistry ........................................................................................ 27 

2.6.1. U-Pb analysis ................................................................................................................... 27 



 

x 
 

2.6.2. U-Pb results ..................................................................................................................... 29 

2.6.3. Sm-Nd analyses ............................................................................................................... 32 

2.6.4. Sm-Nd results .................................................................................................................. 34 

2.7. Interpretation and Discussion ................................................................................................ 34 

2.8. Conclusions ............................................................................................................................ 42 

Acknowledgements ....................................................................................................................... 43 

References ..................................................................................................................................... 43 

CHAPTER 3: EVIDENCE FOR A FAR TRAVELED THRUST SHEET IN THE GREATER 
HIMALAYAN THRUST SYSTEM, AND AN ALTERNATIVE MODEL TO BUILDING THE 
HIMALAYA ..................................................................................................................................55 

3.1. Abstract .................................................................................................................................. 55 

3.2. Introduction ............................................................................................................................ 56 

3.3. Orogenic framework .............................................................................................................. 58 

3.4. Geology .................................................................................................................................. 60 

3.4.1. Tectonostratigraphy and Structural Geology .................................................................. 60 

3.4.2. Geology of the Kathmandu klippe and the Galchhi shear zone ...................................... 63 

3.4.3. Geology of the Langtang area ......................................................................................... 66 

3.5. Models for the Origin of the Kathmandu Klippe ................................................................... 68 

3.6. Zircon U/Pb Isotopic Dating Methods ................................................................................... 72 

3.7. Zircon U/Pb Isotopic Dating Results ..................................................................................... 75 

3.7.1. Galchhi Shear Zone ......................................................................................................... 75 

3.7.2. Undeformed pegmatite veins .......................................................................................... 77 

3.7.3. Langtang area .................................................................................................................. 78 

3.8. Interpretations ........................................................................................................................ 80 

3.8.1. Galchhi and Surrounding Area ........................................................................................ 80 



 

xi 
 

3.8.2. Langtang area .................................................................................................................. 81 

3.9. Discussion .............................................................................................................................. 81 

3.10. Kinematic model .................................................................................................................. 84 

3.11. Tectonic implications ........................................................................................................... 87 

3.12. Conclusions .......................................................................................................................... 90 

Acknowledgements ....................................................................................................................... 91 

References ..................................................................................................................................... 91 

CHAPTER 4: ONGOING STRUCTURAL EVOLUTION OF THE HIMALAYA: DUPLEXING 
OR OUT-OF-SEQUENCE THRUSTING? .................................................................................102 

4.1. Abstract ................................................................................................................................ 102 

4.2. Introduction .......................................................................................................................... 103 

4.3. Geologic Background .......................................................................................................... 106 

4.4. Tectonostratigraphy ............................................................................................................. 107 

4.5. Structure and Kinematics ..................................................................................................... 109 

4.5.1. Main Central thrust (MCT) ........................................................................................... 109 

4.5.2. Ramgarh-Munsiari thrust (RMT) .................................................................................. 112 

4.5.3. Trishuli thrust (TT) and Lesser Himalayan duplex (LHD) ........................................... 114  

4.5.4. Main Boundary thrust .................................................................................................... 115 

4.5.5. Subhimalayan thrust system and Main Frontal thrust ................................................... 116 

4.6. Models for Building the Himalaya ...................................................................................... 116 

4.7. Methods................................................................................................................................ 120 

4.7.1. (U-Th)/He chronometry ................................................................................................ 120 

4.7.2. Quartz and feldspar microstructures ............................................................................. 123 

4.7.3. Regional Balanced Cross-section .................................................................................. 128 



 

xii 
 

4.7.3.1. Assumptions and Limits ............................................................................................. 129 

4.7.3.2. Sources of Error ......................................................................................................... 131 

4.8. Results .................................................................................................................................. 133 

4.8.1. (U-Th)/He age ............................................................................................................... 133 

4.8.2. Deformation temperatures ............................................................................................. 134 

4.8.3. Cross section ................................................................................................................. 138 

4.9. Interpretations ...................................................................................................................... 139 

4.9.1. ZHe ................................................................................................................................ 139 

4.9.2. Thermometric Interpretation ......................................................................................... 142 

4.9.3. Shortening and kinematics ............................................................................................ 143 

4.10. Discussion .......................................................................................................................... 146 

4.10.1. Duplex Geometry and its implication on young cooling age ...................................... 146 

4.10.2. Out of-Sequence (OOS) Thrusting .............................................................................. 150 

4.11.  Implications....................................................................................................................... 151 

4.12. Conclusions ........................................................................................................................ 153 

Acknowledgements ..................................................................................................................... 154 

References ................................................................................................................................... 155 

CHAPTER 5: CONCLUSIONS ..................................................................................................169 

APPENDIX



xiii 
 

LIST OF TABLES 

2.1. Sample locations and description of rock units ……………………………………………29 

2.2. Sample description, location and results of Nd isotopic analyses …………………………36 

3.1. Models and observations for the formation of the Galchhi shear zone …………………….71 

3.2. Sample locations and lithologic description…………………………………………………74 

4.1. Stratigraphy of the Lesser Himalayan and Subhimalaya rocks in central Nepal with 
 thickness used in the cross section and published ages.  …………………………………110 

4.2. Sample description, location and results of ZHe ages …………………………………….122 

4.3 Summary of the deformation temperature………………………………………………... 137 

4.3. Shortening estimates from the cross-section ……………………………………………..139 

 

 

 

 

 

 

 

 

 

 

 

 



 

xiv 
 

LIST OF FIGURES 

Chapter 1 

1.1. Shaded relief map of the Himalayan-Tibetan orogeny and generalized geological 
map of the Nepal Himalaya............................................…… ……………………………….2 

 
Chapter 2 

2.1. Simplified tectonic map of the Himalayan Orogen showing major lithotectonic 
divisions ..…………………………………………………………………………………......8 

2.2. Simplified geological map of the central Nepal Himalaya showing the study area…………11 

2.3. Stratigraphy, lithological descriptions and age of the central Lesser Himalaya  ……………16 

2.4. Geological map and schematic cross section of Kodari-Tatopani area ..……………………19 

2.5. Field Photograph and thin section photomicrograph from Kodari-Tatopani area ..…………21 

2.6. Geological map and schematic cross section of Galchhi area ………………………………22 

2.7. Field photograph and thin section micrograph from Galchhi area..…………………………24  

2.8. Geological map and schematic cross section of Malekhu area ...……………………………26 

2.9. Field photograph and thin section micrograph from Malekhu area …………………………27  

2.10. Cathodoluminescence (CL) images of zircons  .………………………………………….30 

2.11. U/Pb Concordia diagrams and crystallization age of Lesser Himalayan augen 
gneiss...……………………………………………………………………………………..31  

2.12. Pb/U Concordia diagram and relative probability plots for detrital zircon 
analysis from Lesser Himalayan quartzite  ..……………………………………………….33 

2.13. Schematic cartoon showing the sequential development of the MCT and 
RMT and their structural relationship………………………………………………………39 

Chapter 3 

3.1 Simplified tectonic map of the Himalayan orogeny showing major 
Lithotectonic divisions……………………………………………………………………….57



xv 
 

3.2. Simplified geological map of the central Nepal Himalaya showing the 
Kathmandu  klippe and associated Cambrian-Ordovician granites and  
Tibetan Himalayan rock within the klippe..…………………………………………………59  

3.3. Geological map of Galchhi with major faults, structural data and metamorphic 
isograd ....……………………………………………………………………………………65 

3.4. Field photograph and thin section micrograph from the Galchhi shear zone .………………67 

3.5. Field photograph from the Galchhi and surrounding area ..…………………………………68 

3.6. Geologic map of the Syaphru Besi-Langtang area draped over a digital 
elevation model .….…………………………………………………………………………69 

3.7. Field photographs of shear zone from the Langtang area...…………………………………70 

3.8. Cross-section with different interpretations for the origin of the 
Kathmandu klippe....…………………………………………………………………………72 

3.9. U/Pb zircon analysis of samples from Galchhi area…………………………………………76 

3.10. U/Pb zircon analysis from undeformed pegmatites .……………………………………….78 

3.11. U/Pb zircon analysis of samples from Langtang area………………………………………79 

3.12. Kinematic sequence of deformation of the Langtang-Galchhi section central 
Nepal..………………………………………………………………………………………88 

 
Chapter 4 

4.1. Shaded relief map of the Himalayan-Tibetan orogenic system. Location of  
Nepal is outlined in white and generalized geologic map of the Nepal 
Himalaya...…………………………………………………………………………………106  

4.2. Field photographs of the MCT, RMT  from the Marsyangdi area  ...………………………113 

4.3. Lesser Himalayan structures south of the MCT along the Marsyangdi section ...…………115 

4.4. Geologic map of central Nepal along the Marsyandi cross-section (Fig. 1) 
with stratigraphy and structures .…..………………………………………………………117 

4.5. Models for the ongoing evolution of the Himalayan thrust belt……………………………119 

4.6. Plot of ZHe age vs. distance and elevation and ZHe age vs. map distance south 
of the MCT ...………………………………………………………………………………123 

4.7. Photomicrographs of LH rocks south of the MCT (cross-polarized light). 



 

xvi 
 

All thin sections are cut perpendicular to bedding or schistosity and parallel 
to mineral stretching lineation. Locations of samples on Figure 4 ..………………………125 

 
4.8. Continuation of photomicrographs south of Figure 7. Locations of  

samples on Figure 4 ..………………………………………………………………………126 

4.9. Deformation temperature profile through the LH thrust sheets in the LHD 
along the Marsyangdi cross-section with observed quartz and Kfs 
microstructures ..…………………………………………………………………………...127 

4.10. Balanced cross-section through the central Nepal thrust belt and palinspatic  
reconstruction. Location of the cross-section line is shown as M-M’ in Figure 1 

 and the geologic map is in Figure 4 .………………………………………………………136 

4.11. Schematic kinematic sequence. Active faults are shown in bold black with 
arrow. This kinematic model honors the structural data on the surface and  
cooling ages.………………………………………………………………………………147  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

1 
 

CHAPTER 1: 

INTRODUCTION 

The Himalaya-Tibetan orogeny is a premier example of an active collisional belt (Fig. 1a) 

and is a natural laboratory for testing ideas and validating models for the ongoing mountain 

building. Despite much investigation, researchers have yet to determine where 2/3 of the 2400 

km of convergence in the central Himalaya (van Hinsbergen et al., 2011) over the last 55 million 

years is accommodated (Fig. 1b). Furthermore, Himalayan orogenic complexities are 

compounded by poorly defined/correlated tectonostratigraphic units and thrust sheets. 

Employing field mapping, structural interpretations, preparing balanced cross-sections, and 

forward modeling reconstructions supported by geochronology and whole rock geochemistry 

help determine the kinematic evolution of the central Nepal Himalaya. 

Recently, researchers (Grujic et al., 2002; Searle and Szulc, 2005; Robinson et al., 2006; 

Kohn et al., 2008; Carosi et al., 2010; Larson et al., 2010) have used tectonic models such as the 

channel flow (Beaumont et al., 2001) or the critical taper wedge (Davis et al., 1983) to explain 

Himalayan orogenesis. The channel flow model assumes that the ductile middle crust below the 

thickened upper crust tunnels towards the foreland driven by the lateral pressure gradient and 

focused erosion on the front (Beaumont et al., 2004). In the Himalayan thrust belt (HTB), the 

channel flow model predicts the channel as a pervasively deformed, hot tectonic package 

bounded between the Main Central thrust (MCT) at the bottom and South Tibetan Detachment 

system (STDS) on top. This model requires the MCT to shift south through time and the center 
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would remain as a ductile channel. In this model, the closely spaced MCT and Ramgarh-

Munsiari thrust (RMT) are coeval and synthetic components of the diffuse channel. However, 

the lower boundary of the channel, the MCT, does not appear to define the base of continuing or 

recent extrusion as there is shallow foreland-style deformations recorded near the front of the 

Himalaya up to ~75 km south of the MCT. This includes motion on the RMT, Lesser Himalayan 

duplex (LHD), Main Boundary thrust (MBT), and Main Frontal thrust (MFT).  

 

 
Figure 1.1. a) Shaded relief map of the Himalayan-Tibetan orogeny and location of Nepal 
outlined in white b) Generalized geological map of the Nepal Himalaya (modified from 
Robinson et al., 2006). The box represents the study area. Line M-M’ represents the cross-
section line in Chapter 4, and B-B’ is from Khanal and Robinson (2013). 
 

In the wedge model, fold-thrust belts exhibit a basal décollement that dips towards the 

interior of a mountain belt, has a large component of horizontal compressive strength, and 

consists of a characteristic wedge shape of the deformed material, tapering toward the margin of 
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the mountain belt (Chapple, 1978). A critically tapered wedge propagates to maintain a critical 

angle between the topographic profile of the orogeny and its basal décollement (Davis et al., 

1983). The critical taper model suggests that orogenic belts evolve by maintaining a dynamic 

equilibrium between the shape of the wedge and horizontal compressional forces, and the overall 

system grows by internal deformation and steepening of the slope until a critical taper is attained, 

and then the wedge propagates forward by addition of a new material at the toe of the wedge 

(Davis et al., 1983; Dahlen et al., 1984). Removal of material by erosion from the wedge forces 

the wedge into a subcritical state, which may result in an extended period of internal deformation 

such as forming a duplex and out-of-sequence thrusts (e.g. DeCelles and Mitra, 1995). In the 

HTB, this model requires that propagating foreland thrusts accrete progressively younger and 

lower metamorphic grade thrust sheets to the base of the wedge and that the thrust sheets are 

kinematically distinct. This model also suggests that the Greater Himalayan (GH) rock rapidly 

exhumed along a ramp in the Main Himalayan thrust (MHT) under the lower margin of the 

wedge, and the Lesser Himalayan (LH) rock exhumed by forming a duplex that grew by taking 

rock from the footwall and transferring it to the hanging wall by migrating the MHT ramp 

southward through time. In the HTB, the critical taper wedge model differs from the channel 

flow model by the absence of weak middle-lower crustal zone, presence of an intra-GH thrust 

older than MCT, intra-GH thrust kinematics and genetic relationship with Kathmandu klippe 

rocks in the south (Fig. 1), kinematic association of the MCT and RMT, brittle style of 

deformation in the LH rock, and presence of broad Lesser Himalayan duplex (LHD). 

The applicability of the critical taper wedge model to the Himalaya can be tested in the 

central Nepal by mapping of the shear zones, analyzing structural data, balancing cross-sections, 

forward modeling, conducting analyses of U-Pb geochronology of detrital and igneous zircons,  
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whole rock neodymium isotope geochemistry and low temperature thermochronology from the 

LHD. These data provide the location, kinematics, and structural constraints of thrusts, source 

characteristics of the rocks in the thrust sheets, minimum amount of crustal shortening and 

partitioning of the displacement among different phases of deformation from Early Miocene time 

to the present, timing and rates of uplift in the LHD and a step-by-step structural evolution model 

of the central Nepal. The wedge model provides insight into the evolution of the HTB in the 

absence of very weak mid-lower crust by moving faults and the older passively riding 

stratigraphic overburden over a reasonable configuration of undeformed stratigraphy from the 

hinterland to foreland. The outcomes of this study not only help to better understand the ongoing 

tectonic processes of the Himalayan-Tibetan Orogeny but will also serve as an important 

analogue for viewing older continental collisions. 

The following chapters consist of three separate manuscripts with minor overlap in 

content. The first of these chapters is entitled “Structural, Geochronological and Geochemical 

Evidence for two Distinct Thrust Sheets in the ‘Main Central Thrust Zone’, the Main 

Central Thrust and Ramgarh-Munsiari Thrust: Implications for Upper Crustal Shortening 

in Central Nepal”, is co-authored with Dr. Delores M. Robinson, Subhadip Mandal, and 

Pramod Simkhada and is published in Journal of Geological Society, London, Special 

Publication entitled “Himalayan Tectonics”. In this chapter, we present a combined structural, 

isotopic and geochemical study to differentiate LH rock from the GH rock, precisely locate the 

MCT and separate another orogen-scale thrust, the RMT from the MCT. The results suggest that 

the RMT sheet carries Paleoproterozoic LH rock with more negative εNd(0) values thrust over 

other younger LH rock, and that the MCT only carries GH rock with less negative εNd(0) values. 

Both thrusts coexist and accommodate 100+ km of crustal shortening. These thrusts must be 
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characterized as separate thrust sheets for the correct kinematic interpretation and modeling of 

the HTB.  

The third chapter is entitled “Evidence for a far traveled thrust sheet in the Greater 

Himalayan thrust system, and an alternative model to building the Himalaya” and is co-

authored with Dr. Delores M. Robinson, Dr. Matthew J. Kohn and Subhadip Mandal. The paper 

has been submitted to Tectonics and is currently under review. In this chapter, we present a new 

conceptual model to link the Kathmandu klippe (Fig. 1b) with an intra-GH thrust and show how 

the model solves many perplexing issues such as the older age in the Kathmandu klippe along 

with high grade metamorphic rock on the Galchhi shear zone. 

The fourth chapter is entitled “Ongoing Structural Evolution of the Himalaya: 

Duplexing or Out-of Sequence Thrusting?” and is co-authored with Dr. Delores M. Robinson, 

Subhadip Mandal, Kabiraj Paudel, Kumar KC, and Sudip Shrestha and will be submitted to 

Lithosphere. In this chapter, we present a new balanced cross-section, quartz dynamic 

recrystallization, zircon (U-Th)/He data, and reconstruction. We interpret that the LHD is the 

major structural feature that exhumed the LH Trishuli thrust at the erosional surface. Minor (<4.5 

km) late stage out-of sequence thrusts in the hinterland exist; however, the faults are not large 

enough to support the idea of crustal scale out-of-sequence thrusting to explain the ongoing 

evolution of the Himalaya. 
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CHAPTER 2: 

STRUCTURAL, GEOCHRONOLOGICAL AND GEOCHEMICAL EVIDENCE FOR 
TWO DISTINCT THRUST SHEETS IN THE ‘MAIN CENTRAL THRUST ZONE’, THE 
MAIN CENTRAL THRUST AND RAMGARH-MUNSIARI THRUST: IMPLICATIONS 

FOR UPPER CRUSTAL SHORTENING IN CENTRAL NEPAL 

2.1. Abstract 

Two orogen-scale thrusts structurally underneath Greater Himalayan rocks characterize 

the structural architecture of Himalaya in central Nepal. The Main Central thrust (MCT) is at the 

base of the Greater Himalaya with the Lesser Himalayan Robang Formation in the footwall, 

which is the hanging wall of the Ramgarh-Munsiari thrust (RMT). At Kodari-Tatopani and 

Malekhu, U-Pb detrital zircon age populations from the RMT sheet yield a maximum 

depositional age of ~ 1838 and ~ 1871 Ma. U-Pb analyses of igneous zircons from the RMT 

sheet yield a crystallization age of ~1750 Ma at both Galchhi and Kodari-Tatopani. The εNd(0) 

values of pelitic rocks from the RMT sheet at Kodari-Tatopani range from  -23 to -25 whereas 

Greater Himalayan rocks have values from ~ -12 to –18. These data indicate that the RMT sheet 

carries Palaeoproterozoic Lesser Himalayan rock and the MCT carries Greater Himalayan rock. 

At Kodari-Tatopani, the thrust previously mapped as the MCT is interpreted to be the RMT. 

Positively identifying the RMT sheet in all three locations yields a more accurate kinematic 

evolution and confirms its orogenic-scale presence in central Nepal. 

2.2. Introduction 

Identification and characterization of key lithotectonic units in an orogenic belt (Fig. 1) 
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fundamentally defines the tectonic architecture of the orogen and determines the deformation 

mechanism of the continental crust. Recognizing, locating, and characterizing the boundary 

between the Lesser Himalayan (LH) and Greater Himalaya (GH) rocks will refine evolutionary 

models of the Himalaya, such as the channel flow model (Beaumont et al. 2001; Jamieson et al. 

2004), the critical taper model (e.g. Kohn 2008), and its combination (Larson et al., 2010, 

Mukherjee 2013a, Antolin et al., 2013). 

 

Figure 2.1. Simplified tectonic map of the Himalayan Orogen showing major lithotectonic 
divisions (modified from Paudel & Arita 2000). Black box in the Himalaya indicates the study 
area in Figure 2. Inset shows the Himalayan-Tibetan orogenic system with major faults in bold 
black. 
 

Regional N-S cross-sections along the Himalayan arc detail the structural architecture 

and calculate the total amount of upper crustal shortening between ~ 245 km and ~ 500 km (e.g. 

Schelling & Arita 1991; Schelling 1992; Srivastava & Mitra 1994; DeCelles et al. 2001; Pearson 

2002; Robinson et al. 2006; Robinson 2008; McQuarrie et al. 2008; Bhattacharya & Mitra 2009; 

Mitra et al. 2010 Long & McQuarrie 2010; Long et al. 2011; Khanal & Robinson 2013; Webb 

2013). These studies suggest that the RMT is an orogenic-scale structure in LH rocks 
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accommodating  ˃100 km of upper crustal shortening, almost equal to the shortening 

accommodated by the MCT (review by Robinson & Pearson 2013). Evidence for the presence of 

the RMT in central Nepal is presented by Kohn et al. (2004) in the footwall of the MCT. 

However, the scientific community questions its existence (Searle et al. 2008, Larson et al. 2010) 

and the fate of the RMT near the Kathmandu klippe remained unknown. Highly metamorphosed 

lower LH rocks and less metamorphosed GH rocks make it difficult to distinguish the two thrust 

sheets (Hodges 2000; Martin et al. 2005).  

Recent research suggests that the MCT should be mapped based on strain criteria (Searle 

et al. 2008; Larson et al. 2010) with 5-10 km of rocks having high strain localization; thus, this 

region has been referred to as the ‘MCT zone’ (e.g Macfarlane et al. 1992). Although 

convenient, ‘MCT zone’ ignores that GH and LH rock have different protoliths with distinct 

isotopic and geochemical signatures (Parrish & Hodges 1996; Ahmad et al. 2000; DeCelles et al. 

2000; Robinson et al. 2001). These isotopic and geochemical signatures were preserved during 

Himalayan Tertiary metamorphism (Martin et al. 2005) and can be used to distinguish GH from 

LH rocks. Instead, we identify GH rocks in the hanging wall of MCT with strained LH rocks in 

the footwall with no evidence of GH rocks stratigraphically or structurally beneath LH rocks 

(Parrish & Hodges 1996). The LH rocks must belong to a different thrust sheet than the GH 

rocks. However, Carosi et al. (2007) suggest the lower LH rock is affected by the MCT and later 

reactivation of brittle faults and not the RMT. In central Nepal, these LH rocks are the Robang 

Formation, which consists predominantly of phyllite, white quartzite with garnetiferous schist, 

Paleoproterozoic gneiss, and occasionally kyanite bearing gneiss close to the MCT.  

  We study three areas in central Nepal, Malekhu, Galchhi, and Kodari-Tatopani (Fig. 2), 

to clarify the tectonic relationship between GH and LH rocks. At Galchhi and Malekhu, GH 
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rocks are in the Kathmandu klippe (Kk) and at Kodari-Tatopani, GH rocks are north of the MCT. 

We combine field mapping, structural analyses, and U-Pb dating of detrital and igneous zircons 

in the LH rock at Malekhu and Galchhi to determine the depositional and crystallization ages of 

the rock units. We used U-Pb dating of igneous and detrital zircons and Nd isotopic analyses 

from Kodari-Tatopani to investigate rocks defined as GH in previous studies (Stöcklin & 

Bhattarai 1980; Shrestha et al. 1986). Finally, we develop a tectonic model. 

2.3 Geology 

The Himalayan thrust belt is located south of the Indus suture zone (Fig. 1), which 

delineates the Asian plate to the north from the Indian plate to the south, and is north of the Indo-

Gangetic plain. The coupled Himalayan-Tibetan orogenic system originated when the Tethys 

ocean subducted northward beneath the Asian plate, and India and Asia collided at ~ 55 Ma (e.g., 

Powell & Conaghan 1973; Coward & Butler 1985; Rowley 1996; Copley et al. 2010; Bouilhol et 

al. 2013). Subsequently, India and Asia continued converging at a rate of about ~4 cm/year 

(Patriat & Achache 1984) and a south vergent thrust system imbricated the upper crust of the 

Indian plate (Powell & Conaghan 1973; Le Fort et al. 1975).  

From 55-26 Ma (Ratschbacher et al. 1994), the Tibetan Himalaya was deformed. During 

Late Oligocene time, the deformation shifted toward the southern part of the Himalayan thrust 

belt, dominantly by in-sequence thrusting, where intra-GH ductile shear zones developed first 

(Kohn et al. 2004, 2005; Carosi et al. 2010; Imayama et al. 2012; Larson et al. 2013; Montomoli 

et al. 2013). The slip then transferred to the MCT in Late Oligocene to Early Miocene time (22-

16 Ma; e.g. Harrison et al. 1992; Hodges et al. 1996; Coleman 1996; Guillot 1999; Kohn et al. 

2004) and propagated towards the foreland producing the RMT and LH duplex system (e.g. 

DeCelles et al. 2001; Robinson et al. 2006; Robinson 2008). Finally the Main Frontal thrust 
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activated at ca. 2 Ma (van der Beek et al. 2006) and is still active today (Lavé & Avouac 2000). 

A foreland basin system developed south of the thrust belt as a flexural response to crustal 

thickening (Lyon-Caen & Molnar 1985). All thrusts connect to the décollement, the Main 

Himalayan thrust, which is a subhorizontal shear zone above the Indian basement (Zhao et al. 

1993) at 5-6 km beneath the Subhimalaya across central Nepal (Avouac 2003) and ~35-40 km in 

south Tibet (Zhao et al. 1993; Brown et al. 1996; Nelson et al. 1996; Schulte-Pelkum et al. 2005; 

Nabelek et al. 2009). 

 

Figure 2.2. Simplified geological map of the central Nepal Himalaya with three locations 
indicated by black boxes: Malekhu, Galchhi and Kodari-Tatopani from west to east (modified 
from Stöcklin 1980, Gehrels et al. 2006, Webb et al. 2011). Cities are shown by black stars. 
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Four fault-bounded lithotectonic zones are present along the 2,400 km strike of the 

Himalayan orogen (e.g. Gansser 1964; Le Fort 1975). From south to north, these are the 

Subhimalaya (SH); Lesser Himalaya (LH), Greater Himalaya (GH), and Tibetan Himalaya (TH) 

(Fig. 1). The SH and TH were not studied in this work and are only briefly described. The SH 

rocks are synorogenic sediments shed from the growing thrust belt and deposited in a foreland 

basin during Middle Miocene to Pliocene time (e.g. Gautam & Rösler 1999; Ojha et al. 2000, 

2008). This coarsening upward succession of fluvial siltstone, sandstone and conglomerate have 

been named as lower, middle and upper units, and are known as the Siwalik Group (Tokuoka et 

al. 1986; Harrison et al. 1993). The TH consists of Cambrian to Eocene sedimentary rocks 

deposited on the northern Greater Indian passive margin (Garzanti 1999), and were later 

incorporated into the Tibetan thrust belt during Eocene-Oligocene (Ratschbacher et al. 1994; 

Godin 2003; Dunkl et al. 2011). 

2.3.1. Lesser Himalaya 

North of the SH, the LH consists of unmetamorphosed to amphibolite grade metamorphic 

rock of Palaeoproterozoic-Mesoproterozoic age in central Nepal (e.g DeCelles et al. 2000; 

Martin et al. 2011). At some places in west-central Nepal, the overlying Gondwana sequence and 

Tertiary units, the Bhainskati and Dumri Formations, have been preserved (Sakai 1983) (Fig. 3). 

The Gondwana sequence is composed of diamictite, mudstone, basalt flows, shale and limestone. 

The Bhainskati Formation is marine black shale with fossiliferous limestone. The Dumri 

Formation consists of sandstone and siltstone deposited in the foreland basin between 16-21(?) 

Ma (DeCelles et al. 1998) and later incorporated into the thrust belt (DeCelles et al. 2001). 

However, the Gondwana sequence and Tertiary units do not crop out in our research area, and 

are only described to provide the regional context. Proterozoic LH rocks occur at Malekhu, 



 

13 
 

Galchhi, and Kodari-Tatopani. We used the stratigraphic nomenclature of Stöcklin (1980) and 

Sakai (1983) (Fig 3). The Palaeo-Mesoproterozoic LH rocks are devoid of fossils and 

consequently are difficult to date biostratigraphically and correlate regionally. Studies employing 

detrital and igneous U-Pb ages in LH rocks help to assign depositional ages, analyse potential 

sediment sources of the LH basin(s) and facilitate regional correlations along strike (Parrish & 

Hodges 1996; DeCelles et al. 2000, 2001; Gehrels et al. 2003, 2006, 2011; Martin et al. 2005, 

2011; Kohn et al. 2010). The oldest units of the LH consist of Kunchha, Robang, and Fagfog 

Formations. The Kunchha Formation is ~ 3.2 km thick (Upreti 1999) with greenish-gray gritty 

phyllite, metasandstone and micaceous quartzite. Protoliths of Palaeoproterozoic gneiss and 

amphibolite intruded the Kunchha Formation at ~1830 Ma (DeCelles et al. 2000; Kohn et al. 

2010). The Kunchha Formation is the basal unit of the LH in central Nepal with a maximum 

possible depositional age of ~ 1900 Ma (Martin et al. 2011). The Robang Formation is ~ 0.5-2 

km thick with sericitic-chloritic, calcareous phyllite and garnetiferous schist and the Dunga 

quartzite intruded by Palaeoproterozoic metabasic rock and augen gneiss. The crystallization age 

of the dioritic and granitic gneiss and the depositional age of the Dunga quartzite within the 

Robang Formation in central Nepal are not known. The Fagfog Formation is a fine- to coarse-

grained white quartzite with ripple marks, cross-stratification, cross laminations and deposited 

after 1770 Ma in central Nepal (Martin et al. 2011) and is correlates with Sangram Formation of 

western Nepal because of lithological resemblance (Upreti 1999, DeCelles et al. 2001).   

The age of the rest of the LH sequence is unknown. However, those units are younger 

than the youngest detrital zircon in the Fagfog Formation, ~ 1770 Ma, and older than 1300 Ma 

(Martin et al., 2011). They are siliciclastic and carbonate rocks with carbonate dominating the 

top of the section, and are divided into five formations based on lithological characteristics 
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(Stöcklin 1980). From oldest to youngest, they are the Dandagaon, Nourpul, Dhading, Benighat, 

and Malekhu Formations. The Dandagaon Formation is dark gray phyllite and quartzitic phyllite 

with subordinate gray slate, contains abundant lenses and nodules of segregated quartz and is 

correlated with Galyang Formation in western Nepal (Upreti 1999, DeCelles et al. 2001). The 

Nourpul Formation contains gray-green phyllite, pink quartzite with cross-laminations and mud 

cracks, milky white- green and gray dolomite interbedded with variable amounts of quartzite. 

The Nourpul Formation correlates with the Syangia Formation of western Nepal, which was 

deposited after 1680 Ma (DeCelles et al. 2001). However, Gehrels et al. (2011) reanalyzed the 

sample and determined a maximum depositional age of 1825 Ma. The Dhading Formation is 

stromatolite bearing thin- to massive-bedded bluish gray-white dolomite (Stöcklin 1980). The 

Benighat Formation is a dark gray slate that weathers easily and produces relatively flat 

topography in the LH. The Malekhu Formation is conformable with the underlying Benighat 

Formation and contains blue-gray dolomitic-siliceous limestone intercalated with medium-

bedded green-gray-brown phyllite. Martin et al. (2011) suggest the carbonate dominated 

Malekhu Formation deposited prior to ca. 1300 Ma interpreted from carbon isotopes and 

correlation with marine carbonate δ13C values. The Dhading, Benighat and Malekhu Formations 

are grouped as the Lakhaparta Group in western Nepal (Shrestha et al. 1987).  

2.3.2. Greater Himalaya 

The GH is a continuous belt of medium- to high-grade metasedimentary and metaigneous 

rock of Neoproterozoic to Ordovician age (Le Fort et al. 1986, Parrish & Hodges 1996) that 

consists of garnetiferous schist, kyanite bearing banded gneiss, carbonate, augen orthogneiss 

quartzite, and migmatite. Most of the exposed GH is located north of the LH rocks in the 

hanging wall of the MCT. GH rock is cross-cut by ~ 15-25 Ma leucogranite (Hodges et al. 1996, 
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Visona et al. 2012). However, Inger & Harris (1992) suggest Miocene ages (~ 15-20 Ma) as the 

time of anatectic melting of the GH rocks due to MCT slip at depth in the central Himalaya. 

Although GH rocks have a complex deformational history (e.g. Larson & Godin 2009), the rock 

succession displays three main units in central Nepal termed Unit I, II and III (Le Fort 1975; 

Searle & Godin 2003). Unit I is at the base of the GH and is in fault contact with the 

Palaeoproterozoic LH rock along the MCT. Mukherjee and Koyi (2010a) however described two 

main lithologies from GHC from Sutlej section, western Indian Himalaya. Here, we studied only 

Unit I because of availability of outcrop and political boundary at Kodari-Tatopani (Fig. 2).  

The GH rock is also present in the Kathmandu klippe (Kk) overlying LH rock along the 

locally named Mahabharat thrust (Stöcklin 1980). The basal crystalline rock units are the 

Bhimphedi Group, which is overlain by the Phulchauki Group (Stöcklin 1980). The Kk consists 

primarily of a right-way-up sequence (Stöcklin 1980) of regionally metamorphosed rocks with a 

gradual decrease in metamorphic grade from kyanite gneiss at the base (Johnson et al. 2001) to 

barely metamorphosed, fossiliferous rocks on top of the Kk (Stöcklin 1980; Gehrels et al. 2006) 

(Fig. 2). Johnson et al. (2001) suggest that the Mahabharat thrust is the MCT that cuts up the GH 

stratigraphic section toward the south. Thus, even though GH in the north and south were once 

continuous, only the less metamorphosed rocks are exposed south to the Kk. The Kk rock has a 

metamorphic grade lower than the uppermost amphibolite facies GH rock north of the MCT and 

both locations have similar Nd isotopic signatures (Parrish & Hodges 1996; Pearson 2002), 

crystallization ages of granite and U-Pb detrital zircon age populations (Le Fort et al. 1986; 

Gehrels et al. 2003, 2006). At Malekhu and Galchhi, the GH Bhimphedi Group (Stöcklin 1980) 

is ~ 8 km of garnet-biotite schist and gneiss, quartzite, and marble with abundant Palaeozoic 

granitic intrusions (Fig. 2) (Gehrels et al. 2006; Cawood et al. 2007) and Miocene pegmatite and 
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migmatite (Johnson et al. 2001). In some places, the base of the Bhimphedi Group has kyanite 

gneiss limited to ~ 100 m thick. The Phulchauki Group is unmetamorphosed to weakly 

metamorphosed carbonate rock, argillite, and quartz arenite that are partly fossiliferous and 

correlated with the TH rock to the north based on bio-and chronostratigraphy (Stöcklin 1980; 

Upreti et al. 1999). North of the MCT, the contact between the TH and the GH is usually 

reported as normal fault; however, the contact in the Kk is an unconformity (Gehrels et al. 2006).  

 

 

Figure 2.3.  Stratigraphy, lithological descriptions and age of the Lesser Himalaya in central 
Himalaya. Age of the rocks are from * this study, † Martin et al. (2011), ‡ DeCelles et al. 
(2001). 

2.4. Structural Geology 

2.4.1. Main Central Thrust (MCT)  

The MCT is a ductile top-to-the-south sense ductile shear zone that translated GH over 

LH rocks. Although the thrust is the most extensively studied structure in the Himalaya and is a 

central component for tectonic reconstructions (e.g. see reviews by Yin 2006; Mukherjee & Koyi 
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2010a,b), the characteristics and location of the thrust are still debated. Over the past 50 years, 

scientists have used different techniques to define and characterize the thrust (summary in Corrie 

& Kohn 2011; Mukherjee 2013b); however, any single method cannot locate the thrust. In this 

paper, we define the MCT as a discrete ductile fault that separates the GH from LH rock (e.g. 

Heim & Gansser 1939). However, the lack of macroscopic metamorphic breaks between the GH 

and LH section makes the MCT difficult to pinpoint from field observations only. Concepts of 

two genetically related thrusts named the MCT I and MCT II (Arita 1983; Paudel & Arita 2000), 

MCT lower and MCT upper (Godin et al. 2006) with diachronic tectonic activity, a broad shear 

zone with mixing of GH and LH rocks (Macfarlane et al. 1992), and a diffuse shear zone (Searle 

et al. 2008) are explanations for the MCT in central Nepal. We integrate our field observations 

with U-Pb ages of igneous and detrital zircons, εNd isotope signatures, petrography and 

microstructures to locate the MCT and to discriminate it from the intra-LH RMT. 

2.4.2. Ramgarh-Munsiari thrust (RMT) 

The RMT is a major thrust sheet traceable along-strike from northwestern India to 

Bhutan and accommodates at least 100 km of upper crustal shortening during the Himalayan 

orogeny (Robinson & Pearson 2013). The fault places Palaeoproterozoic LH rock on top of the 

other LH rock (Pearson 2002; Khanal & Robinson 2013). The RMT sheet is thrust sheet of 

Robang Formation located between the RMT and the MCT, is ~ 0.25 km thick at Malekhu, ~ 0.5 

km at Galchhi, and ~ 2.5 km at Kodari-Tatopani, and places the Robang Formation over the 

younger Malekhu Formation. Rocks in the RMT sheet are greenish gray phyllite, metabasic rock 

and white quartzite with slickenlines at Malekhu, gray phyllite with white quartzite with a shear 

zone containing mylonitic dioritic augen gneiss and metabasic rock at Galchhi, and garnetiferous 
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schist, kyanite bearing gneiss, granitic augen gneiss and Dunga quartzite at Kodari-Tatopani. The 

RMT exhibits mylonitic and phyllonitic fabrics indicating top-to-the-south sense of shear.  

2.5. Evidence of two thrusts 

At Kodari-Tatopani (Fig. 4), identifying the RMT is challenging because both the 

hanging wall- and the footwall blocks are pervasively deformed, kyanite-garnet grade 

metamorphic rocks. Here, the RMT sheet is 2.5 km thick, has incompetent phyllite sheared 

between competent micaceous quartzite beds (Fig. 5a), and has top-to-the-south sense of shear 

(Fig. 5b). The RMT sheet mainly consists of white quartzite with phyllitic partings (Fig. 5c), 

augen orthogneiss (Fig. 5d), and close to the MCT has garnet-kyanite bearing schist. The RMT 

strikes 300-320, dips 23-41°NE, and carries Robang Formation over the Malekhu Formation. 

Structural fabrics generally parallel the rock fabrics in the hanging wall and footwall. Regional 

and local mapping of the RMT demonstrates that the fault places a hanging wall flat upon a 

footwall flat geometry across the Nepal Himalaya (DeCelles et al. 2001; Robinson et al. 2001; 

Pearson 2002; Pearson & DeCelles 2005; Khanal & Robinson 2013) and thus, is probably 

similar at Kodari-Tatopani. The LH rock in the RMT hanging wall exhibits garnet-kyanite grade 

metamorphism suggesting the thrust sheet was buried deep and grew index minerals. However, 

no systematic pressure-temperature studies exist. Thermometric data acquired using Raman 

Spectroscopy of Carbonaceous Material in the study area suggests LH rock has a peak 

metamorphic temperature of ~ 535°C (Beyssac et al. 2004). Garnets from the RMT sheet range 

from 2-0.8 mm, are euhedral and do not show rotational fabrics. Deformed quartz lenses are 

common and show top-to-the-south shear (Fig. 5b).   
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Figure 2.4. (a) Geological map of Kodari-Tatopani. Figure numbers are labeled in red on the 
map. Strike and dips in gray and poles to the planes in black dots of the LH rocks (left) and GH 
rocks (right) are shown in equal area, lower hemisphere stereonet plot. Red great circle is the 
average representation of regional orientation of the rock sheet.  (b) Schematic cross section 
without vertical exaggeration. 

 At Kodari-Tatopani, the MCT is located by deformation, lithology, isotopic and 

geochemical results. The MCT passes through the confluence of the Bhotekoshi River and 

Liping Khola (Fig. 4a). Rocks along the road are intensely weathered; however, the MCT 
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hanging wall rock crops out well ~200 to 250 m upstream of Liping Khola on the left bank (Fig. 

4). Unlike the RMT, the MCT has partial melts and syntectonic garnets (Fig. 5e). 

Foliations/Schistosity strike 340-350 and dip 30-45°ENE. In the hanging wall of the MCT, GH 

rock is composed of highly fractured quartzite (Fig. 5f), garnetiferous schist and kyanite and 

garnet gneiss (Fig. 5g). GH rock strikes 260-290 and dips 36-56°NNE. Kohn et al. (2004) 

suggest that transition from preserved growth zoning in LH garnets and diffusional modification 

in GH garnets indicates the GH-LH contact, i.e. the MCT, and is consistent with the εNd(0) 

results.  

At Galchhi, Acharya (2008) shows petrographically that the visible intensity of strain 

gradually decreases into the footwall of the MCT (Fig. 2) by focusing on microstructural 

kinematics and dynamic recrystallization of quartz. However, his work does not extend far 

enough northward into the footwall to cross another shear zone that we identify as the RMT, 

which places chlorite grade Robang Formation over the Malekhu Formation (Fig. 6). Pearson 

(2002) shows the RMT at Galchhi along the Trishuli River (Fig. 6). The RMT strikes 065, dips 

68°SE along the Trishuli River and lies ~ 0.6 km in the footwall of the MCT along the Galchhi-

Trishuli road (Fig. 6). The RMT sheet contains chloritic phyllite/schist and white quartzite beds 

that are thrust over siliceous and dolomitic limestone of the Malekhu Formation. The phyllite 

contains abundant segregated quartz augen, lenses and veins, and a phyllonitic texture. 

Approximately 5 km NW of Galchhi, the RMT places mylonitized dioritic gneiss (Fig. 7a) of the 

Robang Formation on top of the Malekhu Formation. The shear zone strikes 110, dips 62°SW. 

and shows top-to-the-south sense of shear. The mylonitic texture of the RMT consists of 

microscopic imbricate faults in porphyroblastic grains where the sense of shear on the 

microfaults towards NE, opposite to that of the shear zone (Fig. 7b). The Malekhu 
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Figure 2.5. Geology of Kodari-Tatopani, location of photographs is shown in Figure 4: (a) RMT 
shear zone with incompetent bed deformed between competent bed, hammer for scale in the 
middle of the picture. (b) A top-to-the-south sense of shear indicator on hanging wall of the 
RMT with garnet bearing schist. (c) Palaeoproterozoic white Dunga quartzite with phyllite 
laminations in the hanging wall of the RMT, person for scale, beds dipping towards NE. (d) 
Palaeoproterozoic granitic augen gneiss with pen tip for scale, photo taken across the foliation. 
(e) MCT with partial melts and syntectonic garnet, 15 cm pen for scale, photo view towards 
North. (f) Highly fractured quartzite and kyanite garnet schist on the hanging wall of the MCT. 
with two power poles on top left for scale; the black lines shows the trace of foliation and arrow 
shows fractured quatzite. (g) Thin section photomicrograph of a sample from the rocks shown in 
Figure 5f (Grt=garnet, Qtz = quartz, Ky=kyanite, Ms= muscovite, Bt=biotite). 
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Formation is fractured and eroded, which manifests in the field as ~ 15 m of horizontal 

topography followed by a cliff of limestone that belongs to upper LH. The middle of the RMT 

sheet contains relatively undeformed ~ 60 m mafic sill intruded into the Dunga quartzite with 

chloritic phyllite of the Robang Formation and the intensity of deformation increases again as we 

approach towards the MCT. U-Pb analyses of igneous zircons from the mylonitized dioritic 

gneiss and the Dunga quartzite are discussed later in the Geochronology and Geochemistry 

section. 

 

Figure 2.6. (a) Geological map of Galchhi. Figure numbers are labeled in red on the map. LH 
strikes and dips and GH foliations and poles to the planes are shown in an equal area, lower 
hemisphere stereonet plot. Red great circle is the average representation of regional orientation 
of the rock sheet. Map key is the same as in Figure 4. (b) Schematic cross section without 
vertical exaggeration.  



 

23 
 

At Galchhi, the MCT is a ~ 100 m thick mylonitic zone with Kk rock in the hanging wall 

and LH rock in the footwall (Fig. 6). The visible strain intensity of the MCT, which consists of 

partial melts, quartz ribbons (Fig 7c) and garnets (Fig. 7d), gradually decreases towards the Kk. 

Garnetiferous schist (Fig. 7e) in the hanging wall of the MCT is in thrust contact with the 

chlorite-garnet grade quartzite and phyllite of the Robang Formation. The mylonitic foliation 

(primary shear C-plane) of the MCT strikes 055-070 and dips 68-85°SE. Acharya (2008), based 

on detail petrography, suggests deformation increases towards the MCT that consists of rolling 

garnets, deformed quartz veins and gradually decreases away from the MCT in the hanging wall 

as well as in the footwall. GH rock is kyanite grade close to the MCT and the metamorphic grade 

gradually decreases to chlorite grade ~ 8 km South structurally upward (Johnson et al. 2001; 

Acharya 2008). 

At Malekhu, the RMT places the Robang Formation on top of the Malekhu Formation 

(Fig. 8). The RMT sheet contains ~ 400 m of phyllite with ~ 60 m of white quartzite intercalated 

with thin layer of green phyllite at the base of the section and ~ 20 m of metabasic rock intruded 

near the top. Dunga quartzite beds are also found near the top intercalated with phyllite. The 

mylonitic fabrics of the RMT strike 010 and dip 73ºW. Hanging wall rocks strike 102 and dip 

62-72ºSW. Footwall rocks strike 98 and dip 78-82ºSW. Bedding planes, compositional layering 

and foliation planes in the hanging wall and footwall are parallel implying that the RMT carries a 

hanging wall flat that is emplaced over a footwall flat. The structural relationship and relatively 

thick (1-3 m) greenish phyllite within the Malekhu Formation and chloritic phyllite near the base 

of the Robang Formation renders identifying the RMT in the field difficult. The trace of the 

RMT is not exposed; thus, the thrust is between the exposures of the Robang and Malekhu 

Formations (Pearson & DeCelles 2005). 



 

24 
 

 

Figure 2.7. Geology of Galchhi, location of photographs is shown in Figure 6: (a) RMT with 
sheared Palaeoproterozoic dioritic augen gneiss on the hanging wall showing top-to-the-south 
shear sense indicators, 30 cm hammer for scale. (b) Thin section photomicrograph from a sample 
from the RMT showing mylonitic texture with a feldspathic porphyroblast showing imbricated 
faults (shown by black lines). The space between faults is filled with microcrystallized quartz. (c) 
The hanging wall of the MCT with partial melting and deformed quartz lenses in a garnetiferous 
schist, 15 cm pencil for scale. (d) Close up view of the garnetiferous schist from the MCT, 2 cm 
coin for scale. (e) Thin section photomicrograph showing an ~1 cm garnet  and deformed quartz 
lens from the outcrop shown in Figure 7c (Grt=garnet, Qtz = quartz, Ms= muscovite, Bt=biotite). 
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Acharya (2008) suggest that the quartzite in the RMT sheet is strain free based on 

microstructural and dynamic recrystallization of quartz grains. However, the Dunga quartzite of 

the Robang Formation ~ 300 m NE from his study area shows well developed slickensides that 

plunge 040-045º toward 230-235 (Fig. 9a) with brecciated Malekhu Formation in the footwall 

(Fig. 9b). Pearson (2002) shows the Dunga quartzite is dynamically recrystallized from the 

Malekhu area. In addition, there are 10-15 cm intrusions of basic rock at the base of the RMT 

sheet that exhibit mylonitic fabrics with rotated porphyroblast and micafish (Fig. 9c) near the 

contact with the Malekhu Formation (Fig. 8). We collected one sample from the Dunga quartzite 

to determine the depositional age of the Robang Formation (Fig. 8), and the results are shown in 

the Geochronology and Geochemistry section. 

At Malekhu, the MCT is a ~ 150 m thick mylonitic zone with garnetiferous schist of the 

Kk rock in the hanging wall against quartzite and phyllite of the Robang Formation in the 

footwall. Hanging wall and footwall rocks have sub-parallel mylonitic foliations that strike 170 

and dip 72ºW with an average stretching lineation of ~ 50º towards 226. Microstructural studies 

of the MCT mylonitic zone show mica micro-domains, quartz micro-ribbons and synkinematic 

garnet (Acharya 2008). The intensity of strain gradually weakens away from the mylonitic zone 

in the hanging wall and footwall as depicted from the microstructures (Acharya 2008). The MCT 

hanging wall (GH) rock contains coarsely crystalline garnetiferous biotite schist (Fig. 9d). 

Johnson et al. (2001) suggest biotite-grade metamorphism on the hanging wall rock and the 

MCT separates the greenschist facies Robang Formation in the footwall (Fig. 8). 
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Figure 2.8. (a) Geological map of Malekhu. Figure numbers are labeled in red on the map. LH 
strikes and dips and GH foliations and poles to the planes are shown in equal area, lower 
hemisphere stereonet plots. Red great circle is the average representation of regional orientation 
of the rock sheet. Black great circles are from the overturned beds and are neither rotated nor 
used to determine average orientation. Map key is the same as in Figure 4. (b) Schematic cross 
section without vertical exaggeration. 
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Figure 2.9. Geology of Malekhu, location of photographs is shown in Figure 8. (a) Slickenlines 
in the Dunga quartzite in the Robang Formation on the hanging wall of the RMT, 15 cm pen for 
scale. (b) Brecciated Malekhu Formation limestone as a result of motion on the RMT, 30 cm 
hammer for scale. (c) Photomicrograph of a sheared metabasic rock with rotated porphyroblast 
and mica fish (ten Grotenhuis et al., 2003; Mukherjee, 2011) in the Robang Formation in the 
hanging wall of the RMT with top-to-the-south sense of motion. In this location, the RMT is 
folded and dips south as indicated in the thin section. (d) Garnetiferous mica schist in the 
hanging wall of the MCT, 30 cm hammer for scale.  
 

2.6. Geochronology and Geochemistry 

2.6.1. U-Pb analysis 

Detrital zircon geochronology is a powerful tool for determining the provenance and 

maximum depositional age of clastic strata, particularly when primary depositional information 

has been erased by subsequent metamorphism (Gehrels et al. 2003, 2006, 2008). Detrital zircon 

age populations reflect the age of the protolith (Fedo et al. 2003), which allows determination of 

the provenance of a sedimentary basin and maximum age for depostion. The U-Th-Pb system for 

igneous zircons provides crystallization ages of plutonic and volcanic rocks, and permits 
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correlation of igneous bodies with similar crystallization ages at the regional scale (Compston et 

al. 1992; Gehrels et al. 2008).   

We collected four 1-2 kg rock samples from the hanging wall of the RMT at Kodari-

Tatopani, Galchhi, and Maleku (see Figs. 4, 6 and 8; latitudes and longitude in Table 1). TPN 

and GLN are augen orthogneiss samples from Kodari-Tatopani and Galchhi, respectively (see 

stars on Figs. 4 and 6). TPQ and DQ are white quartzite samples from Kodari-Tatopani and 

Malekhu, respectively (see stars on Figs. 4 and 8). We separated zircons from each sample at the 

Department of Geological Sciences, University of Alabama, following the standard practices of 

jaw crushing, milling, water table, frantz and density separation using methylene iodide (Gehrels 

et al. 2008). We poured all 500-1000 detrital zircon grains obtained after the density separation 

into a 1 inch epoxy mount together with about 10 chips of Sri Lanka standard zircons. Igneous 

zircons were handpicked to include clear euhedral zircon, euhedral zircons with subhedral-round 

inherited cores and zircons with rims. Details of the sample preparation, analytical techniques 

and data reduction techniques are discussed in Gehrels et al. (2008). We hand polished 

approximately halfway into the mounted zircons and acquired cathodoluminescene (CL) images 

in the Central Analytical Facility, University of Alabama. The analyses involve ablation of 

zircon with a Photon Machines Analyte G2 excimer laser using a spot diameter of 30µm for the 

detrital zircons, and inherited detrital core and magmatic rim of igneous zircons (Fig. 10). The 

depth of the ablated pit is roughly half of the diameter of the laser beam used. The ablated 

material is carried in helium into the plasma source of a Nu HR ICPMS, which is equipped with 

a flight tube of sufficient width that U, Th, and Pb isotopes are measured simultaneously. The 

CL images guided the placement of the laser spot in each zircon to avoid inclusions, cracks and 

multiple growth zones in single zircon.  
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Table 2.1.  Sample locations and description of rock units 
 

 

 

 

 

 

 

Following Gehrels et al. (2008), we removed from further consideration analyses with: 

(1) high 204Pb, (2) low 206Pb/204Pb ratio, (3) greater than 5% error on the 206Pb/207Pb ratio, (4) 

greater than 10% error on the 206Pb/238U date, (5) greater than 25% normal discordance or 5% 

reverse discordance. We used 206Pb/207Pb dates usually for grains > 1.0 Ga and 206Pb/238U <1.0 

Ga. We assigned maximum depositional age of the rock based on youngest graphical age peak 

on an age probability plot generated by Isoplot (Ludwig, 2008) which is contributed from 

multiple U-Pb grain ages. All zircon U-Pb analytical results are reported with 2σ uncertainity. 

2.6.2. U-Pb results 

 Sample TPN is a augen-orthogneiss at Kodari-Tatopani (Fig. 5d) intruded as a sill 

subparallel to white quartzite, originally defined as GH gneiss (Stöcklin & Bhattarai 1980).  

Zircons from sample the TPN are generally prismatic with a few containing rounded to 

subrounded inherited detrital cores (Fig. 10). We obtained 26 usable results from the 26 analyses, 

which yielded a slightly discordant Concordia plot indicating lead loss (Fig. 11a). The zircon 

grains contain low to moderate U concentration (~250-1350 ppm) with one spot analysis 

indicating ~2600 ppm. The grains have low U/Th ratios that range from 1to 6, with one inherited 

zircon core U/Th ratio at 11. U-Pb zircon data from the oscillatory zoned region indicate a 

Sample °N(dd.ddddd) °E(dd.ddddd) Rock Unit Description 

PQ 27.95008 85.95201 Robang Fm Dunga quartzite 

TPN 27.94648 85.95064 Robang Fm Augen orthogneiss  

GLN 27.80968 84.99204 Robang Fm Augen dioritic orthogneiss 

DQ 27.80285 84.83834 Robang Fm Dunga quartzite 
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1749.3±4.4 Ma crystallization age (Fig. 11b) calculated using the weighted average from 23 

analyses. Three analyses of inherited cores were off the mean and range from ~1850-1890 Ma. 

These ages are excluded from the weighted mean.  

 

 

 

 

 

 

Figure 2.10. Cathodoluminescence (CL) images of zircons from Palaeoproterozoic gneiss 
sample (TPN) from the Kodari-Tatopani area. High resolution CL images were collected after 
LA-ICPMS analyses were performed. Each laser pit is 30µm. (a) Zircon with ~ 1852 Ma 
inherited core and ~ 1756 oscillatory zoned magmatic overgrowth.  (b) Igneous zircons with ~ 
1752 Ma core and ~ 1751 Ma oscillatory zoned rim. 
 

Sample GLN is a mylonitized dioritic augen gneiss (Figs. 7a and 7b) from the Robang 

Formation at Galchhi, originally defined as the youngest LH rock (Stöcklin 1980). We obtained 

35 usable results from 35 spot analyses in 28 grains, yielding a slightly discordant Concordia plot 

(Fig. 11c). The zircon grains contain low to moderate U concentrations, ~200-2000 ppm, with 3 

analyses from 2500-4500 ppm. All the analyses have low to moderate U/Th ratio that range 

from1to11. U-Pb zircon data from the oscillatory zoned zircons from 29 analyses indicate a 

weighted average crystallization age of 1750.4 ± 2.4 Ma (Fig. 11d). Six analyses ranging in age 

from 1810-1865 Ma are from the inherited zircon cores identified from CL images, and 

therefore, are excluded from the weighted mean.  



 

31 
 

 

Figure 2.11. (a) U/Pb Concordia diagrams of zircon analyses from sample TPN. (b) Weighted 
average crystallization age of the sample. (c) U/Pb Concordia diagrams of zircon analyses from 
sample GLN. (d) Weighted average crystallization age of the sample GLN. Errors shown are at 
2σ, MSWD-mean square of weighted deviates. 
 

Sample TPQ is white Dunga quartzite from Kodari-Tatopani, originally defined as GH. 

We obtained 93 usable dates from 100 grains analysed bracketed by 29 standards. These data fall 

on the Concordia line with a few exceptions (Fig. 12a). The majority of the grains analysed are 

between ~ 1800 to ~ 2000 Ma with major peak at 1881 Ma and a few scattered ages between 

2050-2350 Ma, followed by two distinct populations with age peaks at ~ 2350 Ma and ~ 2500 

Ma (Fig. 12b). Nine grains are older than ~ 2500 Ma without any distinct age pattern with one 

grain as old as ~ 3300 Ma. Seven grains form the youngest detrital zircon peak age at ~ 1838 Ma 

so we assign maximum depositional age of 1838 Ma for the sample TPQ. 
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Sample DQ is a white Dunga quartzite from Malekhu (Fig. 8), originally defined as the 

youngest LH rock (Stöcklin 1980). We obtained 79 usable results from 100 grain analysed. 

Concordia plot from the data is shown (Fig. 12c). The majority of the data range between ~ 1800 

to ~ 2000 Ma with a major peak at 1871 Ma (Fig. 12d). There are a few scattered ages between 

2000-2125 Ma followed by three distinct populations with peak ages at ~ 2185 Ma, ~ 2350 Ma, 

and ~ 2540 Ma. Five grains are older than ~ 2600 Ma without any distinct age pattern on the age 

spectra (Fig. 12d) with the oldest grain dating at ~ 3400 Ma. The smaller young age peak at 1808 

Ma was defined by only two grains so we do not attach depositional age significance to it 

(Geherels et al. 2008). Eighteen grains form the most prominent age peak at 1871 Ma which we 

assign as the maximum possible depositional age for sample DQ. 

2.6.3. Sm and Nd analyses 

Sm-Nd isotopic systematics are unaffected by crustal events, and model ages provide the 

age of the source material since its extraction from the mantle (McCulloch & Wasserburg 1978). 

If the εNd(0) value is more negative; the sedimentary protolith is more evolved and if the value 

is less negative; the sedimentary protolith is less evolved. Contrasting Nd isotopic signatures 

from two sedimentary sequences indicated different and distinct source regions. GH rock has an 

average εNd(0) value of -16 while LH rock has an average value of -23, suggesting the sediment 

source for the GH is not the same as LH (Ahmed et al. 2000; Robinson et al. 2001; Martin et al. 

2005; Richards et al. 2005; Imayama & Arita 2008). This difference in the εNd(0) values has 

been successfully applied to determine the location of GH–LH contact, and thus, locating the 

MCT (Martin et al. 2005; Richards et al. 2005, 2006; Imayama & Arita 2008). 
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Figure 2.12. (a) Pb/U Concordia diagram for detrital zircon analysis from Sample TPQ. (b) 
Relative probability plots and histogram for detrital zircon ages from sample TPQ. (c) Pb/U 
Concordia diagram for detrital zircon analysis from sample DQ. (d) Relative probability plots 
and histogram for detrital zircon ages from sample TPQ. 

Eight pelitic rock samples were analysed for whole rock Nd isotopes from Kodari- 

Tatopani (Table 2). Rock samples were powdered in a ring and puck mill. About 300 mg of rock 

was digested for one week in ~ 10:1 HF: HNO3 mixtures in steel jacketed 

Polytetrafluoroethylene (PTFE) bombs in a standard convection oven at 160 °C. The samples 

produced clear solution following bomb dissolution and conversion from fluorides to chlorides. 

Samples were spiked with mixed 149Sm-150Nd tracer and Sm-Nd was isolated using established 

ion-chromatographic techniques (Patchett & Ruiz 1987; Vervoort & Patchett 1996). Sm-Nd 

separation for samples BKS-9 and BKS-10 followed the procedure in Stowell & Goldberg 

(1997), and were analysed on the VG Sector 54 mass spectrometer at the University of North 

Carolina. The other isotopic analyses were performed at Washington State University using a 

ThermoFinnigan multi-collector –inductively coupled plasma mass spectrometer (MC-ICPMS). 
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Elemental concentrations of Sm-Nd as well as parent/daughter ratios (147Sm/144Nd) were 

determined by isotope dilution using the same solution as the isotope composition measurement 

following the approach of Boelrijk (1968). Total uncertainty is estimated to be better than 

0.003% for 143Nd/144Nd and 0.5% for 147Sm/144Nd (Vervoort et al. 2004). Epsilon Nd values for 

the eight samples do not show evidence for partial melting so we assume that the Nd isotopic 

characteristics represent sedimentary protolith. 

2.6.4. Sm-Nd results  

The range of εNd(0) values shows significant variation from -12.91 to -24.86 (Fig. 4). 

We divide the values into two groups. One group containing εNd(0) values from -13 to -18, 

similar to the average value of -16 identified in GH rocks (Robinson et al. 2001), and another 

group from ~ -24 to -25, similar to the average value of -23 identified in LH rocks (Robinson et 

al. 2001).  

2.7. Interpretation and Discussion 

Parrish & Hodges (1996) recognize an important distinction between LH and GH rocks 

using U-Pb and εNd(0) values. LH rocks have ˃1800 Ma zircons and more negative εNd(0) 

values and GH rocks have 800-1000 Ma young zircon peak age and less negative εNd(0) values. 

Carosi et al. (2006) suggest zircon as old as 2400 Ma from the Bhutan GH. The detrital zircon 

samples from the RMT sheet have zircons older than ~ 1838 Ma (TPQ, DQ) and εNd(0) values 

from -23 to -25 (BKS9, BKS10). Thus, these samples are Palaeoproterozoic LH rock. The 

interpretation that TPQ and DQ are LH rocks is supported by ~ 1750 Ma crystallization age of 

TPN and GLN, orthogneiss samples from the Robang Formation at Kodari-Tatopani and 

Galchhi, respectively. These data suggest that 1850-1890 Ma Palaeoproterozoic rock melted to 

form the ~ 1750 Ma augen orthogneiss. These rocks are not GH as originally interpreted by 
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Stocklin (1980). εNd(0) values from -12 to -18 (BKS2a, BKS2b, BKS3, BKS4, BKS22, BKS23) 

from the Kodari-Tatopani area are less negative. Thus, rock in the hanging wall of the MCT is 

GH.  

The oldest LH unit, the Kuncha Formation has a maximum depositional age of ~1900-

1850 Ma (DeCelles et al. 2000; Kohn et al. 2010; Martin et al. 2011) and may have filled those 

rifts (e.g. Sakai et al. 2013). This may explain why the Kuncha Formation isolates only in the 

central Nepal. However, the Robang Formation has a youngest age of 1838 Ma, similar to the 

age of the Kuncha Formation. Khanal & Robinson (2013) solve this similar age problem by 

restoring the Robang Formation to be the most distal relative to Greater India with the time 

equivalent Kuncha Formation as the more proximal unit. Kohn et al. (2010) argue that these 

rocks have a volcanogenic origin from an arc developed on or accreted onto the northern margin 

of India at 1870-1770 Ma. The Proterozoic LH yields zircons older than 1680 Ma (DeCelles et 

al., 2001). In Northwest India, the outer LH yields Neoproterozoic to Cambrian zircons (Myrow 

et al. 2003; Mandal et al. 2014). However, the outer LH is absent in the Nepal Himalaya 

(Robinson et al., 2006). We are therefore confident that the age assignments from this research 

are for the lower LH rock. The rocks appear to derive either from cratonic India or from an arc 

just off the Indian margin. The depositional environment of the remaining Palaeo- and 

Mesoproterozoic rock is a passive margin setting; however, these rocks have not been thoroughly 

investigated. 
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Table 2.2.  Sample description, location and results of Nd isotopic analyses 

 

Sample 

ID 

Lithology °N 

(dd.dddd) 

°E 

(dd.dddd) 

Sm 

(ppm) 

Nd 

(ppm) 

143Nd/144Nd Standard 

error (2σ) 

εNd  (0) 

BKS-2A Garnetiferous schist  27.97296 85.963013 7.8417 40.9026 0.511674 
 

0.000009 -18.65±0.12 
 

BKS-2B Psammitic and pelitic 
garnetiferous schist with 
kyanite 

27.97081 85.960760 7.0621 36.2985 0.511889 
 

0.00001 -14.46±0.12 
 

BKS-3 Garnet-kyanite gneiss 
with crenulation cleavage 
and quartz lenses 

27.97061 85.96030 10.0598 53.0707 0.511703 
 

0.000009 -18.08±0.10 
 

BKS-4 Garnetiferous schist with 
crenulation cleavage 

27.96991 85.95962 9.2288 49.1331 0.511701 
 

0.00001 -18.12±0.12 
 

BKS-23 Kyanite-garnet gneiss 
with quartz lenses and 
crenulation cleavage 

27.96948 85.95935 7.7469 38.2112 0.511968 
 

0.000009 -12.91±0.13 

BKS-22 Micaceous quartzite with 
a few garnets 

27.96865 85.95858 4.6708 23.2022 0.511902 
 

0.00001 -14.21±0.17 
 

BKS-10 Garnetiferous schist with 
abundant quartz lenses 

27.96639 85.95781 6.1020 33.6750 0.511429 0.000014 -23.58±0.28 

BKS-9 Garnetiferous schist 27.961754 85.95648 5.8300 31.1170 0.511357 0.000014 -24.86±0.28 
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From the evidence presented herein and from other sources, LH rocks have a different 

provenance than GH rocks. Thus, the GH/LH contact can be a proto-fault lineament, an 

unconformity (Goscombe et al. 2006), a suture (DeCelles et al. 2000; Gehrels et al. 2003) a 

stratigraphic contact (Parrish & Hodges 1996) or a shear zone with hundred km of displacement 

that juxtaposed separate crustal slices. Currently, the boundary is the MCT (Fig. 13). GH rock is 

metamorphosed sedimentary rock with intruding Cambro-Ordovician granites and Miocene 

leucogranites (Le Fort et al. 1986, Parrish & Hodges, 1996, Visona et al. 2012).  According to 

Robinson et al. (2001), GH rock is not cratonic Indian basement because it has an average Nd 

isotopic signature of -16. One of the cratonic bodies in India, the Bundelkhand granite, has 

εNd(0) of -34.0 (Chakrabarti et al. 2007). Thus, when reconstructing the Greater India margin, 

LH rock is extended north of Greater India and GH rock is placed north of the LH rock. Because 

of the lack of hanging wall cutoffs in the Himalaya, the lengths of both the LH and GH rocks are 

unknown (Fig. 13). Van Hinsbergen et al. (2011) suggest 2050 km of convergence in the central 

Himalaya since ~ 55 Ma. If correct, LH rock of the RMT sheet could have originally extended 

far to the north and accommodated much of the convergence. TH and GH rocks have similar 

εNd(0) values (~ -16; Robinson et al. 2001), and similar detrital zircon age populations (Gehrels 

et al. 2011).  Gehrels et al. (2003) suggest that TH rock is the upper less metamorphosed 

carapace of highly metamorphosed GH rock. In northwest India, TH rock is laterally continuous 

to the south with outer LH rock (Myrow et al. 2003). These Neoproterozoic-Cambrian aged 

outer LH rocks may be the TH rock in the Kk. Reconstructions of the Greater Indian margin in 

Nepal place TH over GH and the Proterozoic LH (DeCelles et al. 2001; Robinson et al. 2001, 

2006; Geherls et al. 2003; Khanal & Robinson 2013). In the Kk, the Cambro-Ordovician granites 

are only found in the GH and not in the TH (Stöcklin et al. 1980; Gehrels et al. 2003, 2006). 
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Similarly, Cambro-Ordovician augen orthogneiss is persistent in the upper metamorphic 

sequence of the GH and can be traced almost continuously from eastern to central Nepal over 

several hundred kilometers (Le Fort et al. 1986; Hodges et al. 1996). Cambro-Ordovician 

granites have not been identified from the TH in central Nepal. Recent research in northwest 

India places the South Tibetan Detachment system at the base of Cambro-Ordovician granites 

(Chambers et al. 2009); however, Singh & Kumar (2005) interpret the Cambro-Ordovician 

granites as intruding the GH rock based on its age, mineral assemblage and whole rock 

geochemistry.   

Our field observations, microstructures, geochronology and isotopic data demonstrate the 

presence of the RMT carrying LH rocks in the footwall of the MCT at Galchhi and Malekhu. At 

Kodari-Tatopani, our data indicate that the existing geological map by Stöcklin & Bhattarai 

(1980) misidentified the MCT and location of GH rocks. Our data show that their MCT is the 

RMT and the quartzite augen orthogneiss and garnetiferous schist they identify as GH is actually 

LH. At Kodari-Tatopani, the MCT is ~ 2.5 km northeast of the RMT, and has a mylonitic zone 

that includes increase in strain intensity. The foliations in the hanging wall of the MCT are 

almost parallel to the footwall foliations, which is also the hanging wall of the RMT. This 

relationship makes identification of the MCT and RMT difficult in the field and illustrates the 

importance of supplementing field work with laboratory data.  

Searle et al. (2008) suggest that the MCT should be defined strictly on the strain criteria 

and not on stratigraphic, lithological or geochronological criteria. However, lumping ductile 

shear zones into one large ‘MCT zone’ is problematic as our data indicate two distinct shear 

zones within 500-2500 m. Each shear zone contains rocks with different ages and protoliths and 

the intensity of strain weakens on either side of the shear zone. The ~ 1750 Ma granitic gneiss 
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cannot be GH because GH granites are significantly younger (~ 475-515 Ma) (Le Fort 1975; 

Gehrels et al. 2003, 2006). Although the Palaeoproterozoic LH and GH unit I rocks contain 

quartzite and appear similar in the field, the quartzite rocks differ significantly in age. The 

Palaeoproterozoic lower LH quartzite age ranges from 1900-1770 Ma and the GH quartzite is as 

young as ~ 500 Ma (Martin et al. 2005; 2011). Stöcklin (1980) misidentified the 

Palaeoproterozoic quartzite as the youngest Proterozoic LH unit. However, the ~ 1850 Ma 

quartzite cannot be deposited on top of the > 1300 Ma LH carbonate rock (Martin et al. 2005; 

2011); thus, Stöcklin (1980) did not recognize the RMT because he was unaware of the age of 

the rock units. The inverted metamorphism (Le Fort 1975) in the footwall of the MCT resulted 

from stacking multiple LH thrust sheets, the RMT and LH duplex, which systematically 

decreases the metamorphic grade (Robinson et al. 2003; Kohn et al. 2004,  Martin et al. 2005, 

2010). 

 

Figure 2.13. Schematic cartoon showing the sequential development of the MCT and RMT and 
their structural relationship. The MCT emplaced younger GH rock over Palaeoproterozoic LH 
rock; whereas, the RMT emplaced Palaeoproterozoic LH rock over the Palaeo-Mesoproterozoic 
LH rock. The bold line denotes active faults and the dashed line indicates location of a future 
thrust sheet in the LH duplex. Ages are from this study and Martin et al. (2005, 2011). 
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The channel flow model (Beaumont et al. 2001; Jamieson et al. 2004) predicts the 

Himalayan thrust system evolved with ductile flow in the GH with opposite sense of motion on 

the MCT and South Tibetan Detachment system. In this model, the lower boundary of the 

channel shifted downward through time from the MCT to the RMT (Beaumont et al. 2001). 

However, Mukherjee et al. (2012) shows the GH as a channel flow with distinct boundaries. 

Balanced cross-sections from western and central Nepal shows that the RMT sheet is a discrete, 

regional scale thrust that accommodates over 100 km slip (DeCelles et al. 2001; Pearson 2002; 

Robinson et al. 2006; Khanal & Robinson  2013), and is continuous along strike from eastern 

Bhutan to Himachal, India (Robinson & Pearson 2013). Thus, the lower boundary of the 

proposed channel is not the RMT, and as shown herein, there are two shear zones, the one 

carrying LH rock is the RMT and the one carrying GH rock is the MCT. Kohn et al. (2004) 

calculate a shortening rate of 2.2 ± 0.7 cm/yr for the MCT (~ 15 Ma) and 7 ± 3 cm/yr for the 

RMT (~ 10 Ma) using chemical zoning in monazite and Th-Pb dating of monazite and 40 Ar/39 

Ar. These shortening rates between the RMT and MCT suggest millions of year’s variations in 

strain rates that may have resulted from a difference in mechanical and physical properties of 

two separate thrust sheets exhumed from different depths. In addition, the MCT does not define 

the base of continuing or recent extrusion because there is shallow foreland-style deformation 

affected the front of the Himalaya up to ~ 75 km south of the MCT, including deformation in the 

LH duplex and MBT (Hodges et al. 2004; Bollinger et al. 2004; Robinson & Pearson 2006; 

Herman et al. 2010) and recent movement in the Subhimalayan thrust system revealed from 

palaeo-seismicity (Lavé & Avouac 2000; Sapkota et al. 2012) along the Main Himalayan thrust. 

Isotopic and strain data suggest that intra-GH thrusts activated between 17-28 Ma, 

predating the widely recognized MCT (Kohn et al. 2004; Carosi et al. 2010; Imayama et al. 
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2012; Iaccarino et al. 2013; Montomoli et al. 2013). The MCT activated between 16-22 Ma 

(Hodges et al. 1996; Kohn et al. 2004) and emplaced GH rock over the Palaeoproterozoic LH 

rock (Figs. 13 a & 13b). Slip transferred to the RMT at ~10 Ma in central Nepal (Kohn et al. 

2004) (Fig. 13c). Robinson & Pearson (2013) suggest that the transfer of slip from the MCT to 

the RMT and the development of LH duplex triggered the extension along the South Tibetan 

Detachment system in context of the published structural and geochronologic results, and modify 

the concept of England & Molnar (1993) who envisioned the transfer of slip between MCT and 

MBT as one of the trigger mechanisms of the South Tibetan Detachment system. However, 

Carosi et al. (2013) suggest the timing of the South Tibetan Detachment system in western Nepal 

is 24-25 Ma. It is clear from the published literature that the timing of major faults is diachronous 

along strike (Godin et al. 2006). The RMT emplaced the Palaeoproterozoic LH rock along with -

the passively riding GH and MCT in the hanging wall over the top of other LH rock (Fig. 13c). 

The LH duplex formed by transfer of rock from the footwall of the Main Himalayan thrust to the 

hanging wall into the LH duplex, and southward propagation of the Himalayan thrust belt 

through time (Khanal & Robinson 2013). Figure 13 illustrates the importance of recognizing the 

MCT and RMT as separate shear zones. Grouping the Palaeoproterozoic LH and Precambrian 

GH rocks would completely obliterate the RMT. In fact, the younger ages (~ 1-9 Ma) reported 

from the ‘MCT  zone’ (McFarlane et al. 1992; Arita & Ganzawa 1997; Harrison et al. 1997; 

Wobus et al. 2003; Huntington et al. 2006) are likely from motion on the RMT and LH duplex 

(Bollinger et al. 2004, 2006; Herman et al. 2010; Khanal & Robinson 2013). More work is 

required to constrain the timing of the RMT around the Himalayan arc. 
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2.8. Conclusions 

1. The base of the Greater Himalaya consists of two distinct thrust sheets, the Ramgarh-

Munsiari thrust and the Main Central thrust, which are distinguished by integrating field 

and microstructural observations, Nd isotopic data and U-Pb zircon ages of igneous and 

metasedimentary rocks.  

2. The Ramgarh-Munsiari thrust is always located in the proximal footwall of the Main 

Central thrust and carries Palaeoproterozoic Lesser Himalayan rock thrust over other 

Lesser Himalayan rock along a discrete boundary. The Ramgarh-Munsiari thrust sheet 

contains the Robang Formation phyllite and schist with Dunga quartzite deposited after 

~1850 Ma. This age is also supported by the ~1750 Ma crystallization age of 

granitic/dioritic orthogneiss from the same thrust sheet that may be derived from the 

melting of the Palaeoproterozoic Lesser Himalayan rock. 

3. The metamorphic grade and rock types in the Ramgarh-Munsiari thrust sheet are not 

significantly different than that in the Main Central thrust sheet at Kodari-Tatopani. 

However, the Palaeoproterozoic Lesser Himalayan rock has εNd(0) values from ~ -23 to  

-25 and have older detrital and igneous zircon ages (1750-1850 Ma); whereas, the Greater 

Himalayan rock εNd(0) values from ~ -12 to -18, and have younger detrital zircon as 

young as ~ 499 Ma and igneous zircon ages of 575-515 Ma (Martin et al. 2005; Gehrels 

et al. 2003; 2006). These data indicate that the sedimentary sequences in the two thrust 

sheets are from different source regions. 

4. The Ramgarh-Munsiari thrust is a major structure in central Nepal and is continuous 

along strike from Himachal, India to East Bhutan. The Ramgarh-Munsiari thrust and the 

Main Central thrust are two orogenic scale shear zones/thrusts in central Nepal, and they 
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accommodate a similar amount of crustal shortening. Thus, to have a correct kinematic 

interpretation, models need to separate the Lesser Himalayan rock carried by the 

Ramgarh-Munsiari thrust from the Greater Himalayan rock carried by the Main Central 

thrust.  
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CHAPTER 3: 

EVIDENCE FOR A FAR TRAVELED THRUST SHEET IN THE GREATER 
HIMALAYAN THRUST SYSTEM, AND AN ALTERNATIVE MODEL TO BUILDING 

THE HIMALAYA 

3.1. Abstract 

 The Galchhi shear zone underlies the Kathmandu klippe in central Nepal, and has 

emerged as a key structure for discriminating competing models for the formation of the 

Himalayan orogenic wedge. New chronologic data from the Galchhi area suggest a new 

structural and orogenic interpretation. Zircons from quartzites and an orthogneiss restrict 

protolith deposition to between 467 +7/-10 Ma and ~570 Ma, with metamorphic zircon growth at 

23-29 Ma. Comparable data from the Greater Himalayan Sequence (GHS) at the intra-GHS 

Langtang thrust, north of Galchhi, similarly restrict GHS deposition to between 475 +7/-3 and 

~660 Ma. Undeformed pegmatites near Galchhi constrain movement of the Galchhi shear zone 

to ≥22.5±2.3 Ma, long before slip of the Main Central thrust in the region (≤17 Ma). Shear sense 

indicators in the Galchhi area are ambiguous, with both top-to-the-south and -north shears. The 

old age of movement, Neoproterozoic youngest detrital zircons, occurrence of top-to-the-south 

shear sense indicators, and intrusive Paleozoic granites, all suggest the Galchhi shear zone is an 

intra-GHS top-to-the-south thrust, rather than either a thrust involving Lesser Himalayan rocks, 

or a top-to-the-north shear that juxtaposed Tethyan and GHS rocks during coeval movement of 

the Main Central thrust. The GHS in Nepal was not emplaced as a single body of rock but 

consists of at least two ductile thrust sheets, present in both the hinterland at Langtang and 
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towards the foreland at Galchhi. GHS thrust sheets sequentially underplated during southward 

propagation of the thrust belt. 

3.2. Introduction 

The Himalaya-Tibet orogen is the premier example of an active continent-continent 

collisional belt (Fig. 1), and forms a natural laboratory for testing ideas and validating models 

regarding mountain building. Recent studies hypothesize that interactions of crustal flow in 

response to topographic loading and focused erosion on the mountain front control the tectonic 

evolution of the Himalayan thrust belt [e.g. Beaumont et al., 2001, 2004; Jamieson et al., 2002, 

2004; Grujic et al., 2006; Thiede et al., 2004, 2005]. Alternatively, thrust belt evolution may be 

controlled tectonically by the boundary conditions of a critical wedge [Davis et al., 1983; Dahlen 

and Suppe, 1984]. In the critical wedge model, the Himalayan thrust belt underplates 

progressively younger and lower metamorphic grade thrust sheets, and each thrust sheet is 

kinematically distinct  [e.g. DeCelles et al., 2001; Avouac, 2003; Robinson et al., 2003, 2006; 

Bollinger et al., 2006; Kohn, 2008; Herman et al., 2010]. 

Studies in the central Himalaya have focused on the metamorphic core, elucidating the 

deformation and metamorphic history of the Greater Himalayan Sequence (GHS) [e.g. Inger and 

Harris, 1992; Macfarlane et al., 1993, 1995; Fraser et al., 2000; Catlos et al. 2001; Kohn et al., 

2004; Kohn, 2008]. Recent research in Nepal suggests that shear zones within the GHS were 

active 16-27 Ma [Kohn et al., 2004; Goscombe et al., 2006; Carosi et al., 2007, 2010; Corrie and 

Kohn, 2011; Imayama et al., 2012; Montomoli et al., 2013], prior to slip on the Main Central 

thrust [10-17 Ma; Kohn et al., 2004; Montomoli et al., 2013]. In the central Himalayan thrust 

belt, an isolated crystalline klippe above the Lesser Himalayan rock, the Kathmandu klippe, is 

interpreted as an erosional outlier of the Greater and Tethyan Himalayan Sequences [Stöcklin, 



 

57 
 

198; Geherels et al., 2006]. Studies of shear zones in the Kathmandu klippe, including the 

Galchhi shear zone [Rai et al., 1998; Upreti and LeFort, 1999], do not specify the timing of 

activation, which is important for discriminating among structural/tectonic models.  

 

Figure 3.1. Simplified tectonic map of the Himalayan orogeny showing major lithotectonic 
divisions (modified from Paudel and Arita, 2000). Black box in the Himalaya indicates the study 
area in Figure 2. Inset shows the Himalayan-Tethyan orogenic system with major faults in bold 
black. NP- Nanga Parbat; NB-Namche Barwa, Kk- Kathmandu klippe; Jk- Jajarkot klippe. 

Several different hypotheses have been proposed for the structural significance of rocks 

in the Kathmandu klippe and its underlying fault(s), including the (local) Galchhi shear zone on 

the western side of the klippe. Many correlate the Galchhi shear zone with the MCT, either 

directly [“1-thrust MCT”, juxtaposing GHS and LHS; Pearson, 2002; Gehrels et al., 2003, 

2006], or as a branch of the MCT but within LHS rocks [“2-thrust, intra-LHS”; Rai et al., 1998; 

Upreti, 1999; Upreti and Le Fort, 1999]. Webb et al. [2011a] propose a “passive roof thrust” 

model in which the Galchhi shear zone correlates with the South Tibetan Detachment system 

(STDS) that juxtaposes THS and GHS and accommodates tens of kilometers of north-directed 

slip. A final model, not previously considered, is that the Galchhi shear zone is the southern 
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continuation of an intraformational thrust within the GHS (“2-thrust, intra-GHS”; this study). To 

test these proposed models, we examined cross-cutting relationships between intrusions and 

shear fabrics, and acquired tectonically-distinct U-Pb ages of zircons and zircon domains from 

rocks in the Galchhi area and in the core of the GHS farther north at Langtang. Chronologic data 

include crystallization ages from leucogranite veins that crosscut the Galchhi shear zone, granitic 

orthogneiss crystallization and metamorphic ages, and detrital ages from quartzites.  

3.3. Orogenic framework  

The coupled Himalaya-Tibet orogen formed when the Tethys oceanic plate subducted 

northward beneath the Asian plate, and India and Asia collided at ~ 55 Ma along the Indus suture 

zone (Fig. 1) [e.g., Rowley, 1996; Najman, 2010]. Plate convergence rates changed from ~15 

cm/yr at 50 Ma to ~ 4 cm/yr at 35 Ma [Copley et al., 2010], which broadly coincides with the 

onset of imbrication of the upper crust of the Indian plate [Powell and Conaghan, 1973; LeFort 

et al., 1975] and deformation in the northern Tibetan part of the fold-thrust belt from the early 

Eocene to Oligocene time (55-25 Ma) [Ratschbacher et al., 1994; Zhang and Guo, 2007]. After 

~26 Ma [e.g. Harrison et al., 1992; Hodges et al., 1996; Coleman, 1996; Guillot, 1999], 

deformation in Nepal shifted southward, where it was first accommodated by intraformational 

thrusts/shear zones within GHS, active between 27 and 16 Ma [Kohn et al., 2004; Goscombe et 

al., 2006; Carosi et al., 2007, 2010; Corrie and Kohn, 2011; Imayama et al., 2012; Montomoli et 

al., 2013]. The deformation locus then migrated further south, first to the MCT, which was active 

between 17 and 10 Ma [Kohn et al., 2004; Montomoli et al., 2013], then to faults within the 

Lesser Himalayan Sequence, such as the Ramgarh-Munsiari thrust and Lesser Himalayan duplex 

[Catlos et al., 2001; Robinson et al., 2003; Kohn et al., 2004; Bollinger et al., 2006; Herman et 

al., 2010, Khanal and Robinson, 2013]. Active deformation of Lesser Himalayan rocks ended 
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with the emplacement of the Main Boundary thrust. Finally, Tertiary Subhimalayan rocks were 

deformed at the frontal part of the thrust belt [Lavé and Avouac, 2000] by the Main Frontal 

thrust, which passively translated, uplifted and folded the rock in the thrust belt.  All thrusts are 

interpreted to sole into a décollement, the Main Himalayan thrust, which is a gently north 

dipping shear zone above Indian basement [Zhao et al., 1993]. 

 

Figure 3.2. Simplified geological map of the central Nepal Himalaya showing the Kathmandu 
klippe and associated Cambro-Ordovician granites and Tethyan Himalayan rock within the 
klippe. Black star is the location of town or village (modified from Stöcklin, 1980, Rai et al., 
1998; Gehrels et al., 2006) MCT= Main Central thrust; MT= Mahabharat thrust, LT= Langtang 
thrust, STDS = South Tibetan Detachment system).  
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3.4. Geology 

3.4.1. Tectonostratigraphy and Structural Geology 

Movements on several major thrusts control the structural architecture of central Nepal. 

From north to south, these structures are: South Tibetan Detachment system (STDS) [Burchfiel 

et al., 1992], Langtang thrust (LT; Kohn et al., 2004), Main Central thrust (MCT; review in Yin 

2006), Ramgarh-Munsiari thrust (RMT; review in Robinson and Pearson, 2013), Trishuli thrust 

(TT; Pearson 2002; Khanal and Robinson, 2013), Lesser Himalayan duplex (LHD; DeCelles et 

al., 2001; Robinson et al., 2003, 2006; Khanal and Robinson, 2013), Main Boundary thrust 

(MBT; Heim and Gansser, 1939), and the Main Frontal thrust (MFT; Gansser 1964; Lavé and 

Avouac, 2000). From north to south, four fault-bounded lithotectonic zones are recognized [e.g. 

Gansser, 1964; Le Fort, 1975]: the Tethyan Himalayan sequence (THS), Greater Himalayan 

sequence (GHS), Lesser Himalayan sequence (LHS), and Subhimalaya (SH) (Fig 1). A foreland 

basin system, the Indo-Gangetic plain is present south of the modern Himalaya and formed as a 

flexural response to crustal thickening [Lyon-Caen and Molnar, 1985]. 

The THS is bounded between the STDS to the south and Indus suture zone to the north 

(Fig. 1), and in the Kathmandu sector represents the deformed remnants of a Cambrian to late 

Cretaceous passive margin sequence on the northern edge of Greater India [Brookfield, 1993; 

Colchen et al., 1986].  The STDS is a low angle top-to-the-north brittle-ductile fault system 

structurally between the GHS and THS, although ductile portions of the STDS arguably deform 

the uppermost units of the GHS [Caby et al., 1983; Burchfiel et al., 1992; Carosi et al., 1998; 

Searle and Godin, 2003; Searle, 2010]. Ductile shear on the STDS, which some propose is 

genetically linked to movement on the MCT, ended by 19-23 Ma in Nepal [Hodges et al., 1996; 

Godin et al., 2001; Searle and Godin, 2003; Carosi et al., 2013].  
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The GHS is bounded between the STDS to the north and MCT to the south (Fig. 1), and 

contains Neoproterozoic to Cambrian metasediments intruded by and/or interlayered with 

Cambro-Ordovician igneous bodies [Parrish and Hodges, 1996; DeCelles et al., 2000; Gehrels 

et al., 2003; Martin et al., 2005]. The MCT is a ductile shear zone that juxtaposes high-grade 

GHS para- and orthogneisses with Paleoproterozoic LHS, and is a central component in orogenic 

models proposed for the tectonic evolution of the Himalayan thrust belt [see summaries of 

Hodges, 2000; Yin and Harrison, 2000; Yin, 2006; also more specific models of Beaumont et al., 

2001; Robinson et al., 2003; Kohn et al., 2008; Webb et al., 2011a]. Traditionally, initial 

movement on the MCT was thought to have occurred at 20-22 Ma based on Rb-Sr mica ages, 

40Ar/39Ar ages from hornblende, biotite and potassium feldspar, and monazite U-Pb ages in 

garnets from GHS gneiss [Inger and Harris, 1992; Hubbard and Harrison, 1989; Harrison et al., 

1995; Hodges et al., 1996; Catlos et al., 2001; Godin et al., 2001]. However several 

complicating factors affect these interpretations, including age interpretation ambiguities [e.g. 

Harrison et al., 2002; Kohn et al., 2005] and important differences in how studies define and 

locate the MCT [e.g. Searle et al., 2008; Kohn, 2008]. For example, Kohn et al. [2005] note that 

many of the older metamorphic and deformation ages derive from high structural levels in the 

GHS and probably reflect movement on intra-GHS thrusts, not the MCT sensu stricto. Based on 

petrogenetically-validated, chemically-correlated monazite ages, movement of the MCT in 

central and western Nepal occurred between ~17 and ~10 Ma [Kohn et al., 2004, 2005; 

Montomoli et al., 2013]. A maximum age of initial movement of c. 20 Ma in central Nepal 

[Corrie and Kohn, 2011] is consistent with these other studies. Intra-GHS thrusts at higher 

structural levels are older, with movement broadly constrained between ~27 and ~16 Ma [Kohn 
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et al., 2004; Goscombe et al., 2006; Carosi et al., 2007, 2010; Corrie and Kohn, 2011; Imayama 

et al., 2012; Montomoli et al., 2013].  

Bounded between the MCT and MBT (Fig. 1), the LHS consists of sub-greenschist to 

amphibolite facies rock and crops out with an estimated stratigraphic thickness of 10 km [Upreti, 

1999]. The LHS contains Proterozoic sediments and orthogneiss [Khanal and Robinson, 2012a; 

Khanal et al., 2014] with Indian cratonic affinities that were initially (1.8-1.9 Ga) deposited 

along an active subduction [Kohn et al., 2010], and succeeded by passive margin sedimentation. 

In central Nepal, LHS rocks crop out in a broad E-W trending anticlinorium [Pêcher, 1977], 

which resulted from development of the underlying Lesser Himalayan duplex [Pearson, 2002; 

Bollinger et al., 2004; 2006; Khanal and Robinson, 2013]. The RMT is an intra-Lesser 

Himalayan thrust that emplaces Paleoproterozoic LHS over younger LHS rock and also is a roof 

thrust of the Lesser Himalayan duplex in western and eastern Nepal [DeCelles et al., 2001; 

Robinson et al., 2006; Bhattacharya and Mitra 2009]. The RMT spans the length of the 

Himalaya and accommodated as much slip as the MCT [see Robinson and Pearson, 2013 and 

references therein]. In central Nepal, in the Langtang and Budhi-Gandaki section, the Trishuli 

thrust, south of the RMT, is not erosionally breached [it does crop out ~160 km to the west; (D. 

M. Robinson and A. J.  Martin, The Lesser Himalayan duplex exposed-What is revealed?, 

submitted to Tectonics, 2014)] and forms the Gorkha-Pokhara antiform [Pearson, 2002; Khanal 

and Robinson, 2013]. South of the Trishuli thrust, accretion of the Lesser Himalayan duplex 

caused southward migration of a ramp along the Main Himalayan thrust [Khanal and Robinson, 

2013]. Movement of Lesser Himalayan thrust sheets over the ramp in combination with erosion 

exhumed the Lesser, Greater, and Tethyan Himalayan units [Khanal and Robinson, 2013] and 

tilted and uplifted the MCT, RMT [Robinson et al., 2003], and Trishuli thrust.  
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The Subhimalaya is a foreland basin system that incorporated syntectonic sediments 

during Middle Miocene to Pliocene time (~14-2 Ma) [e.g. Gautam and Rösler, 1999; Ojha et al., 

2000, 2008]. The Subhimalaya is bounded between the Main Frontal thrust to the south and 

Main Boundary thrust to the north. The intervening Main Dun thrust repeats Subhimalayan 

stratigraphy. The Main Frontal thrust is the southernmost boundary of the Himalaya and places 

the Subhimalayan rocks over modern alluvial sediments. 

3.4.2. Geology of the Kathmandu klippe and the Galchhi shear zone 

The Kathmandu klippe (Fig. 1) consists of a generally right-way-up sequence with 

amphibolite facies rocks of the Bhimphedi Group at its base decreasing in metamorphic grade to 

unmetamorphosed rocks of the Phulchauki Group at its top [Stöcklin, 1980]. The Bhimphedi 

Group consists of garnet- and kyanite-schist, migmatitic gneiss, quartzite, and marble intruded 

by Cambro-Ordovician granite and Miocene pegmatite [Johnson et al., 2001; Gehrels et al., 

2006; Cawood et al., 2007]. Neodymium isotopes and occurrence of Cambro-Ordovician 

granites are most similar to GHS rocks exposed elsewhere in Nepal [Le Fort et al., 1986; Parrish 

and Hodges, 1996; DeCelles et al., 2000; Gehrels et al., 2006]. The Lower to Middle Paleozoic 

Phulchauki Group is correlated with THS rocks to the north based on fossil assemblage and age, 

and consists of calcareous rocks, argillite, and quartz arenite [Stöcklin et al., 1980; Upreti et al., 

1999] (Fig. 2). Gehrels et al. [2006] interpret the THS and GHS contact in the Kathmandu klippe 

as an angular unconformity based on detrital zircon age populations. 

Near Galchhi, at the confluence of the Mahesh Khola and Trishuli River (Fig. 3), the base 

of the Kathmandu klippe is marked by intense shearing, migmatization, and metamorphic and 

structural discontinuities. Lithologic characteristics include ptygmatic folds of quartz veins with 

both top-to-the-south and top-to-the-north senses of shear (Fig. 4a), garnet schist, thin 5-15 cm 
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veins of granitic gneiss alternating with kyanite-garnet schist with late stage brittle faulting (Fig. 

4b), sheath folding and boudinage with E-W shearing (Figs. 4c, 4d), kyanite- and sillimanite-

bearing banded gneiss (Figs. 4e, 4f), migmatite, and garnet bearing quartzite [see also Webb et 

al., 2011a]. Unusual, elliptical syn-kinematic garnets occur at Kolphu Khola (Figs. 3, 5a). From 

north to south (structurally upward), visible intensity and abundances of strain indicators such as 

quartz ribbons, asymmetric folds, and S-C fabrics first decrease away from the MCT (Fig. 5b), 

then increase toward kyanite-sillimanite – bearing rocks, which contain ptygmatic folds, quartz 

boudins (Fig. 4), and fault striations (Fig. 3). These observations indicate two separate shear 

zones, the structurally lower MCT and the structurally higher Galchhi shear zone, also known as 

the Mahabharat thrust at this location [Rai et al., 1998; Upreti, 1999; Webb et al., 2011a].  

Foliations at Galchhi are subvertical and stretching lineations plunge consistently toward 

the southwest with an average orientation of 30° toward 198. The steepness of the foliation is 

commonly interpreted to result from late-stage folding/downwarping to form the ESE-WNW – 

trending Kathmandu syncline [Johnson et al., 2001; Gehrels et al., 2006; Sapkota and Sanislav, 

2013]. Webb et al. [2011a] propose a 2-stage unfolding scheme, first rotating rocks ~80° around 

an approximately E-W-trending axis (counterclockwise looking east). This stage restores nearly 

vertical rocks to a quasi-horizontal orientation. The sense and magnitude of rotation are 

inescapable because stratigraphically and structurally higher rocks occur to the south and 

southeast in the core of the Kathmandu klippe. Thus, restoring the Kathmandu klippe’s 

tectonostratigraphy to its pre-folding orientation requires a counterclockwise rotation (looking 

east) in the Galchhi area. Webb et al. [2011a] propose a secondary counterclockwise rotation 

(looking down) to restore stretching lineations to a more N-S orientation. This latter rotation 

does not affect tectonic interpretations – basically any reasonable restoration of orientations in 
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the context of the overall stratigraphy and structure of the Kathmandu klippe results in a shallow 

dip with a transport direction oriented between N-S and NE-SW. 

 

Figure 3.3. Geological map of Galchhi with major faults, structural data and metamorphic 
isograd, constructed from Pearson and DeCelles (2005), Acharya (2008), and our own 
measurements and observations. Figure numbers are labeled on the map. Red star represents the 
sample location for U-Pb analysis of zircon, black star represent the town of Galchhi, RMT= 
Ramgarh-Munsiari thrust; MCT= Main Central thrust; LT= Langtang thrust (Galchhi shear 
zone). Google Earth image of the Galchhi area is in appendix. 
 

Metamorphic grade increases structurally upward from the footwall of the MCT (sub-

garnet grade) to the hanging wall of the Galchhi shear zone [kyanite/sillimanite gneisses; 

Johnson et al., 2001]. This metamorphic inversion through the MCT is well-documented 

throughout the Nepal Himalaya (e.g. Le Fort, 1975). Ultimately, metamorphic grade must 

decrease further upward because chlorite-grade rocks crop out ~8 km to the south [Johnson et 

al., 2001]. However, because rock compositions change so dramatically across strike at Galchhi, 

kyanite- and sillimanite-absent mineral assemblages in hanging wall rocks 0.5-5 km south of the 
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Galchhi shear zone do not necessarily reflect lower metamorphic conditions [contra Johnson et 

al., 2001]. For example, biotite orthogneiss and garnet quartzite and schist similar to rocks at 

Galchhi are common in high-grade GHS exposures throughout the Himalaya. Thus, 

metamorphic parageneses do not demand thinning or flattening, at least in the immediate 

hanging wall of the shear zone. Although the “isograds” of Johnson et al. [2001] accurately 

depict mineral assemblages (e.g. there is no kyanite south of the “kyanite isograd”), they do not 

convey temperature information. 

Sheared leucocratic segregations in hanging wall migmatites of the Galchhi shear zone 

have yielded zircon U-Pb crystallization ages of 18±2 Ma [Johnson et al., 2001] and 20-30 Ma 

[Webb et al., 2011a]. At Jitpur Phedi area, along the northeast extension of the Galchhi shear 

zone north of Kathmandu, undeformed pegmatite veins cross-cut kyanite gneiss (Fig. 5c) and 

schist (Fig. 5d) 

3.4.3. Geology of the Langtang area 

The Langtang and Bhotekoshi River valleys expose GHS and LHS units, as well as the 

Langtang thrust, MCT, and RMT (Fig. 6). The intra-LHS RMT carries Paleoproterozoic 

orthogneiss, garnetiferous schist and quartzite over Mesoproterozoic limestone and phyllite 

(Figs. 6 and 7a). We locate the MCT by integrating the εNd(0) data [Pearson, 2002] and our own 

observations of ductile shearing and migmatite. The MCT hanging wall rocks are garnetiferous 

schist and kyanite-sillimanite bearing gneiss, migmatitic gneiss with segregated leucosomes, and 

gneissic intrusions. Kohn et al. [2004] hypothesized an intra-GHS thrust, the Langtang thrust 

(Fig. 6), based on differences in P-T conditions, chemical zoning in garnet and monazite, and in 

situ 232Th-208Pb ages of chemically fingerprinted monazite domains. The Langtang thrust shear 

zone consists of deformed schist (Fig. 7c) with abundant ptygmatic folds, quartz ribbons and 
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microfolds, and with migmatite and sillimanite-K-feldspar grade rocks in the hanging wall (Fig. 

7d). 

 

Figure 3.4. Geology of the Galchhi shear zone. (a) Ptygmatic fold with top-to-the-south sense of 
shear in the Galchhi shear zone. (b) 5-15 cm granitic orthogneiss (Sample GLM) interbanded 
with kyanite-garnet bearing schist with brittle normal faults. (c) Sheath folding with folded 
orthogneiss and kyanite-garnet bearing gneiss. (d) Boudinage structure showing E-W sense of 
shear, 30 cm hammer for scale. (e, f) Photomicrograph of kyanite-sillimanite bearing gneiss 
(outcrop shown in Fig. 4d) in plane polarized light, parallel to foliation; bt=biotite, qtz=quartz, 
ky=kyanite, sl=sillimanite. All photographs are within 20m of 27.79938N, 85.48048E (see Fig. 3 
for specific locations). Additional photographs are in appendix. 
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Figure 3.5. Geology of the Galchhi area (a) Garnetiferous schist near the MCT on the bank of the 
Kholpu Khola with highlighted garnet matrix boundary, Rs 2 coin for scale. (b) Impure 
micaceous quartzite/schist showing decrease in metamorphic grade from the MCT mylonitic 
zone (Fig. 5a) towards south and 200 m north of the Galchhi shear zone (Fig. 4), person for 
scale. (c) Undeformed pegmatite cross-cutting kyanite bearing schist, 30 cm hammer for scale. 
Inset shows detail of kyanite. (d) Undeformed pegmatite veins cross cutting foliations, 30 cm 
hammer for scale. Location of the photograph is shown in Figure 3.  

3.5. Models for the Origin of the Kathmandu klippe 

Three different models have been proposed for the origin of the Kathmandu klippe and a 

new model is proposed here. Each of the 4 models makes different predictions (Table 1) 

regarding lithologic affinities of rock in the hangingwall and footwall of the Galchhi shear zone, 

the sense of shear, and timing of movement of the Galchhi shear zone relative to the MCT. 
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Figure 3.6. Geologic map of the Syaphru Besi-Langtang area draped over a digital elevation 
model.  All geological data in black are from this study and red are from Pearson and DeCelles 
[2005]. Figure numbers are labeled on the map. LT= Langtang thrust, MCT= Main Central 
thrust, and RMT= Ramgarh-Munsiari thrust. 

In the first model [2-thrust, intra-LHS; Rai et al., 1998; Upreti and Le Fort, 1999] the 

Galchhi shear zone is the top-to-the south Mahabharat thrust with crystalline LHS in its hanging 

wall and footwall (Fig. 8a). The Mahabharat thrust/Galchhi shear zone floors the Kathmandu 

klippe and predates movement on the structurally higher, out-of-sequence MCT (Fig. 8a, model 

1), whose nearest exposure occurs north of Kathmandu, ~25 km north (Fig. 2).  
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Figure 3.7. Geology of the Langtang area. (a) The Ramgarh-Munsiari thrust with incompetent 
phyllitic beds deformed by the overlying Paleoproterozoic quartzite and phyllite, 30 cm hammer 
for scale. (b) Mylonitic foliation near the MCT showing top-to-the-south sense of shear in LH 
augen orthogneiss, 15 cm pen for scale. (c) Langtang thrust containing highly deformed schist 
(enclosed by white line) with lineations (white lines), abundant ptygmatic folds, micro folds and 
quartz ribbons. House for scale. (d) Leucogranite on the hanging wall of the Langtang thrust 
sheet with a few leucosomes outlined in white; 30 cm hammer for scale. Figure locations are 
shown in Figure 6. Additional photographs are in appendix. 
 

In the second model (1-thrust, MCT ; Fig. 8b), the Galchhi shear zone is considered part 

of the MCT [Pandey et al., 1995; Johnson et al., 2001; Gehrels et al., 2003]. The hanging wall is 

GHS and the local footwall could be either LHS or GHS depending on how the boundaries of the 

MCT shear zone are defined. Movement is synchronous with the MCT, with top-to-the-south 

shear sense.  
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In the third model [passive roof thrust, Fig. 8c; Webb et al., 2011a], a wedge of GHS is 

inserted between THS and LHS rocks. This model correlates the Galchhi shear zone with the 

STDS, which then represents a back thrust that accommodated tens of kilometers of slip and that 

merges with the MCT underneath the Kathmandu klippe. Rocks above the Galchhi shear zone 

have THS affinity, movement is coeval with the MCT, and rocks exhibit top-to-the-north shear 

sense. 

Reconsideration of regional data inspired a new fourth model (Fig. 8d) in which the 

Galchhi shear zone overlies the MCT (sensu stricto) and is the southern continuation of an older 

intra-GHS thrust, such as the Langtang thrust. The hanging wall rock is GHS and has top-to-the-

south sense of shear. To test these models, we investigated fabrics and zircon age systematics of 

rocks from the hanging wall and footwall of the Galchhi shear zone and Langtang thrust to 

determine lithologic affinities, shear senses, and ages of movement  

Table 3.1. Models and observations for the formation of the Galchhi shear zone 

 

 

 

 

Model Hanging wall Footwall Sense of shear Timing relative to 
MCT 

1. 2-thrust, intra-LHS LHS LHS Top-to-the-south Predates 
2. 1-thrust, MCT GHS LHS(?) Top-to-the-south Coeval 
3. Passive roof thrust THS GHS Top-to-the-north Coeval 
4. 2-thrust, intra-GHS GHS GHS Top-to-the-south Predates 

Observations     

 GHS (THS?) GHS 
(THS?) 

Top-to-the-south, 
Top-to-the-north 

Predates 
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Figure 3.8. Cross-section with different interpretations for the origin of the Kathmandu klippe. 
(a) Model 1- Two-thrust, intra-LHS. Redrawn from Upreti and Le Fort (1999). (b) Model 2- 
One-thrust MCT. Redrawn from Gehrels et al. (2003). Lesser Himalayan duplex structure 
adopted from Khanal and Robinson (2013). (c) Model 3- Passive-roof-thrust. Redrawn from 
Webb et al. (2011). (d) Model 4 – Intra-GHS thrust. Our interpretation for the origin of the 
Kathmandu klippe. MCT= Main Central thrust, MT=Mahabharat thrust, MBT= Main Boundary 
thrust, MFT= Main Frontal thrust, LT= Langtang thrust, STDS= South Tibetan Detachment 
thrust. 
 
3.6. Zircon U/Pb Isotopic Dating Methods 

 We collected three 1-2 kg samples from the hanging wall and footwall of the Langtang 

thrust near Langtang (Fig. 6, locations are given in Table 2). Sample LA-2 is an augen 

orthogneiss and samples LA-1 and LA-3 are micaceous quartzites. We also collected three 
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samples from the hanging wall and footwall of the Galchhi shear zone (Fig. 3, locations are 

given in Table 2). Sample GLM is from a 10 cm thick granitic gneiss with a foliation parallel to 

the foliation of the garnet-kyanite bearing paragneiss (see appendix). Sample GL-1 is an impure 

micaceous quartzite and sample GL-2 is a greenish gray-white quartzite. Samples BL-1 and BL-

2 are undeformed pegmatite veins crosscutting kyanite-bearing gneiss (Figs. 5c and 5d) near 

Jitpur Phedi (Fig. 2). Sample processing and analytical methods followed standard practices of 

jaw crushing, milling, water table, magnetic separation, and density separation using methylene 

iodide [Gehrels et al., 2008]. We poured all detrital zircon grains (500-1000) obtained after the 

density separation into a 1 inch epoxy mount together with 10 Srilanka standard zircons. We 

followed Gehrels et al. [2008] for sample preparation, and analytical techniques. Mounted 

zircons were polished by hand. Cathodoluminescence (CL) and backscatter electron (BSE) 

images were acquired in the Laserchron Lab at the University of Arizona. The analyses involved 

ablation of zircon with a Photon Machines Analyte G2 Excimer laser using a spot diameter of 

30µm for detrital zircons, inherited cores, and magmatic zircons, and a 20µm beam size for the 

outer rim to increase spatial resolution of rim data. The depth of the ablated pit was roughly half 

of the diameter of the laser beam used. The ablated material was carried in helium into the 

plasma source of a Nu HR MC ICPMS, where U, Th, and Pb isotopes were measured 

simultaneously. We used CL and BSE images to guide the laser spot placement in each zircon to 

avoid inclusions, cracks and multiple growth zones in single zircon. Analyses of unknowns were 

bracketed with standard analyses. 

  Our data reduction procedures followed Gehrels et al. [2008]. We removed from further 

consideration analyses with: (1) high 204Pb, (2) low 206Pb/204Pb ratio, (3) > 5% error on the 

206Pb/207Pb ratio, (4) > 10% error on the 206Pb/238U date, (5) > 25% normal discordance or 5%  
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reverse discordance. We used 206Pb/207Pb dates usually for grains > 1.0 Ga and 206Pb/238U <1.0 

Ga. We assigned a depositional age of the rock based on youngest graphical age peak on an age 

probability plot generated by Isoplot [Ludwig, 2008], which is contributed from multiple U-Pb 

grain ages. All zircon U-Pb analytical results are reported with 2σ uncertainty. Laser ablation-

multicollector-inductively coupled plasma mass spectrometry results are given in ds01 in 

appendix.  

Table 3.2: Sample locations and lithologic description 

 

 

Sample °N(dd.ddddd) °E(dd.ddddd) Rock Unit Description 

LA1 
Detrital 

28.20973 
 

85.48048 Langtang thrust sheet Garnet bearing banded gneiss 
with ptygmatic folds, and 
leucosome  

LA2 
 

28.19643 
 

85.45254 Langtang thrust sheet Augen orthogneiss 

LA3 
Detrital 

28.19544 
 

85.45027 Main Central  thrust 

sheet in Langtang 

Psammitic schist with 
garnetifierous banded gneiss, 
abundant quartz segregations 

GLM 
 

27.79938 
 

85.00122 Galchhi thrust sheet Augen orthogneiss (3-10 cm) 
interband with kyanite-
silliminite bearing 
garnetiferous dark schist   

GL1 
Detrital 

27.79997 
 

85.00009 Main Central thrust 

sheet in Galchhi  

Psammatic schist with thin 
band of garnetiferous pelitic 
schist 

GL2 
Detrital 

27.79483 
 

85.00865 Galchhi thrust sheet White to greenish gray 
quartzite with banding of  
garnet bearing schist 

BL1 
 

27.77888 
 

85.28320 NE extension of 
Galchhi thrust sheet 

Undeformed pegmatite vein 
cross cutting kyanite bearing 
schist 

BL2 
 

27.78708 
 

85.27353 NE extension of 
Galchhi thrust sheet 

Undeformed pegmatite vein 
cross cutting dark schist 
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3.7. Zircon U/Pb Isotopic Dating Results  

3.7.1. Galchhi Shear Zone 

Sample GL1 yielded 94 usable dates that reveal major detrital zircon age populations at 

~550-750 Ma and 900-1200 Ma, with pronounced peaks at ~632 and ~984 Ma. Older ages 

(1700-3200 Ma) scatter with no major peaks or pattern. Three grains define the youngest peak at 

570 Ma (Fig. 9a). Sample GL2 yielded 87 usable dates that reveal major detrital zircon 

populations at ~550-825 Ma and 850-1200 Ma, with pronounced peaks at ~632 and ~994 Ma. 

Older ages (1700-3000 Ma) scatter with no major peaks. Four grains define the youngest peak at 

584 Ma (Fig. 9b). Thus, the maximum depositional ages of the sedimentary protoliths of the 

metamorphic rock in Galchhi are ~570 Ma for sample GL1 and ~584 Ma for sample GL2. 

Zircons older than 1400 Ma from both samples GL1 and GL2 are slightly discordant (see 

appendix).  

Igneous zircons from sample GLM are internally heterogeneous with inherited zircon 

cores, oscillatory zoned magmatic overgrowths, and homogeneous rims (see appendix). Zircon 

core ages range from 800-2600 Ma with age peaks at ~1000 Ma, ~1800 Ma and one grain at 

~2600 Ma. Zircon cores have low to moderate U concentrations (100-700 ppm), and low U/Th 

ratios of 1-6 (see appendix). Zircons from 800-1800 Ma are concordant while the older 2600 Ma 

zircon is discordant (see appendix). Zircon overgrowths exhibit oscillatory zoning, and ages are 

concordant, ranging from ~440 to ~515 Ma, including the upper and lower limit of uncertainties 

(Fig. 9c). Because of the scattered ages of the magmatic overgrowths in zircons, probability of 

the rim average is almost 0. Thus, we used the Tuffzircon age extractor algorithm from the 

Isoplot program [Ludwig, 2008] to infer an Early Ordovician (467 +7/-10 Ma, 2σ) crystallization 

age of the rock protolith (Fig. 9d).  
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Figure 3.9. U/Pb zircon analysis of samples from Galchhi area. (a,b) Relative probability plots 
(red lines) and histogram (blue rectangles) for detrital zircon ages from sample GL1 and GL2 
from Galchhi, respectively. (c) U/Pb concordia diagrams for zircons from augen orthogenesis 
sample GLM. (d) Crystallization age of the augen orthogneiss inferred using the zircon age 
extractor function of Isoplot (Ludwig, 2008). (e) U/Pb concordia diagram of zircon rims from 
sample GLM. (f) Weighted mean age of zircon rims. Sample locations shown in Figure 3. 
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Zircons of this age contain low to high U concentration (136-3155 ppm], and low U-Th 

ratio (<5) except four zircons that have a range of ratios from 12-23 and that were excluded from 

the age calculation (Fig. 9d) (see appendix for U/Th plot). The homogeneous rims of the zircons 

are all concordant (Fig. 9e) with ages of 23-29 Ma and a weighted mean age of 26.2±1.7 Ma (2σ; 

Fig. 9f). These zircons contain high U concentration (1600-9400 ppm) and a high U-Th ratio 

(42-2350; see appendix). 

3.7.2. Undeformed pegmatite veins 

Samples BL1 and BL2 are from undeformed pegmatitic veins crosscutting kyanite-

bearing biotite schist along the NE extension of the Galchhi shear zone (Fig. 5c, 5d). Zircon 

grains have extensive radiation damage, and CL images reveal very few zircons suitable for 

dating. Thin rims surrounding the damaged core of the grains are clearer in CL images (see 

appendix) and were targeted for analysis.  

For sample BL1, ablation of the rim with a 15 µm beam size provided six usable dates 

that are all concordant (Fig. 10a) and range from 20-28 Ma. All 6 analyses yield a weighted 

mean age of 22.5±2.3 Ma (2σ; Fig. 10b), which is not significantly different from the youngest 3 

analyses (c. 21 Ma). We view this age as our best estimate of the timing of melt crystallization. 

Sample BL2 also yielded 6 concordant ages, but these range from ~25 to ~180 Ma (Fig. 

10c). Younger zircons (~25 Ma) have higher U/Th ratio (38-75) compared to older grains (ratio 

of 7-35; 84-166 Ma; see appendix). The two youngest ages imply a weighted average age of 

24.7±0.6 Ma (2σ) (Fig. 10d). The older ages of 84-166 Ma probably represent mixed core-rim 

ages and are not discussed further. Because of the scatter in concordant ages and the possibility 

of slight mixing between chronologically distinct domains, we view the ~25 Ma age from BL2 as 

a maximum for the true age of melt crystallization, rather than a crystallization age sensu stricto.  
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3.7.3. Langtang area 

Sample LA1 yielded 80 usable dates with age population peaks at 600-1000 Ma and 

1500-1900 Ma and scattered older ages from 2200-2800 Ma (Fig. 11a). Probability maxima 

occur at ~825 Ma (20 grains), and at ~1600 Ma, ~1710 Ma and ~2500 Ma. Twelve grains define 

the youngest peak at 765 Ma. Sample LA3 yields 89 usable dates that cluster into three distinct 

age groups at ca. 600-1000 Ma, 1500-1700 Ma, and 2300-2600 Ma (Fig. 11b). Probability 

maxima occur at ~843 Ma (40 grains), ~1628 Ma (10 grains), and ~2471 Ma (12 grains). Four 

grains define the youngest peak at ~660 Ma (see appendix).  

 

Figure 3.10. U/Pb zircon analysis from pegmatites (a) U/Pb concordia diagram of zircons 
analyzed from undeformed pegmatite sample BL1. (b) Weighted average of zircon ages. (c) 
U/Pb concordia diagram of zircons analyzed from undeformed pegmatite sample BL2. (d) 
Weighted average of the youngest two grains. MSWD- mean square of weighted deviates. 
Sample locations shown in Figure 2. 
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Zircons from sample LA2 are prismatic, and a few zircons contain rounded to 

subrounded inherited cores surrounded by mainly oscillatory zoned magmatic overgrowths (see 

appendix). All analyses are concordant (Fig. 11c). Oscillatory zoned regions in 17 grains have 

crystallization ages that range from 440 to 532 Ma (Fig. 11d). The zircon age extractor algorithm 

from Isoplot [Ludwig, 2008] suggests an earliest Ordovician (475 +7/-3 Ma, 2σ) crystallization 

age of the protolith. Eight ages of zircon cores range from 600-1275 Ma (see appendix). 

 

 

Figure 3.11. U/Pb zircon analysis from Langtang area. (a, b) Relative probability plots (red lines) 
and histogram (blue rectangles) for detrital zircon ages from sample LA1 and LA3, respectively. 
(c) U/Pb concordia diagrams for augen orthogenesis (LA2) zircons. (d) Crystallization age of the 
augen orthogneiss inferred using the zircon age extractor function of Isoplot [Ludwig, 2008]. 
Sample locations shown in Figure 6.   
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3.8. Interpretations  

3.8.1. Galchhi and Surrounding Area 

In sample GLM, the 23-29 Ma zircon rims have high U/Th ratios (40-1200) compared to 

the magmatic portion of the zircons analyzed from the same sample with 440-515 Ma ages 

(U/Th = 1-24; see appendix). High U-Th ratios are consistent with metamorphic growth 

[Rubatto, 2002] and these hanging wall ages may reflect zircon growth during cooling associated 

with shear zone activity at that time. Alternatively if zircon rims recrystallized during prograde 

metamorphism, these ages bound the maximum possible initiation of the Galchhi shear zone 

(≤~23 Ma). The rim ages from the undeformed pegmatite zircons (BL1 and BL2) of ≤~25 Ma 

and 22.5±2.3 Ma limit the youngest possible movement of the NE extent of the Galchhi shear 

zone. Thus, shear zone activity is broadly limited between 29 and 20 Ma (if GLM zircon rims 

reflect cooling during shearing), and possibly limited to a brief pulse at ~23 Ma (if GLM zircon 

rims are prograde and predate shearing). 

Samples GL1 and GL2 from the hanging wall of the Galchhi shear zone (Fig. 3) have 

youngest detrital zircon age peaks at ~570 Ma and ~584 Ma (Fig. 9). The abundance of 

Neoproterozoic zircons rules out correlation to the lower Paleoproterozoic LHS. Rather, age 

spectra are most similar to Neoproterozoic GHS [Martin et al., 2005; Gehrels et al., 2011] with 

broad peaks at ~630, 1000 and 1100 Ma. Correlation seems less likely with THS rocks, which 

show broad peaks at 1050 Ma and ~530 Ma [Myrow et al., 2003, 2009; DeCelles et al., 2004] 

and may contain detrital zircons as young as 460 Ma [Gehrels et al., 2003]. Whereas 

Neoproterozoic THS rocks do occur elsewhere in the Himalaya [e.g. NW India; Webb et al., 

2011b], evidence for correlative units (the Sanctuary Formation) in this region of Nepal is 

otherwise lacking [Stöcklin, 1980; Gehrels et al., 2003]. Overlapping ages of interspersed 
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Ordovician granites between Galchhi and Langtang, and the general lack of granites in THS 

rocks regionally, further support a GHS correlation. Thus, we favor a GHS origin for both levels, 

although the depositional age of these rocks is most conservatively bracketed only between 

~570/~580 Ma (youngest detrital zircons) and ~470 Ma (granites), so that the hanging wall and 

footwall of the Galchhi shear zone could in principle be either GHS or THS. 

3.8.2. Langtang area 

Samples of micaceous quartzite from the GHS in the Langtang thrust footwall (LA3) and 

hanging wall (LA1) show no ages younger than ~660 Ma (LA3) and ~765 Ma (LA1), and age 

spectra show broad peaks at ~800 and 1000 Ma. Together with a crystallization age of 475 +7/-3 

for orthogneiss sample LA2, these data bracket the age of the GHS protolith in Langtang to 

between ~660/765 Ma and ~475 Ma. Like GL1 and GL2 from Galchhi, poor correlation of age 

spectra with Paleozoic rocks tends to favor a Neoproterozoic depositional age, although a 

Paleozoic age is possible. 

3.9. Discussion 

 The early history of the India-Asia collision, from ~55 Ma to ~20 Ma, is poorly known. 

As discussed previously, studies that link accessory mineral chemistry and ages with 

metamorphic parageneses suggest an age of 16-17 Ma for the initiation of MCT movement in 

central Nepal [Kohn et al., 2004, 2005; Montomoli et al., 2013]. The MCT is commonly assumed 

to be the first major thrust south of the THS [e.g Hubbard and Harrison, 1989; Inger and Harris, 

1992; Hodges et al., 1996; Harrison et al., 1997; Arita et al., 1997; Johnson and Rogers, 1997; 

Coleman, 1998; Catlos et al., 2001; Johnson et al., 2001; Webb et al., 2011a]. However, a 

growing body of evidence indicates that structurally higher, intra-GHS thrusts were active 

between 16 and 27 Ma, and thus predate slip on the MCT. These thrusts include the Langtang, 
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Sinuwa and Bhanuwa thrusts in central Nepal [Kohn et al., 2004; Corrie and Kohn, 2011], the 

Toijem and Magri shear zones in western Nepal [Carosi et al., 2007; 2010; Iaccarino et al., 

2012; 2013; Montomoli et al., 2013], and the High Himalaya thrust in far eastern Nepal 

[Imayama et al., 2012]. Some studies advocate out-of-sequence thrusting at a local-scale in the 

GHS in central Nepal [Parrish and Hodges, 1996; Wobus et al., 2003; 2006; Huntington et al., 

2006] and Bhagirathi River, India [Mukherjee et al., 2013]. However, the location, precise 

timing, and magnitudes of these out-of-sequence thrust events are poorly known and may 

represent location-specific unique complications, for example relatively minor adjustments to 

tilting and folding on underlying structures.  

Lithologically, we cannot always discriminate GHS from THS rocks, but the lack of LHS 

rocks in the hanging wall or footwall of the Galchhi shear zone rules out model 1 (2-thrust, intra 

LHS thrust model). Otherwise, the somewhat greater likelihood that rocks belong to the GHS 

tends to support model 4 (2-thrust, intra GHS), but does not uniquely exclude models 2 (1-thrust 

MCT) or 3 (passive roof thrust). 

Micro- and mesostructurally, Webb et al. [2011a] emphasize the occurrence of high 

temperature top-to-the-north shear senses at Galchhi in support of the passive-roof thrust model, 

which is the only model that requires top-to-the-north shear (model 3, Table 1). High-

temperature top-to-the-north shear sense indicators do occur in the Galchhi shear zone, but so do 

similar generations of top-to-the-south shear (e.g., Fig. 4d). Indeed, a comprehensive study of 

shear indicators around the Galchhi shear zone [Sapkota and Sanislav, 2013] revealed both top-

to-the-south and -north indicators for the earliest generations of syn- and early post-metamorphic 

structures. Thus, although some shear sense indicators are consistent with model 3, they are also 

consistent with all models.  
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Overall, chronologic constraints are most diagnostic: the timing of movement of the 

Galchhi shear zone is constrained between 20 and 29 Ma, prior to movement on the MCT in this 

sector. Excluding model 1 on stratigraphic grounds, this observation uniquely supports model 4 

and the view that the Galchhi shear zone represents an older intra-GHS thrust such as the 

Langtang, Sinuwa or Bhanuwa thrusts. This interpretation is consistent with previously 

published data from deformed leucocratic segregations at Galchhi. Johnson et al. [2001] infer the 

latest stages of deformation as occurring by 18±2 Ma (although they also report a maximum age 

of 21 Ma), and Webb et al. [2011a] prefer an age of deformation sometime after 24-30 Ma. 

Although these ages may be compatible with movement coeval with the MCT (models 2 and 3), 

they are also consistent with model 4. 

Published chronologic data in the region further support an older origin of the Galchhi 

shear zone. Arita et al. [1997] present a 40Ar/39Ar age of 14-15 Ma close to the MCT north of the 

Kathmandu klippe along the Trishuli-Hetaunda section and 23-28 Ma and 34-36 Ma from the 

core of the klippe and suggested an older thermal event in the Kathmandu klippe. A sample from 

a Cambro-Ordovician granite, the Palung granite, in the southern part of the Kathmandu klippe 

yields an 40Ar/39Ar age of 18-24 Ma [Arita et al., 1997], comparable with a ~20 Ma 40Ar/39Ar 

muscovite age [Bollinger et al., 2004] from the southern limb of the Kathmandu klippe close to 

the MCT. Such early cooling of the Kathmandu klippe is consistent with its emplacement along a 

thrust active earlier and at higher structural levels than the MCT. 

Kohn et al. [2004] first proposed an intra-GHS thrust (the Langtang thrust) ~10 km north 

of the MCT based on monazite geochronolgy and inferred an old activation age of ~21±2 Ma 

based on in situ 208Pb/232Th dating of chemically-distinct monazite domains [see also Kohn et al., 

2005]. Since then, several other intra-GHS thrusts have also been proposed. These include the 
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Toijem shear zone in western Nepal, active between 17 and 26 Ma [Carosi et al., 2007, 2010]; 

the Mangri shear zone in western Nepal, initiating ~25 Ma [Montomoli et al., 2013]; the 

Bhanuwa and Sinuwa thrusts in central Nepal, active 19-27 Ma [Corrie and Kohn, 2011]; and 

the Higher Himalayan thrust (HHT) in eastern Nepal, active 22-27 Ma [Goscombe et al., 2006; 

Imayama et al., 2012]. The along-strike continuity of these thrusts is not known, but collectively 

they imply that the GHS was not all emplaced along one thrust. The spatial and temporal 

variations of such faults in the GHS must be determined to understand the evolution of the 

Himalayan thrust belt. Although we cannot yet definitively link the Galchhi shear zone to a 

specific intra-GHS thrust, chronologic disparity relative to the MCT recommends correlation to 

one of them. 

A depositional contact between the GHS and THS in the Kathmandu klippe [Stöcklin, 

1980; Gehrels et al., 2006] implies that when the basal thrust to the Kathmandu klippe was 

active, THS rocks must have been passively carried on the hanging wall(s). Recognizing that 

there are three shear zones in the immediate Galchhi area (from lowest to highest the RMT, 

MCT and Galchhi shear zone), and that the Galchhi shear zone likely juxtaposes high-grade 

GHS, we propose correlating the Galchhi shear zone with the next-highest intra-GHS thrust in 

the region – the Langtang thrust. Both thrusts carry GHS in hanging wall and footwall, and ages 

of inferred movement overlap within uncertainty. Alternatively, the Galchhi shear zone could 

correlate with an older intra-GHS thrust, such as the Sinuwa or Bhanuwa thrusts [Corrie and 

Kohn, 2011]. 

3.10. Kinematic model 

The older age of 20-29 Ma for Galchhi shear zone movement predates slip on the MCT, 

and does not fit into previous two thrust (intra-LHS), one thrust (=MCT), or passive roof thrust 
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models for the evolution of the Kathmandu klippe. Here, we present a viable kinematic model 

that incorporates the older thrusting event from Galchhi in the context of the potential link with 

the intra-GHS Langtang thrust. Alternate assumptions that the Galchhi shear zone correlates with 

a different intra-GHS thrust do not affect our conclusions. In Figure 12, the length and thickness 

of each thrust sheet is from Pearson [2002], Khanal and Robinson [2013] and field 

measurements of the location of the thrust sheets. We estimate minimum length of thrust sheets 

as the minimum amount needed to cover the thrust sheet in the footwall.  

The model begins with an assumed simple configuration of the Indian passive margin 

sequence (Fig. 12a) and initiation of motion on the Langtang thrust at ~22 Ma (Fig. 12b) that 

carried GHS and THS in its hanging wall with a slip magnitude of ~160 km. The Langtang thrust 

cut upward stratigraphically through GHS in a southward tapering ramp, so that the hanging wall 

sheet formed a long wedge shape (Figs. 12a, 12b). We do not assume the entire GHS had a 

constant thickness, and it may instead have thinned southwards. The Langtang thrust sheet 

completely covered the future MCT sheet and almost half of the future RMT sheet (Fig. 12b). As 

the hinterland thickened with the emplacement of the Langtang thrust sheet, the STDS system 

activated around 19-22 Ma in central Nepal [Searle and Godin, 2003; Sachan et al., 2010], 

possibly because the topography was unable to support the wedge. Alternatively the STDS could 

have been active briefly between 23 and 25 Ma [Carosi et al., 2013], prior to motion on the 

Langtang thrust. Motion on the MCT sheet spanned 16-10 Ma [Kohn et al., 2004; Montomoli et 

al., 2013] and passively carried the Langtang thrust sheet and overlying THS sheet (Fig. 12c). 

Slip on the MCT in central Nepal was ~75 km, which is considerably less than the 100’s of km 

proposed in other locations [DeCelles et al., 2001; Robinson et al., 2006; Khanal and Robinson, 

2013]; however, the discrepancy is explained by the ~160 km of slip along the Langtang thrust. 
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After the MCT was emplaced, slip was transferred southward at 10 Ma to the RMT [Kohn et al., 

2004; Kohn, 2008], which passively transported the overlying MCT sheet, Langtang thrust sheet 

and THS (Fig. 12d).  

The Lesser Himalayan duplex system activated at ~7-3 Ma [Kohn, 2008], first with 

motion on the Trishuli thrust, followed by emplacement of the Lesser Himalayan thrust sheets 

[Khanal and Robinson, 2013] (Fig. 12e). Younger 40Ar/ 39Ar ages (10-5 Ma) near the MCT 

[Arita et al., 1997; Harrison et al., 1998; Macfarlane et al., 1992] and apatite fission track ages 

[Arita and Ganzawa, 1997; Robert et al., 2011] are interpreted to reflect the building of the 

Lesser Himalayan duplex system. Emplacement of the LHD system folded overlying thrust 

sheets into a broad anticlinorium (e.g. the Gorkha-Pokhara antiform) and tilted the northern part 

of the Kathmandu klippe southward (Fig. 12f). This explains why rocks dip southward at 

Galchhi [Johnson et al., 2001].  

The Main Boundary thrust cuts the upper Siwalik unit in central Nepal [Khanal and 

Robinson, 2013], which ranges in age from ~4.1 to 2.5 Ma [Rösler et al., 1997; Ojha et al., 

2008]; thus, the Main Boundary thrust might have initiated ~3 Ma or later in central Nepal. The 

MBT folded the leading edge of the thrust sheet and overlying Kathmandu klippe to dip to the 

north in the southern part of the Kathmandu klippe (Fig. 12f). Finally, the MFT, active since 

mid-Pliocene time [Lavé and Avouac, 2000; Sapkota et al., 2012], transported Subhimalayan 

rocks on top of the undeformed Subhimalayan rocks and Indo-Gangetic plain (Fig. 12g), which 

increased the northward dip of the southern limb of the Kathmandu klippe.  

This model does not explain extensional shear fabrics [Webb et al., 2011a] that are 

superimposed on the broad age and metamorphic patterns on which our interpretations are based. 

Penetrative, post-thickening extension has been documented at a similar structural level in 
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central Bhutan [Long and McQuarrie, 2010; Corrie et al., 2012] and ascribed to wedge collapse 

in the context of metamorphically-driven changes to wedge rheology and/or structurally-driven 

changes to boundary conditions. A similar process might explain both extensional shear fabrics 

and the inconsistency of shear direction at Galchhi. 

Garnet porphyroblasts close to the Galchhi shear zone contain inclusion trails that 

preserve a pre-MCT tectonometamorphic history [Sapkota and Sanislav, 2013], and record 

average PT conditions of ~11.5 kbar and ~680°C [Johnson et al., 2001; Sapkota and Sanislav, 

2013], broadly consistent with P-T conditions of kyanite gneiss in the Langtang region [Kohn, 

2008] in the footwall of the Langtang thrust. At Galchhi, PT estimates imply a ~150°C decrease 

northward towards the MCT over a structural distance of ~1.5 km. If the Langtang thrust cut up 

section in the GHS at a relatively low angle (10-12°), rocks further south in the thrust sheet 

should be stratigraphically higher (younger), and somewhat lower metamorphic grade. This 

configuration (Fig. 12a) explains the lower temperature at Galchhi compared to Langtang, the 

permissively younger depositional ages (although age brackets overlap: ≤570 Ma at Galchhi vs. 

≤660 Ma at Langtang), and the decrease in thickness of the Kathmandu klippe rock towards the 

south compared to the north. 

3.11. Tectonic implications 

Two end member kinematic models of tectonic evolution of the Himalaya are currently 

debated. The channel flow model assumes that focused erosion on the frontal part of the thrust 

belt catalyzed ductile flow of middle crust towards the foreland driven by a lateral pressure 

gradient between Tibet and India [Beaumont et al., 2001; 2004; Jamieson et al., 2004]. In 
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Figure 3.12. Kinematic sequence of deformation of the Langtang-Galchhi section central Nepal. 
Each thrust sheet is defined in the initial configuration. Red line indicates the active fault. Green 
color represent present day erosional surface and the washed out region represents eroded 
material. Timing of each fault is defined in text. LT= Langtang thrust, MCT= Main Central 
thrust, RMT= Ramgarh-Munsiari thrust, LH= Lesser Himalaya, MFT= Main Frontal thrust. 
 
contrast, the critical taper model advocates southward propagation of the thrust belt, maintaining 

a critical taper wedge [Davis et al., 1983; Dahlen et al., 1984], by underplating and duplex 

formation [DeCelles et al., 2001; Robinson et al., 2003; 2006; Bollinger et al., 2004; 2006; 

Robinson, 2008; Kohn et al., 2008; Herman et al., 2010; Khanal and Robinson 2013]. Recent 

research asserts that both tectonic styles can coexist in large hot orogeny [Larson et al., 2011; 

Mukherjee, 2013; Jamieson and Beaumont, 2013], but the relative contributions of each to 
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overall architecture remain debated. Our observations indicate the region is dominated by top-to-

the-south shear. In this locality, the Lesser Himalayan duplex and Main Boundary thrust fold the 

Kathmandu klippe into a synclinorium with the hanging wall rock of the Galchhi shear zone 

almost vertical and progressively shallower dip towards south (Fig. 3). Thus, the formation of the 

synclinorium and preservation of the Kathmandu klippe reflect late-stage wedge growth.  

More generally, a growing geochronological dataset suggests protracted propagation of 

the Himalayan thrust belt southward since 25-30 Ma, with accretion of progressively younger 

and lower metamorphic grade thrust sheets to the base of the wedge (e.g. see Kohn et al., 2004; 

Kohn, 2008, 2014]. Older movement on the Galchhi shear zone at 20-29 Ma overlaps the 16-27 

Ma age of intra-GHS thrust sheet(s) [Kohn et al., 2004; Goscombe et al., 2006; Carosi et al., 

2007, 2010; Corrie and Kohn, 2011; Imayama et al., 2012; Montomoli et al., 2013]. The 

similarity between metamorphic ages of high grade metamorphic rock at the base of the 

Kathmandu klippe in Galchhi with the Langtang, Sinuwa or Bhanuwa thrust sheets to the north 

and northwest suggests that the Kathmandu klippe is the southern extension of one of these older 

thrusts in the GHS thrust system. Thus, the Galchhi shear zone represents an older thrust 

emplaced prior to slip on the MCT and supports the hypothesis that the Himalaya developed 

through repeated transfer of Indian plate rocks as discrete sheets or rock to the hanging wall of 

the Main Himalayan thrust [Kohn et al., 2004; Kohn, 2008, 2014]. This is most consistent with 

the critical taper model proposed for the evolution of the Himalaya.  

Slip on the STDS was restricted to a brief pulse between 19 and 22 Ma [Hodges et al., 

1996; Searle and Godin, 2003; Sachan et al., 2010], or perhaps even earlier [23-25 Ma; Carosi et 

al., 2013], long before motion on the MCT [16-10 Ma in the Langtang area; Kohn et al., 2004; 

Kohn, 2008]. The vast simplification of protracted and synchronous motion on the MCT and 
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STDS with opposite shear senses [Beaumont et al., 2001] does not hold true in central Nepal. 

Extension in the Galchhi area is restricted to late stage minor normal brittle faults in the Galchhi 

shear zone that cross-cut older deformed rocks [Fig. 4b; Sapkota and Sanislav, 2013], and east-

west shear motion (Fig. 4d) that possibly developed by sliding the steep southern limb of the 

broad anticlinorium with the growth of the Lesser Himalayan duplex system. Other klippen 

along the Himalaya that were emplaced on top of the Lesser Himalayan rock may have 

originated similarly along pre-MCT, intra-GHS thrusts. However, further research is needed to 

evaluate the geochronological evolution of the klippen to determine the orogen-wide 

implications of their emplacement along thrusts that predate the MCT. 

3.12. Conclusions 

Field, structural and U-Pb geochronology from the Langtang and the Galchhi areas in 

central Nepal allow a reinterpretation of the origin of the Kathmandu klippe and permit critical 

assessment of Himalayan tectonic models. The basal shear zone to the Kathmandu klippe (the 

Galchhi shear zone) was active sometime between 20 and 29 Ma, predating slip on the MCT by 

as much as 10 Ma or more. Rocks in the hanging wall and footwall of the Galchhi shear zone are 

at most Neoproterozoic in age so do not include lower LHS rocks. Thus the Kathmandu klippe 

was most plausibly emplaced along an older, intra-GHS thrust, such as the Langtang thrust, not 

the MCT. Similar generations of top-to-the-south and top-to-the-north shear sense indicators do 

not uniquely support the passive roof thrust model, which correlates the Galchhi shear zone with 

the South Tibetan Detachment System. Diachroneity between slip on the Galchhi shear zone and 

MCT further argue against the passive roof thrust model. 

The intra-Greater Himalayan thrust model proposed here implies that the Kathmandu 

klippe is the leading edge of the Langtang thrust sheet or an older and structurally higher thrust 
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in the Greater Himalayan thrust system. These data imply that the Langtang thrust sheet and the 

Galchhi thrust sheet were continuous, that the Main Central thrust sheet at both Langtang and 

Galchhi were also once continuous, and that both continuous thrust sheets were erosionally 

breached during formation of the Lesser Himalayan duplex. These observations support the 

hypothesis that the Greater Himalayan Sequence in Nepal was not emplaced as a single body of 

rock but consists of two or more ductile thrust sheets. Underplating of Greater Himalayan thrust 

sheets accompanied progressive southward propagation of the thrust belt, which ultimately 

incorporated Lesser Himalayan and then Subhimalayan rocks.  
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CHAPTER 4: 

ONGOING STRUCTURAL EVOLUTION OF THE HIMALAYA: DUPLEXING OR 
OUT-OF-SEQUENCE THRUSTING? 

4.1. Abstract 

We present a balanced cross-section through the Lesser and Subhimalayan thrust belt 

along the Marsyangdi River in central Nepal between the Main Frontal thrust and Main Central 

thrust. The cross section reveals that the Lesser Himalayan duplex is the major structural and 

geomorphic feature with the Main Himalayan thrust as the sole thrust and Trishuli thrust along 

with the Ramgarh-Munsiari thrust as the roof thrust.  The duplex accommodates ~179 km or 

68% of minimum shortening within the Lesser Himalayan rock. Total shortening contribution 

from the Subhimalaya, Lesser Himalaya and slip on the Main Central thrust is ~316 km or 

~73%. Quartz microstructures in the Lesser Himalayan thrust sheets constrain the deformation 

temperatures that range from 280°C to the south and 630°C to the north. The change in pattern 

of dynamic recrystallization from subgrain rotation to bulging recrystallization put limits on the 

southern extent of the roof thrust in the cross-section. Six zircon (U-Th)/He ages from ~0.77 Ma 

to ~5 Ma suggest the horizontal shortening rate of the thrust belt to be ~22 mm/yr in the last 5 

Ma. We integrate our zircon (U-Th)/He ages with published cooling ages to determine a cooling 

rate of 1.31-1.59 mm/yr for the Ramgarh-Munsiari thrust sheet, and 0.67-1.28 mm/yr for the 

Trishuli thrust sheet. Rocks from the middle part of the Lesser Himalayan duplex have a higher 

rate of cooling of 3.67-4.39 mm/yr to 5.76-7.08 mm/yr from north to south. The rate decreases 

to 1.8-3.66 mm/yr towards the Main Boundary thrust. The relatively higher rate of cooling in 
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the Lesser Himalayan rock is located above the ramp-flat transition of the Main Himalayan thrust 

at midcrustal depth. The Lesser Himalayan duplex grew by transferring footwall rock into the 

hanging wall along the Main Himalayan thrust ramp. As the ramp migrated southward, the 

duplex grew vertically and horizontally and transfer of material over the ramp pushed the roof 

thrust and overburden towards surface. Erosion of the overburden accompanied by duplexing at 

midcrustal depths exhumed the Lesser Himalaya. 

4.2. Introduction 

Because most of the Himalayan thrust belt is composed of deformed Lesser Himalayan 

(LH) rock, the temporal and spatial pattern of LH exhumation is key to unravelling the recent 

and ongoing mountain building processes in the Himalaya. However, thermochronologic data 

from the LH are scant or nonexistent. Most of the available cooling dates are from the Greater 

Himalaya (GH) rocks that suggest recent tectonic activity on the mountain front or reactivation 

of the Main Central thrust (MCT) (Wobus et al., 2003; 2005, Hodges et al., 2004; Huntington et 

al., 2006; Whipp et al., 2006, Blythe et al., 2007, Robert et al., 2009; 2011). Lavé and Avouac 

(2001), and Wobus et al. (2003; 2005) suggest a physiographic transition (PT) 10-30 km south of 

the MCT that separates a northern high relief zone at a mean elevation >3000 m from a southern 

zone of moderate relief at mean elevation of <1500 m, dividing the Himalaya into two tectonic 

blocks with very young cooling ages north of the PT. However, thermometric data, 2-D 

modeling, and analog modeling advocates for the growth of the Lesser Himalayan duplex (LHD) 

to explain the young cooling ages immediately south of the MCT (Bollinger et al., 2004, Herman 

et al., 2010; Khanal and Robinson, 2013). These studies employ a single master fault 

representing the Main Himalayan thrust (MHT), which propagated southward from the MCT to 

the faults that make up the LHD, to the Main Boundary thrust (MBT) and finally to the modern 
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Main Frontal thrust (MFT) in the south. Although some thermochronologic data (Herman et al., 

2010), thermobarometric data (Vannay and Hodges, 1996; Catlos et al., 2001; Kohn et al., 2001, 

Martin et al., 2010; Corrie and Kohn, 2011) and thermometric data (Bollinger et al., 2004) exist 

in central Nepal, these studies do not consider the geometry of the LHD, lateral variations of the 

thrust belt structures, deformation temperatures, cooling ages and rate of growth of the LHD.  

The Marsyangdi River section is an ideal place to put a cross-section to connect an area 

that has primarily Paleoproterozoic LH rock in the roof thrust exposed at the surface that covers 

the LHD in the Budhi-Gandaki section (Khanal and Robinson, 2013) to the Kaligandaki section 

where multiple thrust sheets of the LHD crop out without being covered by the roof thrust 

(Robinson and Martin, 2014). Because of the concentration of thermochronologic and 

geochronologic studies in GH rock, most workers studying the thermal and cooling history have 

emphasized the role of the MCT in the orogenic evolution of the system (e.g Harrison et al., 

1998, Beaumont et al., 2001, Wobus et al., 2006). However, in central Nepal, the LH contains 

few scattered low temperature thermochronologic data such as the apatite fission track age 

(Robert et al., 2009), and there are no data from a mid-temperature chronometer such as (U-

Th)/He. In the absence of thermochronologic data, the kinematic and cooling history of the LH 

rock that covers most of the central Nepal is poorly known, which prohibits us from fully 

determining the evolution of the orogenic system. 

The deformation of the Himalayan orogen shifted primarily from the LH to the 

Subhimalaya in Pliocene time. Lavé and Avouac (2001) suggest that the fluvial terraces across 

the Main Frontal thrust (MFT) are active with a rate of 21±1.5 mm/yr of north-south shortening 

on average over the Holocene period. In addition, mega earthquakes in the last 1000 years 

contributed to the frontal uplift of the younger river terraces in eastern Nepal Himalaya as 
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determined by trenches and carbon dating of carbonaceous samples across the MFT (Sapkota et 

al., 2012). The amount of shortening is similar (15-20 mm/yr) to the total amount of crustal 

shortening (~20 mm/yr) determined from geodesy (Bilham et al., 1997; Jouanne et al., 1999, 

2004; Zhang et al., 2004; Bettinelli et al., 2006). Independent estimates of long term shortening 

rates derived from the foreland strata (Lyon-Caen and Molnar, 1983; 1985) are between 13-19 

mm/yr (Mugnier and Huyghe, 2006 and reference therein) and ~14-33 mm/yr from the migration 

of the foreland basin through time (DeCelles et al., 1998). If the present day shortening rate is  

accommodated by the MFT exclusively, then the young cooling ages at the base of the PT poses 

important questions: 1) Are the out-of-sequence (OOS) thrusts in the PT present and, if so, are 

they synchronous with the MFT? 2) How is the strain partitioned between the OOS to the MFT? 

3) What causes the young cooling ages towards north close to the MCT? 

In this study, we construct and restore a cross-section south of the MCT including slip on 

the MCT to the MFT along the Marsyangdi River showing an admissible and viable geometry. 

The three primary purposes are to 1) determine the overall structural geometry and interpretation 

of the subsurface geology in the LH rock, 2) estimate the deformation temperatures within each 

thrust sheet to determine if there is a gradual decrease in temperature towards the south or 

distinct breaks, and 3) determine the cooling history and rate of uplift using (U-Th)/He 

thermochronology in combination with other published ages (Catlos et al., 2001; Hodges et al., 

2004) to determine the cause of the young cooling ages at the base of the high peaks (PT) near 

the MCT.  We integrate the cooling ages with quartz dyanamic recrystallization mechanisms to 

determine a geometry for the cross-section, produce a reconstruction that shows the cross-section 

is a viable possibility for the evolution of the thrust belt, and then produce a schematic kinematic 

evolution diagram that honors the structural, thermometric, and thermochronologic data. 
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  Figure 4.1. a)  Shaded relief map of the Himalayan-Tibetan orogenic system. Location of Nepal 
is outlined in white; b) Generalized geologic map of the Nepal Himalaya (modified from 
Robinson et al., 2006). The location of the cross-section line is shown as M-M’, and the strip 
map in Figure 5 is outlined by the box. Location of the cross-sections of Khanal and Robinson 
(2013) and Robinson and Martin (2014) are marked as B-B’ and K-K’, respectively.  

 
4.3. Geologic Background 

The coupled Himalayan-Tibetan orogenic system originated when the Tethys ocean 

subducted northward beneath the Asian plate, and Indian and Asia collided at ~55 Ma along the 

Indus suture zone (Fig. 1) (e.g., Powell and Conaghan, 1973; Coward and Butler, 1985; Rowley, 

1996; Copley et al., 2010). Plate convergence rates changed from ~15 cm/yr at 50 Ma to ~4 

cm/yr at 35 Ma (Copley et al., 2010), which coincides with the imbrication of the upper crust of 

the Indian plate and formation of the Himalayan thrust belt (Powell and Conaghan, 1973; LeFort 

et al., 1975). Deformation occurred in the northern Tibetan part of the fold-thrust belt during 

Early Eocene to Oligocene time (~55-25 Ma) (Ratschbacher et al., 1994; Zhang and Guo, 2007). 
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After ~26 Ma (e.g. Harrison et al., 1992; Hodges et al., 1996; Coleman, 1996; Guillot, 1999), 

deformation shifted toward the southern part of the fold-thrust belt where it was first 

accommodated by intraformational thrusts within the GH (Kohn et al., 2004; 2005; Carosi et al., 

2010; Montomoli et al., 2013). The deformation locus migrated toward the south when the MCT 

initiated between 22-16 Ma (Hodges et al., 1996; Johnson et al., 2001; Kohn et al., 2004), after 

which deformation successively propagated towards the foreland through the LH rock, producing 

intraformational faults such as the Ramgarh-Munsiari thrust (RMT) and LHD (Robinson et al., 

2003; Bollinger et al., 2006; Herman et al., 2010; Khanal and Robinson, 2013). Deformation of 

the LH rock ended with the emplacement of the Main Boundary thrust (MBT). Finally, the 

Tertiary Subhimalayan rocks were deformed at the frontal part of the thrust belt (Lavé and 

Avouac, 2000), including the Main Frontal thrust along with strike-slip faulting within the 

frontal part of the Himalayan wedge (Murphy et al., 2014). All thrusts connect to the 

décollement, the Main Himalayan thrust (MHT), which is a subhorizontal shear zone above 

Indian basement (Zhao et al., 1993) at 5-6 km depth beneath the southern Subhimalaya across 

central Nepal (Lavé and Avouac, 2000; Avouac, 2003) and ~35-40 km in south Tibet (Zhao et 

al., 1993; Brown et al., 1996; Nelson et al., 1996; Schulte-Pelkum et al., 2005; Nábelek et al., 

2009). The geometry of the MHT is characterized by a ramp flat geometry (Pandey et al., 1995; 

Schulte-Pelkum et al., 2005; Nábelek et al., 2009; Caldwell et al., 2013).  

4.4. Tectonostratigraphy  

The tectonic architecture of the Himalaya is defined by four fault-bounded lithotectonic 

zones (e.g. Gansser, 1964; Lefort, 1975). From south to north, these are the Subhimalaya (SH), 

Lesser Himalaya (LH), Greater Himalaya (GH), and Tibetan Himalaya (TH) (Fig. 1). The SH 

rocks are synorogenic sediments shed from the growing thrust belt and deposited in a foreland 
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basin during Middle Miocene to Pliocene time (e.g. Appel et al., 1991; Gautam and Rosler, 

1999; Ojha et al., 2000, 2008). This coarsening upward succession of fluvial siltstone, sandstone 

and conglomerate have informal names of lower, middle and upper units, and are known as the 

Siwalik Group (Tokuoka et al., 1986; Harrison et al., 1993). Thicknesses and descriptions of 

each unit are in Table 1.  

Bounded between MBT and MCT (Fig. 1), the LH rock consists of greenschist to 

amphibolite facies rock and crops out with an estimated thickness of 10 km (Upreti, 1999) in 

central Nepal. Khanal and Robinson (2013) estimate ~7 km of LH rock in the Budhi-Gandaki 

section (Fig. 1b). Thus, the thickness of the LH rock may vary between ~7-10 km. Descriptions, 

thicknesses and ages of the LH units are in Table 1. The Paleoproterozoic LH rock (~1.9-1.8 Ga) 

may have an arc origin (Kohn et al., 2010) or rifted margin filled with sediments (Sakai et al., 

2013) or a combination of both (Mandal et al., 2014b) that later turned into a passive margin 

sequence (e.g. Robinson et al., 2001). In central Nepal, Paleoproterozoic LH rock crops out in a 

broad anticlinorium (Pêcher, 1977), the doming of which occurred because of the development 

of LHD underneath (Pearson, 2002; Bollinger et al., 2006; Khanal and Robinson, 2013). The 

LHD in central Nepal grew by incorporating rock from the footwall and transferring it to the 

hanging wall along the MHT migrating the Main Himalayan ramp southward (e.g. Khanal and 

Robinson, 2013). The movement of LH thrust sheets over the ramp pushed the LH rock and the 

overburden of the GH and TH rock toward the erosional surface (e.g., Robinson and McQuarrie, 

2012). This vertical structural movement in combination with erosion exhumed the LH rock 

(Khanal and Robinson, 2013), and tilted and uplifted the MCT and RMT (Robinson et al., 2003).   

GH rock is bounded between the South Tibetan Detachment system (STDS) to the north 

and MCT to the south (Fig. 1). The amphibolite-granulite grade metasedimentary rocks of the 
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GH rock forms the metamorphic core of the Himalayan orogeny and is divided into units I, II, III 

(LeFort, 1975). Unit I consist of two mica schist, quartzite, gneiss, and migmatite of upper 

amphibolite facies. Unit II consists of quartzite, marble and banded calc-silicate gneiss. Unit III 

consists of pelitic schist and augen orthogneiss. The GH is ~23 km thick in the Marsyangdi 

section. U-Pb dating of igneous and detrital zircons suggests that the protolith of the GH was 

deposited between 485-800 Ma (Le Fort et al., 1986; Parrish and Hodges, 1996; DeCelles et al., 

2000; Gehrels et al., 2003; 2006; 2011; Martin et al., 2005). GH rock is cross-cut by ~15-25 Ma 

leucogranite intrusions (Hodges et al., 1996; Searle and Godin, 2003; Searle and Szulc, 2005; 

Visona et al., 2012). Approximately 10 km west of the study area, an isolated klippe named the 

Damauli klippe (Beyssac et al., 2004) is bounded by two thrusts (Jnwali and Amatya, 1996), and 

may contain both GH and LH rock, bounded by the MCT and RMT, respectively.  

TH rock consists of Cambrian to Eocene sedimentary rocks deposited on the northern 

Greater Indian passive margin (Garzanti, 1999), which were later incorporated into the Tibetan 

thrust belt during Eocene-Oligocene time (Ratschbacher et al., 1994; Godin, 2003). We did not 

study the TH along the cross-section line and only include the rock as one unit on top of the GH 

rock; thus, TH rock is not described here. 

4.5. Structure and Kinematics  

4.5.1. Main Central Thrust (MCT) 

The MCT is a top-to-the-south sense ductile shear zone that translated high-grade GH 

metasedimentary rocks in the metamorphic core of the Himalaya over Paleoproterozoic LH 

rocks, and is a key component in orogenic models and tectonic reconstructions (Beaumont et al., 
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Table 1. Stratigraphy of the Lesser Himalayan and Subhimalaya rocks in central Nepal with thickness used in the cross 
section and published ages.  

 

* Khanal et al. (2014), † Martin et al. (2011), a Gautam and Rosler (1999) b Ojha et al. (2008)  

 

 

 

STRATIGRAPHY OF THE CENTRAL NEPAL HIMALAYA 

Unit Name Lithologic Description Thickness(m) Age constraints 

Lesser Himalaya 

Malekhu Fm. Dolomitic-siliceous limestone with phyllite 525 >1300 Ma † 

Benighat Fm. Dark gray slate with bands of limestone  1250  

Dhading Fm. Dolomite with stromatolites 550  

Nourpul Fm. Pink quartzite, green dolomite, phyllite and amphibolite 500  

Dandagaon Fm. Dark gray phyllite with quartzite and dolomite 1100  

Fagfog Fm. White quartzite with ripple marks 400 <1770 Ma† 

Robang Fm. Green grey calcareous phyllite, Dunga quartzite, Palaeoproterozoic 
augen orthogneiss and amphibolite 

1200 <1850 Ma * 

Kunchha Fm. Green grittty phyllite, quartzite and amphibolite 3300 <1900 Ma † 

Subhimalaya 

Upper Siwalik Unit Conglomerate with coarse sandstone 2200 2.3-1.8Ma a 

Middle Siwalik Unit Coarse grained sandstone with few pebbly bands conglomerate 1200 11-2.3 Ma a 

Lower Siwalik Unit Fine grained sandstone and mudstone 1650 14.6-11 Ma b 
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2001; Kohn et al., 2008; Webb et al., 2011). Over the past 50 years, scientists have used different 

techniques to define and characterize the MCT (Searle et al., 2008; see summary in Corrie and 

Kohn, 2011); however, any single method cannot locate the thrust. In this paper, we define the 

MCT as a discrete ductile fault that separates the GH from LH rock (e.g. Heim and Gansser, 

1939) and follow the work of Martin et al. (2005) from the Marsyangdi area that utilizes 

microstructures, εNd values, and U-Pb dating of detrital zircons to locate the MCT. The 

mylonitic foliation of the MCT strikes 090-110 and dips 30-45°N. GH rock in the MCT hanging 

wall contains kyanite-garnet gneiss (Figs. 2a and 2b) on top of phyllite and quartzite of the 

Paleoproterozoic LH rock (Fig. 2c). The MCT sheet experienced peak temperature of ~725-

780°C and ~10-13 kbar in the Marsyangdi area (Catlos et al., 2001). Traditionally, initial 

movement on the MCT was thought to have occurred at 20-22 Ma based on Rb-Sr mica ages, 

40Ar/39Ar ages from hornblende, biotite and potassium feldspar, and monazite U-Pb ages in 

garnets from GHS gneiss (Inger and Harris, 1992; Hubbard and Harrison, 1989; Harrison et al., 

1995; Hodges et al., 1996; Catlos et al., 2001; Godin et al., 2001). However several complicating 

factors affect these interpretations, including age interpretation ambiguities (e.g. Harrison et al., 

2002; Kohn et al., 2005) and important differences in how studies define and locate the MCT 

(e.g. Searle et al., 2008; Kohn, 2008). For example, Kohn et al. (2005) note that many of the 

older metamorphic and deformation ages derive from high structural levels in the GHS and 

probably reflect movement on intra-GHS thrusts, not the MCT sensu stricto. Based on 

petrogenetically-validated, chemically-correlated monazite ages, movement of the MCT in 

central and western Nepal occurred between ~17 and ~10 Ma (Kohn et al., 2004, 2005; 

Montomoli et al., 2013). A maximum age of initial movement of ca. 20 Ma in central Nepal 

(Corrie and Kohn, 2011) is consistent with these other studies. Intra-GHS thrusts at higher 
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structural levels are older, with movement broadly constrained between ~27 and ~16 Ma (Kohn 

et al., 2004; Goscombe et al., 2006; Carosi et al., 2007, 2010; Corrie and Kohn, 2011; Imayama 

et al., 2012; Montomoli et al., 2013).   

4.5.2. Ramgarh-Munsiari Thrust (RMT) 

The RMT is an intra-LH thrust that emplaced Paleoproterozoic LH rock over other LH 

rock and is a roof thrust of the LHD in western and eastern Nepal (DeCelles et al., 2001; 

Robinson et al., 2006; Bhattacharya and Mitra, 2009). The RMT is continuous along the entire 

length of the Himalaya and accommodates over 100 km of slip (Robinson and Pearson, 2013 and 

references therein). In central Nepal, the LHD has two roof thrusts, the RMT and Trishuli thrust. 

The Trishuli thrust has not been erosionally breached and the LHD remains at depth (Pearson, 

2002; Khanal and Robinson, 2013). In the past, the RMT thrust has also been called the ‘Lower 

MCT’ (Hashimoto et al., 1973; Catlos et al., 2001) and the ‘MCT-1’ (Arita, 1983, Paudel and 

Arita, 2000). In central Nepal, the RMT is entirely within the LH, and therefore cannot be a fault 

strand of the MCT (Khanal et al., 2014a) and is given a distinct name. Along the cross-section 

line, the RMT (Fig. 2d) carries white quartzite and green phyllite (Fig. 2c) of the 

Paleoproterozoic Robang Formation over top of the Mesoproterozoic LH rock of the Trishuli 

thrust sheet. The footwall of the RMT, the Trishuli thrust sheet, consists of a complete sequence 

of the LH containing schist, phyllite and quartzite (Figs. 2e and 2f). The mylonitic foliation of 

the RMT strikes 061 to 090 and dips 50-55°N-NE. Mineral stretching lineations plunge 45-50° 

toward 150-180, indicating little or no strike-slip component in the system. The RMT sheet 

experienced temperatures of ~610-675°C and pressures of ~ 8-11 kbar in the Marsyangdi area 

(Catlos et al., 2001). Foliations in both the hanging wall and footwall of the RMT are subparallel 



 

113 
 

and imply a hanging wall flat on footwall flat relationship. In central Nepal, the RMT was active 

at ~ 10 Ma (Kohn et al., 2004; Kohn 2008) after the slip transferred south from the MCT. 

 

Figure 4.2 a) Kyanite-garnet gneiss in the GH north of the MCT, 8 cm length of the pen points to 
a kyanite crystal; b) MCT mylonitic zone, 30 cm hammer for scale; c) Phyllite and quartzite just 
south of the MCT, 30 cm hammer for scale; d) Ductilely deformed rock on the hanging wall of 
the RMT, 15 cm pen for scale; e) Near horizontal shear zone with quartz boudinage south of the 
RMT, 30 cm hammer for scale; f) Outcrop view of white quartzite from the Kunchha Formation, 
person for scale. Location of each photograph is shown on Figure 4.  
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4.5.3. Trishuli Thrust (TT) and Lesser Himalayan Duplex (LHD) 

The majority of the LH rock crops out in a broad anticlinorium defined as the Gorkha-

Pokhara anticlinorium in central Nepal (Pêcher, 1977). The anticlinorium has culminations on 

the surface that indicate the presence of a duplex at depth in a fold thrust belt (Boyer and Elliott, 

1982).  In the Marsyangdi section, the TT and RMT are the thrusts of the LHD; however, the TT 

is exposed as a passively folded fault just north of Bandipur and is locally named the Bhangeri 

thrust (Figs. 2d and 4). At this location, the TT is thrust over the Malekhu Formation and carries 

Nourpul through Malekhu Formations (Figs. 3c, 3d, and 3e), suggesting the fault cuts up section 

through the LH units on the leading edge towards the south. A splay of the TT is exposed in the 

northern part ~12 km south of the MCT (Fig. 4) where the thrust is subhorizontal (10°), strikes 

183-193 and consists of ductiley deformed quartz boudinage and schist (Fig. 2e). The LH thrust 

sheets along with the TT and RMT as the roof thrusts, and the MHT as the sole thrust, compose 

the LHD. In western Nepal and Kumaun, India, the RMT is the roof thrust of the LH duplex 

(Srivastava and Mitra, 1994, Robinson et al., 2001; 2003, 2006; Mandal et al., 2014). The LHD 

continues into Sikkim as the Rangit duplex with RMT as the roof thrust (Bhattacharyya and 

Mitra, 2009) and continues to Bhutan with the Shumar thrust as the roof thrust of the LHD 

(McQuarrie et al., 2008; Long et al., 2011). Slip on the TT sheet postdates the RMT because the 

TT passively carries the RMT and MCT sheets toward the south (Khanal and Robinson, 2013). 

In situ 232 Th/208 Pb ion microprobe age of monazite in a garnet from the hanging wall of the TT 

sheet yields an age of ~9–7.5 Ma from the Marsyangdi area (Catlos et al. 2001), which might 

represent the activation age of the TT. Slip then transferred southward into the thrust sheets of 

the LHD. In situ 232 Th/208 Pb dating of monazite inclusions in garnet in the Langtang area, ~95 

km east of this study area in central Nepal, yields an age of ~7–3 Ma (Kohn et al., 2004) from 
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the LH rock, which corresponds to the activation age of the LHD (Kohn et al., 2004).

 

Figure 4.3. a) Trace of TT exposed near Bandipur (see Fig. 4 for location), the fault is passively 
folded and dips toward south. Trace of the fault is along the white line. Bottom right consists of a 
zoomed in view of the fault. 30 cm hammer for scale; b) Minor intraformational brittle fault with 
in Nourpul Formation close to the TT. Hanging wall rock is highly deformed. 30 cm hammer 
close to the fault plane for scale; c) Highly fractured pink sandstone of the Nourpul Formation 
that occasionally contains 10-20 m band of mafic igneous rock. 30 cm hammer for scale; d) Late 
stage brittle fault in the Benighat Formation slate with ~10 m of fault gouge. Person for scale. 
Location of each photograph is shown on Figure 4. 

4.5.4. Main Boundary Thrust 

The MBT places the LH rocks in the hanging wall over the Siwalik Group rocks in the 

footwall (Fig. 4) and is found along the entire Himalayan arc (Heim and Gansser, 1939). The 

fault strikes 088 to 110 and dips 40-45°NE. The hanging wall of the MBT contains several 
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normal and thrust faults in the Lesser Himalayan imbricate zone (Dhital, 2012; Shah et al., 2012; 

Robinson and Martin, 2014). The MBT cuts the lower part of the upper Siwalik unit in central 

Nepal (Khanal and Robinson, 2013) that was deposited from ~4.1-2.5 Ma as determined by 

magnetostratigraphy (Rösler et al., 1997; Ojha et al., 2008). Thus, the MBT was active after ~4 

Ma in central Nepal, which may have been reactivated in Pliocene time (Mugnier et al., 1994). 

4.5.5. Subhimalayan Thrust System and Main Frontal Thrust 

The Subhimalayan thrust system consists of four thrust sheets that compose the Chitwan 

Dun valley and hills (Fig. 4) south of the MBT. The southern thrust sheet is bounded by the MFT 

and places Siwalik Group rock over modern alluvial sediments. The trace of the MFT is usually 

marked at the front of the topographic high in the Himalayan thrust belt (Schelling and Arita, 

1991). Each thrust sheet carries all three Siwalik Group units and repeats the stratigraphy. The 

MFT and other SH thrusts merge at depth into the MHT (Mugnier et al., 1992) at 5-6 km under 

the Siwalik Group (Avouac, 2003). The MFT has been active since mid-Pliocene time as 

revealed from the deformation of young river terraces (Lavé and Avouac, 2000; Sapkota et al., 

2012).  

4.6. Models for Building the Himalaya  

Underthrusting of the Indian plate and overthrusting of the Asian plate along the MHT is 

the fundamental process in the evolution of the Himalaya-Tibetan orogenic system (Fig. 5a).  

Until recently, the MCT was thought to be the first thrust south of the TH active at ~22 Ma (e.g. 

Hubbard and Harrison, 1989; Inger and Harris, 1992; Hodges et al., 1996; Harrison et al., 1997; 

Arita et al., 1997; Johnson and Rogers, 1997; Coleman, 1998; Catlos et al., 2001; Johnson et al., 

2001; Webb et al., 2011). However, recent research suggests that an intra-GH thrust that 
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Figure 4.4. Geologic map of central Nepal along the Marsyandi cross-section (Fig. 1). Sample 
locations are shown with a star with the sample number in a white box. The locations of field 
photographs are shown pointed with arrow and corresponding figure number in red in white box. 
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initiated at ~20-29 Ma predates the slip on the < 17 Ma MCT (e.g  Kohn et al., 2004, Carosi et 

al., 2010, Imayama et al. 2012; Iaccarino et al., 2013; Montmoli et al., 2013; Khanal et al., 

2014b). After the motion on the MCT ended at ~10-16 Ma (Kohn et al., 2004; Tobgay et al., 

2012), the growing orogen incorporated LH and SH rocks (e.g., Khanal and Robinson, 2013). 

Three models have been proposed to explain the growth of the Himalaya after emplacement of 

the MCT; 1) Frontal accretion and forward propagation of the thrust system (Fig. 5b)(Schelling 

and Arita, 1992); 2) Underplating of the LH thrust sheets to form a duplex associated with the 

MHT (Fig. 5c) (e.g DeCelles et al., 2001; Robinson et al., 2003; Bollinger et al., 2004; 2006; 

Khanal and Robinson, 2013);  and 3) Out-of-sequence thrusting at the PT, continuation of the 

MHT ramp towards the surface (Fig. 5d) (e.g Wobus et al., 2003; 2005; Hodges et al., 2004; 

Huntington et al., 2006; Whipp et al., 2006, Blythe et al., 2007; Robert et al., 2009; 2011).  

To test these three tectonic models, we construct a viable and admissible cross-section 

along the Marsyangdi section, prepare a temperature profile from quartz microstructures, and 

determine the cooling history of the LH thrust sheets utilizing (U-Th)/He chronometry. Each 

model makes different predictions regarding the structure and cooling of the LH rock. In the 

frontal accretion model (Fig. 5b), the LH thrust belt grew by incorporating rock as an imbricate 

fan, propagating the wedge towards the south in-sequence. The model does not require a roof 

thrust or the MHT ramp and predicts progressively younger cooling age and progressively cooler 

rock towards the south. In the duplex model (Fig. 5c), the LHD initiates close to the brittle-

ductile transition zone by incorporating thrust sheets into the growing orogen along the MHT and 

migrating the midcrustal ramp towards south. The model requires a roof thrust and ramps in the 

MHT at depth. The model predicts a gradual increase in cooling ages towards the south and a 

gradual decrease in temperatures to the south from the MCT (Bollinger et al., 2004; Herman et  
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Figure 4.5. a) Underthrusting  of the Indian plate and overthrusting of the Asian plate; b) Model 
1 - frontal accretion suggests the growth of the orogen by forward propagating of thrusts at the 
leading age of a thrust belt (modified from Schelling and Arita, 1991); c) Model 2 - underplating 
or duplexing at midcrustal depths that involves transferring of rocks in the footwall of thrust 
faults to the hanging wall across a southward migrating Main Himalayan thrust (modified after 
Bollinger et al., 2004); d) Model 3 - active OOS thrust at the PT that divides the thrust belt into 
two regions with active motion, on the OOS thrust at the PT and the MFT (modified from Wobus 
et al., 2003). 

al., 2010). In the out-of-sequence (OOS) thrusting model (Fig. 5d), a young thrust activates in the 

PT about 10-15 km south of MCT (Wobus et al., 2003, 2005). The model predicts a sudden jump 

(older towards the south and younger towards the north) in cooling ages bounding the OOS 

thrust,  jump in the deformation temperature,  a high rate of cooling between the OOS thrust and 
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STDS, and also recent movement on the STDS. We focused our research south of the MCT to 

complement previous studies north of the MCT in the Marsyangdi (e.g. Hodges et al., 2004; 

Huntington et al., 2006; Blythe et al., 2007; Herman et al., 2010) and test which model, frontal 

accretion, duplexing or OOS thrusting, best describes the ongoing structural evolution of the 

Himalayan orogen. 

4.7. Methods 

4.7.1. (U-Th)/He Chronometry 

We collected six samples south of the MCT along the Marsyangdi section (Fig. 4; Table 

2), and separated zircons from each sample at the Department of Geological Sciences, University 

of Alabama, following the standard practices of jaw crushing, milling, water table, magnetic 

separation, and density separation using methylene iodide (Gehrels et al., 2008). We sent the 

zircon separates to the University of Arizona, Arizona Radiogenic Helium Dating Laboratory. 

Zircon (U/Th)/He analyses followed the procedures in Reiners (2005). Individual zircon grains 

were selected from separates on the basis of size, morphology, and lack of inclusions. Grains 

with a minimum radius of 60µm and a minimum of inclusions were selected, photographed, and 

the dimensions were measured in two orthogonal directions as outlined in Hourigan et al. (2005) 

to calculate the alpha-ejection correction to account for 4He lost from the crystal. Single grains 

were then packed into 1-mm Nb foil envelopes and multiple foil packets were then placed in 

individual holes in a 30-hole planchett inside a ~7 cm laser cell pumped to <10-9  torr. Individual 

packets were then heated with a laser beam to approximately 1100-1250 °C for 15 minutes 

extraction intervals and reheated until 4He yields were less than 1%. Gas extracted from the 

zircons was spiked with 0.1–0.2 pmol 3He, and condensed onto activated charcoal at the cold 

head of a cryogenic trap at 16K. Helium was then released from the cold head at 37 K into a 
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small volume (~50 cc) with an activated Zr-Ti alloy getter and the source of a Balzers 

quadrupole mass spectrometer (QMS) with a Channeltron electron multiplier. Peak-centered 

masses at approximately m/z of 1, 3, 4, and 5.2 were measured. Mass 5.2 establishes 

background, and mass 1 is used to correct mass 3 for HD and H3+. Corrected ratios of masses 4 

to 3 were regressed through ten measurement cycles over ~15 s to derive an intercept value, 

which has an uncertainty of 0.05-0.5% over a 4He/3He range of ~103, and compared with the 

mean corrected ratio to check for significant anomalous changes in the ratio during analysis. 

Helium contents of unknown samples were calculated by first subtracting the average mass-1-

corrected 4He/3He measured on multiple procedural blanks analyzed by the same method, from 

the mass-1-corrected 4He/3He measured on the unknown. This was then ratioed to the mass-1-

corrected 4He/3He measured on a shot of an online reference 4He standard analyzed with the 

same procedure. The resulting ratio of measured 4He/3He values was then multiplied by the 

moles of 4He delivered in the reference shot. 

After He extraction and measurement, foil packets were retrieved, transferred to teflon 

vials, and spiked with 0.5-1.0 ng of 233U and 229Th.  High-pressure digestion vessels were used 

for dissolution of the zircon and Nb foil packet. Natural-to-spike isotope ratios of U and Th were 

then measured on a high-resolution (single-collector) Element2 ICP-MS with all-PFA Teflon 

sample introduction equipment and sample preparation/analytical equipment. Blanks for zircon 

analyses were 2.6±0.5 pg U and 5.5±1.0 pg Th. Precision on measured U-Th ratios is typically 

better than 0.5% for zircon analyses. Propagated analytical uncertainties for typical zircon 

samples led to an estimated analytical uncertainty on (U-Th)/He ages of approximately 1-3% 

(1σ). In some cases, reproducibility of multiple aliquots approaches analytical uncertainty.  

However, reproducibility of repeat analyses of (U-Th)/He ages is significantly worse than 
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analytical precision. Thus, (U-Th)/He ages typically show a much greater scatter and higher 

MSWD than expected based on analytical precision alone, and multiple replicate analyses of (U-

Th)/He ages on several aliquots is necessary for confidence in a particular sample age. Analytical 

results with location, elevation, rock unit, and lithology are shown in Table 2 and Figure 6. 

Table 2: Sample description, location and results of ZHe 

 

 

Sample Lat Long Elev 
(m) 

Map units Lithology ZHe 
Age 
(Ma) 

ZHe 1σ 
(Ma) 

Mr-4 28.33984 84.39621 1079 Robang  White quartzite 0.773 0.01 
      0.777 0.01 
      0.756 0.01 
     Weighted Mean 0.769 0.01 
Mr-7 28.25744 84.36641 752 Kunchha White quartzite 1.51 0.04 
      1.55 0.05 
      1.25 0.05 
     Weighted Mean 1.45 0.03 
Mr-12 28.16397 84.43941 675 Kunchha White quartzite 2.25 0.09 
      2.12 0.07 
      2.32 0.05 
     Weighted Mean 2.25 0.04 
Mr-121 27.95818 84.39720 675 Nourpul Pinkish sandstone 3.12 0.09 
      2.6 0.07 
      3.0 0.05 
     Weighted Mean 2.91 0.04 
MR-17 27.89709 84.40756 1073 Nourpul Pinkish sandstone 4.79 0.11 
      5.17 0.08 
      5.24 0.11 
     Weighted Mean 5.09 0.06 
MR-20 27.80171 84.43385 242 Nourpul White quartzite 4.98 0.1 
      3.95 0.11 
      4.24 0.11 
     Weighted Mean 4.43 0.06 
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a)      b) 

 

Figure 4.6. a) Plot of ZHe age vs. distance south of the MCT projected along the cross-section 
line; b) Plot of ZHe age vs. elevation. Note the northernmost sample and the southernmost 
sample are from an almost equal elevation; c) ZHe age vs. map distance south of the MCT with 
best fit trend line.  
 

4.7.2. Quartz and Feldspar Microstructures  

Twenty two rock samples were collected from the LH between the MCT and the MBT. 

Location of each thin section sample is shown in Figure 4. Thin sections were cut perpendicular 

to quartzite bedding and parallel to mineral stretching lineation. Stipp et al. (2002) quantify three 

mechanisms of dynamic recrystallization of quartz from Tonale fault zone in the Italian Alps— 

bulging recrystallization (BLG) (280–400°C), subgrain rotation (SR) (400–500°C), and grain 

boundary migration (GBM) (500°C and above). Many experimental and natural samples 

document the simultaneous operation of the above mechanism with one mechanism dominant 

above the others (Hirth and Tullis, 1992; Stipp et al., 2002). Recrystallization of potassium 

c) 
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feldspar (Kfs) into subgrains is also observed in some parts of the LH, which requires minimum 

temperatures of ~450°C (Simpson and Wintsch, 1989). Using these microstructures as a proxy 

for minimum recrystallization temperature provides temperature estimates independent from 

mineral chemistry and conventional thermobarometry. Because there are not many minerals in 

the southern part of the LH rock suitable for conventional thermobarometry, this method allows 

a first order estimate of the deformation temperatures across the LH. Quartz dynamic 

recrystallization mechanisms are used in the Himalaya to estimate deformation temperatures 

(Law et al., 2004; Larson and Godin, 2009; Larson et al., 2010; Long et al., 2011, Spencer et al., 

2012). Because quartz dynamic recrystallization depends on water fugacity and strain rate (Hirth 

and Tullis, 1992), the deformation temperature estimate may be different in the Himalaya than 

the work of Stipp et al. (2002) in the Tonale fault zone. Thus, the deformation temperature 

estimates from the hinterland is generally lower (~50-250°C) than the Pressure-Temperature 

determined from mineral composition based thermobarometry (Daniel et al., 2003; Long et al., 

2011; Corrie et al., 2012; Spencer et al., 2012). Law (2014) suggests that there is no significant 

role of water fugacity on the crystallization microstructures; however, increased strain rate near 

fault zone controls the crystallization microstructures. Unfortunately, strain data from each 

individual sample or thin section are not available to acess the possibility of affect of increasing 

strain rate on the quartz dynamic recrystallization mechanism. We use the terminology of Stipp 

et al. (2002) for the recrystallization microstructures and related textures, and create a 

temperature profile across the LH south of the MCT to show how deformation temperatures vary 

with structural distance across the orogenic-scale fault bounded LH units. The microstructures 

are shown in Figures 7 and 8, and the temperature profile is shown in Figure 9.  
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Figure 4.7. Photomicrographs of LH rocks south of the MCT in thin sections (cross-polarized 
light). All thin sections are cut perpendicular to bedding or parallel to mineral stretching 
lineation. Locations of samples are shown in Figure 4. Figures 7a and 7b display granoblastic 
texture of nearly equigranular polygon, 400-600 µm in diameter. a) Quartzite from the Robang 
Fm. just south of the MCT, shows crystallographic preferred orientation when viewed with the 
gypsum plate inserted (lower right of Fig.7a); b)  Quartzite from the Nourpul Fm. with biotite 
orientated parallel to foliation; c) Quartzite from the Kunchha Fm. showing variable grain size 
up to 800 µm in diameter and pressure shadows, a transition texture between SGR and GBM; d) 
Quartzite from Kunchha Fm. exhibits ‘amoeboid’ grain microstructure and multiple mm grain 
size, a characteristics of GBM crystallization; e and f) Quartzite from the Kunchha Fm. where 
grains are smaller than in Fig. 7d but depict ‘amoeboid’ grain microstructures and pressure 
shadows; g) Quartzite from the Kunchha Fm. with ‘amoeboid’ grain microstructures and 
multiple mm grain size and pressure shadow characteristics of GBM recrystallization; h) 
Quartzite from the Kunchha Fm. with variations of grain size and ductile deformed kspar and 
biotite parallel to the foliation.  >95% grains are recrystallized and interpreted as SGR 
recrystallization microstructures; i) Micaceous sandstone close to a shear zone in the Kunchha 
Fm. that depicts S-C fabrics and interpreted as the SGR recrystallization. 
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Figure 4.8. Continuation of photomicrographs south of Figure 7i. Locations of samples on Figure 
4. a) Quartzite from the Nourpul Fm. with ductile elongation of kspar, >90 % grains 
recrystallized, and large relict grains surrounded by small subgrains suggesting progressive SGR 
recrystallization; b) Quartzite from Nourpul Fm. with elongated grains containing C-S fabrics 
defined by mica grains, big clasts of quartz are completely recrystallized into SGR and 
sericitization of kspar; Figures 7c through 7j with the exception of 7i indicate BLR. All samples 
are from the Nourpul Fm. c) Undulose and patchy extinction in quartz with neoblastic mica in 
between grains; d) Undulose and patchy extinction with new grains forming between grain 
boundaries; e) Elongated quartz with serrated grain boundaries and a few new grains forming 
between grain boundaries; f) Viscous deformation with strained quartz clasts surrounded by a 
matrix of recrystallized grains;  g, h and j) New quartz grains are recrystallized between the relict 
quartz grains showing patchy extinction. New grain percent is around 15-20% and are at lower 
end of BLG. i) >80% of the grains are recrystallized into fine-grained quartz with a few detrital 
muscovite and biotite grains. 
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Figure 4.9. Deformation temperature profile through the LH thrust sheets in the LHD along the 
Marsyangdi cross-section with observed quartz and kspar microstructures. Gray boxes show the 
temperature range for individual thrust sheets. Approximate structural positions and 
metamorphic mineral isograds south of the MCT are shown. Peak metamorphic temperature data 
from the upper section are from garnet thermometry (Catlos et al., 2001) and shown in the box 
with dots. Peak metamorphic temperatures on the southern side is from RSCM shown in black 
bold box (Beyssac et al., 2004). GBM=Grain Boundary Migration, SGR=Subgrain Rotation, 
BLG=Bulging recrystallization, MCT=Main Central thrust, TT=Trishuli thrust, BT= Bhageri 
thrust, DT= Dewachuli thrust, MBT=Main Boundary thrust, RSCM= Raman Spectroscopy of 
Carbonaceous Materail, Mst= Muscovite, Bt= Biotitie, Grt= Garnet, Ky= Kyanite, meta= 
metamorphic, temp.= temperature, ext.= extinction, def.= deformation.  
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4.7.3. Regional Balanced Cross-section 

 A cross-section was prepared on the basis of thickness and orientation data collected 

during field mapping (Table 1). Additional data are from the maps of Jnawali and Tuladhar 

(1996) and Paudel (2014). Some geologic measurements are projected into the cross-section line 

from the maps and from our own observations from a few kilometers to the east or west of the 

section line. The cross-section is line-length balanced; however, it does not incorporate micro- or 

meso-scale strain. A length of a geological unit may be changed by layer parallel shortening 

increasing the area of the unit depending on the physical properties that influence the geological 

interpretation (Groshong et al., 2012). The bed length change could be computed using the area 

balance technique if the depth and geometry of the décollement are well constrained (Moretti and 

Callot, 2012). However, such data are scarce in the Himalaya, and micro-structural strain 

analysis from each bed is beyond the scope of this study. The folding and strain in outcrop scale 

or microscopic scale have not been determined or factored into the minimum shortening 

estimates. The cross-section is pinned in the south by undeformed SH rock in the foreland basin 

drilled in Raxaul, India (Sastri et al., 1971; location given by star on Fig. 1). All mapped thrusts 

were extended to depth from the surface to merge with the MHT. We used Pandey et al. (1999) 

to draw the geometry of the MHT and also used Hi-CLIMB geophysical data (Nábelek et al., 

2009) for comparison. We used the position of the MCT from Martin et al. (2005) that nearly 

correlates with the position of MCT of Colchen et al. (1986). The MCT also marks the base of a 

localized high strain zone (Searle et al., 2008) as shown in Figure 2b. However, there are other 

thrusts (e.g., RMT and TT) up to 15 km south of the MCT (Figs. 2d, 2e, 3 and 4). The rock units 

and thrusts were extended above the present day erosional surface using minimum lengths to 

minimize shortening for each unit and structure.  
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Undeformed lengths of the rock units were obtained from the restoration of the cross-

section using bed-length restoration from foreland to hinterland assuming that the cross-sectional 

areas of individual stratigraphic intervals does not change during deformation. Restoration was 

done by measuring individual lengths of each layer and unfolding these lengths by placing the 

hanging wall cutoff next to the matching footwall cutoff of the individual layers within each fault 

block. However, this is only a minimum estimate because all of the hanging wall cutoffs are 

eroded. This process of restoration determines the geometry of the fault trajectory in the 

undeformed state. As applied here, this bed length-balancing method is an approximation to 

flexural-slip deformation, and is an essential tool in determining the structural evolution and 

basin analysis. This method works well in most convergent belts where thickness variations 

caused by deformation are not substantial (Rowan and Ratliff, 2012). Each thrust sheet in the 

Siwalik Group from the MFT to the MBT was measured and placed adjacent to undeformed 

strata south of the MFT. North of the MBT, the LHD and TT, RMT, and MCT sheets were 

restored. Figure 10 illustrates the cross-section and the reconstructed undeformed strata.  

4.7.3.1. Assumptions and Limits 

 The maximum depositional ages of the oldest LH rocks, the Kunchha and Robang 

Formations, are 1900 Ma and 1878 Ma, respectively (Martin et al., 2011; Khanal et al., 2014a). 

The cross-section assumes that the Robang Formation and associated Dunga quartzite is the 

northern distal facies variation of the Kunchha Formation because of some overlap in detrital 

zircons ages (Martin et al., 2011; Khanal et al., 2014a). During the restoration, the Robang 

Formation was restored northward of the Kunchha Formation (Fig. 10b). However, the 

northernmost extent of the Robang Formation is not known because cutoffs in the cross-section 

are eroded. Because of increased deformation and metamorphism due to deeper burial in the 
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northern part, original rock units are metamorphosed to quartzite, marble and schist (Colchen et 

al., 1986); however, in the quartzite, primary sedimentary structures are preserved. We divide the 

rock units into individual LH stratigraphic units (see Table 1) based on the positions of key beds 

such as carbonate, quartzite and black slate. One way to balance the cross-section is to make the 

entire LHD composed of thrust sheets of the Kunchha Formation (e.g., Pearson, 2002). However, 

we balance our cross-section with the entire LH section present in the thrust sheets of the LHD 

because the TT carries all of the LH units (e.g. Khanal and Robinson, 2013). Either method is 

appropriate depending on the underlying assumptions; however, there are no significant 

variations in the shortening estimates using the two different methods (Robinson and Martin, 

2014). The thickness of each unit in the northern part of the roof thrust (TT sheet) corresponds to 

the thickness of units on southern side (hanging wall rock of the MBT) and correlates well with 

the Budhi-Gandaki cross-section (Khanal and Robinson, 2013).  

 In most regions of Nepal, the LH Gondwana and Tertiary foreland basin sequences crop 

out in the thrust belt; however, in the Marsyangdi cross-section, they are not present. These rocks 

are assumed to be buried underneath the SH rocks (point 2, Fig. 10) based on the stratigraphic 

position of the sequence exposed in other parts of Nepal (Sakai, 1983; Schelling, 1992; DeCelles 

et al., 1998a, 1998b, 2001). These younger LH rocks crop out ~60 km toward the west in the 

Kaligandaki cross-section (K-K’; Fig. 1), and are incorporated into the thrust belt (Robinson and 

Martin, 2014).  

At the front of the thrust belt, the depth to the MHT was determined by extending the 

stratigraphic thickness of the Siwalik Group at the surface to depth (Schelling and Arita, 1991; 

Schelling, 1992; Mugnier et al., 1999; Lavé and Avouac, 2000), and from projection of well data 

in Raxaul, India (location shown in Fig. 1) (Sastri et al., 1971) ~90 km southeast of the MFT. 
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The depth to the MHT is 5,100 m, consistent with other studies in central Nepal (Appel et al., 

1991; Schelling, 1992; Pearson, 2002). Lyon-Caen and Molnar (1985) calculate the dip of the 

MHT from a flexural elastic bending model in the foreland basin and found a dip of ~2.5° 

beneath the SH, consistent with the seismic line in the Raxaul area acquired by the Department 

of Mines and Geology, Nepal (1990). A dense concentration of micro-seismic activity at shallow 

depths between 5 and 20 km (Pandey et al., 1995; 1999) is consistent with the location of the 

MHT and LHD in the cross-section. We also used Hi-CLIMB geophysical results (Nábelek et 

al., 2009) for comparison of the location and structure of the MHT in central Nepal, and similar 

studies from eastern Nepal (Schulte-Pelkum et al., 2005) and Garhwal, India (Caldwell et al., 

2013). There are two ramps in the MHT (Avouac, 2003), the MFT and one at ~6-15 km depth, 

the LH ramp (point 3, Fig. 10a). The MHT dips under the northern part of the LH at ~5°, as 

determined from seismotectonics (Ni and Barazangi, 1984; Pandey et al., 1995; 1999), and is 

consistent with other published balanced cross-sections across Nepal (Schelling and Arita, 1991; 

DeCelles et al., 2001; Pearson, 2002; Robinson et al., 2006). The dip of the MHT increases to 

~9° in South Tibet (Hauck et al., 1998) at a depth of 35-40 km (Zhao et al., 1993; Schultz-

Pelkum et al., 2005; Nábelek et al., 2009). The MHT depth underneath the LHD is ~15 km, 

consistent with microseismicity (Pandey et al., 1995; 1999).  

4.7.3.2. Sources of Error  

 The cross-section does not include micro-and meso-scale deformation in the LH because 

the folds are small (3-10 m), are not pervasive, and cannot be mapped at the 1:25,000 scale. 

Incorporation of this deformation would increase the shortening estimate but is beyond the scope 

of this study. The thrust sheets to the north are composed of all the Paleo-Mesoproterozoic LH 

rocks based on the position of quartzite, two carbonate units, black slate, and schist that we 
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observed in the field. Previous workers (e.g. Colchen et al., 1986, Catlos et al., 2001; Pearson 

and DeCelles, 2005) lump all rock in the northern part of the LHD, ~13 km south of the MCT, 

into the Kunchha Formation (Paleoproterozoic LH; Table 1). However, the Kunchha Formation 

is devoid of carbonate rock (Stöcklin, 1980) and black slate that weathers to a reddish and 

purplish tint. These are characteristics of the Mesoproterozoic siliceous limestone of the 

Malekhu Formation and slate of Benighat Formation (Stöcklin, 1980). Based on these field data, 

we classify the northern LH rocks exposed at the surface (Colchen et al., 1986 and 

“Ghanapokara Fm” of Shrestha et al., 1986) into a complete LH sequence (Kunchha through 

Maleku Formation). Martin et al. (2010) also mapped an entire LH sequence at a similar 

structural location in the Modi Khola ~55 km to the west (Fig. 1). Thus, all formation contacts 

are approximate on the northern LH rock (Fig. 4).  

Hanging wall cutoffs of the MFT, MBT, TT, RMT, and MCT are eroded (Fig. 10a); thus, 

the actual line lengths of the thrust sheets are unknown but can only be greater than minimum 

values determined in this study. GH klippen (e.g. Jarjarkot and Kathmandu klippen) are 

completely eroded along the section, so there is no direct way to determine minimum slip on the 

MCT or intra-GH thrusts that emplace the klippe. Slip on the MCT is estimated assuming the 

GH rock extended at least to the southernmost part of the Kathmandu klippe, similar to the 

Budhi-Gandaki cross-section. If the Kathmandu klippe was emplaced by a GH intraformational 

thrust older than the MCT (Khanal et al., 2014b), then the slip on the MCT would be ~75 km 

smaller than previous estimates of more than 100 km from western and central Nepal (DeCelles 

et al., 2001, Robinson et al., 2006, Khanal and Robinson, 2013) with a larger amount of slip 

(~160 km) accommodated by the intraformational GH thrust. The intraformational GH thrust 

model proposed for the evolution of the Kathmandu klippe (Khanal et al., 2014b) suggests ~ 235 
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km of shortening accommodated by the MCT and intraformational GH thrusts (Kohn et al., 

2004). The shortening could be greater because hanging wall cutoffs are eroded. Similarly, the 

southern part of the roof thrust, the TT of the LHD is eroded (Fig. 10a), and we determine the 

extent of the TT to be ~50 km south of the MCT from the pattern of dynamic recrystallization of 

quartz and the cooling data. Although minimum bed lengths are used in the cross-section to 

minimize shortening, there are no boundaries for the maximum amount of shortening the faults 

accommodated. If van Hinsbergen et al. (2011) is correct; the true amount of shortening may be 

a factor of 3 greater than the minimum slip.  

4.8. Results 

4.8.1. (U-Th)/He Ages 

A fundamental problem and debate concerning the Himalaya is how shortening was 

accommodated in the thrust system induced by the Indo-Asia collision. Previous researchers 

emphasize thrusting on the MCT (e.g., Hubbard and Harrison, 1989; Harrison et al., 1995; 

Hodges et al., 1996; Catlos et al., 2001; Godin et al., 2001, Catlos et al., 2002, Kohn et al., 2004, 

2005). As a consequence, a wealth of thermochronologic data exist in the GH in the Marsyangdi 

region (e.g., Hodges et al., 2004; Huntington et al., 2006; Blythe et al., 2007; Whipp et al., 

2007). In central Nepal, the only area with thermochronologic data south of the MCT is around 

the Kathmandu klippe, which is within GH rock (Fig. 1) (e.g., Robert et al., 2009; Herman et al., 

2010). Much of the LHD is devoid of thermochronologic data, and this study along the 

Marsyangdi cross-section is the first application of low-temperature thermochronology across the 

entire LHD (~65 km) between the MCT and MBT. We use the (U‐Th)/He thermochronometer in 

zircon (ZHe) characterized by a He closure temp from ~160-195° (e.g., Reiners et al., 2004; 

Reiners, 2005). A thermochronometer age yields the time since the sample cooled below the 
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effective closure temperature (Dodson, 1973). When combined with estimates of the distance 

from the closure temperature isotherm to the surface, the data provide a means for determining 

short term cooling rates from ~ 6 km depth. We collected samples in a N-S transect south of the 

MCT to provide a trend in the spatial distribution of ages and sequence of faulting in this part of 

the LH devoid of thermochronology. 

We present 6 new ZHe ages from the LH rock between the MCT and the MBT (Fig. 4). 

Sample MR-4 is from the RMT sheet and yields an age of 0.77±0.01 Ma. MR-7, MR-12, MR-

121, and MR-17 are from the TT sheet from north to south and yield age of 1.45±0.03, 

2.25±0.04 Ma, 2.91±0.04 Ma, and 5.09±0.06 Ma, respectively (Figs. 4 and 10a). Sample MR-20 

is from the southern part of the LHD and yields an age of 4.43±0.06 Ma (Figs. 4 and 10a). Each 

sample’s elevation and results are in Table 2. The data show a trend of increasing ZHe age 

towards the south. The ZHe ages with the corresponding horizontal distance from the MCT, age 

vs. elevation and best fit line are shown in Figures 6a, 6b, and 6c, respectively. 

4.8.2. Deformation Temperatures 

The LH rock experienced large scale thermal metamorphism with temperatures 

decreasing progressively south of the MCT from >500 to 300°C towards the MBT. Quartzite 

from the LH shows three distinct types of recrystallization mechanisms; 1) Grain boundary 

migration (GBM); 2) Subgrain rotation (SGR); and 3) Bulging recrystallization (BLR) (Stipp et 

al., 2002).  Results of the deformation temperature are summarized in Table 3. 
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Figure 4.10. a) Balanced cross-section through the central Nepal thrust belt. Location of the 
cross-section line is shown as M-M’ in Figure 1 and the geologic map is in Figure 5. Lighter 
shade is above the erosional surface and small lines at the topographic surface are dip indicators. 
Key features of the cross-section are highlighted by numbered points, which are explained by the 
footnotes at the bottom. Age data inside the rectangular boxes are cooling ages in Ma projected 
along the cross-section line. The cross section has no vertical exaggeration. b) Palinspastic 
reconstruction reduced in scale to 75% of the cross-section. 
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Table 3. Summary of the Deformation Temperatures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Lithologic 
 unit 

Grain size 
(µm) 

Recrystallization 
mechanisms 

Descriptions Def. Temp. 
(°C) 

Figure 

MR-4 RMT sheet  
Robang Fm. 

400-500 SGR-GBM? Polygonal porphyroblast with all relict grains recrystallized, weak shape preferred orientation 
when viewed through a gypsum plate, foliation parallel muscovite and biotite 

400-500 7a 

MR-5 TT sheet 
Malekhu Fm. 

100-600 SGR-GBM? Polygonal prophyroblast of quartz grains within the groundmass of calcite. Undulose and 
patchy extinction, ductile deformed K-feldspar  

450-500  

MR-6 Nourpul Fm 35-650 SGR-GBM? Irregular grain size, incipient nucleation of “island” grains, foliation parallel biotite and 
muscovite (100-500 µm) 

450-500 7b 

MR-7 Kunchha Fm. 50-600 GBM Irregular grain boundaries, “amoeboid” texture, no chessboard extinction, deformation 
lamellae 

500-630 7c 

MR-8 Kunchha Fm. 30-650 GBM Irregular grain boundaries, “amoeboid” texture, no chessboard extinction, foliation parallel 
biotite 

500-630 7d 

MR-9 Kunchha Fm. 20-700 GBM Irregular grain boundaries, “amoeboid” texture, no chessboard extinction, foliation parallel 
biotite, patchy extinction 

500-630 7e 

MR-10 Kunchha Fm. 15-500 GBM Irregular grain boundaries, “amoeboid” texture, no chessboard extinction, deformation 
lamellae 

500-630 7f 

MR-11 Kunchha Fm. 15-1000 GBM Irregular grain boundaries, “amoeboid” texture, no chessboard extinction, deformation 
lamellae, biotite (10-15 µm) 

500-630 7g 

MR-12 Kunchha Fm. 20-400 SGR Ductile elongation and recrystallization of K-feldspar, granoblastic texture,  muscovite and 
biotite parallel to foliation 

450-500 7h 

MR-112 Kunchha Fm. 10-100 SGR Very fine grained recrystallized quartz with S-C fabrics, shear zone 400-500 7i 

MR-121 
 

Nourpul Fm. 10-550 SGR Ductile elongation and sericitization of Kfs, ˃90% recrystallization of quartz ribbons into 
subgrains, large relict are surrounded with small subgrains 

450-500 8a 

MR-13 
 

MBT sheet 
Nourpul Fm. 

10-400 SGR New grains recrystallized between grain boundries, big preexisting quartzite clast completely 
recrystallized into subgrains, weak S-C fabrics, sericitization of K-feldspar 

400-450 8b 

MR-14 
 

Nourpul Fm. 200-500 BLG Plastically elongated clasts surrounded by neoblastic mica and subgrains, sweeping or 
undulose extinction 

280-400 8c 

MR-15 
 

Nourpul Fm. 150-500 BLG Rounded relict clast surrounded by neoblastic mica and subgrains, 15-20% subgrains 
sweeping or undulose extinction  

280-400 8d 

MR-16 
 

Nourpul Fm. 100-800 BLG Elongated relict quartz grains ~5% subgrains, undulose extinction 280-400 8e 

MR-17 
 

Nourpul Fm. 50-300 BLG Viscous deformation with strained quartz clasts surrounded by a matrix of recrystallized 
subgrain and neoblastic mica,  15-20% subgrain, undulose extinction 

280-400 8f 

MR-18 
 

Nourpul Fm. 50-400 BLG Viscous deformation with strained quartz clasts surrounded by a matrix of recrystallized 
subgrain,  ~25% subgrains, undulose extinction  

280-400 8g 

MR-19 
 

Nourpul Fm. 35-300 BLG Viscous deformation with strained quartz clasts surrounded by a matrix of recrystallized 
subgrain, ~ 25% subgrains, undulose extinction  

280-400 8h 

MR-20 
 

Nourpul Fm. 10-300 SGR Recrystallization of about 80% of grains into fine grained quartz subgrains, contains 
muscovite and biotite grains 

400-450 8i 

MR-21 Nourpul Fm. 20-400 BLG Viscous deformation with strained quartz clasts surrounded by a matrix of recrystallized 
subgrain, ~ 25% subgrains, undulose extinction 

280-400 8j 
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4.8.3. Cross-section 

The initial length of the deformed thrust belt south of the MCT in the Marsyangdi cross- 

section is 115 km (Fig. 10a). The original length of the LH and SH is ~335 km (Fig. 10b). 

Therefore, the total amount of shortening in the cross-section contributed by the LH and SH is 

220 km or 66%. If we consider the GH rock on top of the RMT sheet, then the shortening 

estimates will increase by at least 80 km to a total of 415 km and the total percentage of 

shortening will be ~72% or 300 km. The shortening estimates will increase to ~73% or 316 km if 

the extent of the RMT and MCT is assumed to be as far as the extent of the Kathmandu klippe in 

the Budhi-Gandaki cross-section (Fig. 1) with a total of 431 km. If the klippe was emplaced on 

an older intra-Greater Himalayan thrust other than the MCT (Khanal et al., 2014b), there will be 

an additional ~85 km shortening contributed by the inter Greater Himalayan thrust system and 

the shortening estimate will increase to 516 km. The shortening estimates will increase by at 

least 100 km to 616 km if we consider the internal deformation within the GH rock 

(Manickavasagam et al., 1999). There is an additional increase in shortening estimates by133-

176 km if we consider the shortening of the TH (Ratchbacher et al., 1994, Murphy and Yin, 

2003) to a total of 749-792 km. Two major thrusts, the RMT and TT accommodate most of the 

slip in the LH rocks, 80 km and 53 km, respectively. The LHD thrust sheets accommodate ~46 

km of shortening and the Subhimalayan thrust system accommodates ~16 km of shortening.  

Four late stage out-of-sequence thrusts in hinterland (Figs. 10 and 11) accommodate a total of ~2 

km of slip and a late stage normal fault accommodates ~2.5 km of slip. Table 4 lists the 

shortening estimates and percentage shortening of the LH and SH.  
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Table 4 Shortening estimates from the cross-section. 

 RMT=Ramgarh Munisari thrust, TT=Trishuli thrust, LHD= Lesser Himalayan duplex, 
LH=Lesser Himalaya, MBT=Main Boundary thrust, MFT= Main Frontal thrust,   

*= Khanal et al., 2014b 
**= Manickavasagam et al., 1999 
***= Ratchbacher et al., 1994, Murphy and Yin, 2003  

4.9. Interpretations 

4.9.1. ZHe 

Samples MR-4 and MR-6 are from LH rock just south of the MCT (Figs. 4 and 10a) as 

defined by Martin et al. (2005) and south of the MCT1 of Catlos et al. (2001). Th-Pb monazite 

ages immediately south of the MCT in the Marsyangdi River indicates a peak metamorphic age 

of 6.2±0.1 Ma (Catlos et al., 2001; sample 27) and is the maximum permissible age of initiation 

of cooling of sample MR-4 from the same structural level. As data quantifying the modern 

geothermal gradient in central Nepal are not available, we rely on present day thermal structure 

model computed by Herman et al. (2010) for the duplex model from the study area. The model 

assumes steady state topography and no lateral variations in the kinematics of deformation. We 

extract 40°C/km geothermal gradient for the sample MR-4 from the RMT sheet and is close to 

the MCT. The extracted geothermal gradient matches a geothermal gradient at 40°C/ km 

assumed in Burbank et al. (1996). Isotherms are generally folded along the MHT and space 

between each isotherm is relatively higher in the inthrusting Indian plate (Bollinger et al., 2006, 

Structures Lf L0 Short. (km) (total  L0) Short. % 
Subhimalayan thrust system 60 76 16 76 20 
LHD including TT 80 179 99 254 55 
LH+RMT overlap 82 259 178 335 68 
Minimum MCT overlap   80 415  
Extent of RMT and MCT up to Kk 115  16 431 73 
Inter Greater Himalayan thrust 115  85* 516 78 
Internal deformation with in GHS   100** 616  
Shortening in THS   133-176*** 749-792  
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Herman et al., 2010) suggesting a relatively lower geothermal gradient towards south of the 

MCT. We extract a 35°C/km geothermal gradient for sample MR-12 and MR-7. We extract 

much cooler, 15°C/km for samples MR- 121, MR-17 and MR-20. After ~6 Ma, sample MR-4 

exhumed from a deformation temperature of 450-500°C (Fig. 7a) to 160-195°C by 0.77±0.01 Ma 

(ZHe age), corresponding to a cooling rate of 1.31-1.59 mm/yr for the RMT sheet. This rate is 

similar to the cooling rate of ~1.5 mm/yr from the GH along Upper Khudi and Syange transects 

around the Marsyangdi River catchment calculated from apatite fission track ages (Blythe et al., 

2007). However, there are considerable variations from 1.5 mm/yr to 12 mm/yr cooling rate 

within nearby river valleys (Blythe et al., 2007) and perhaps their results were influenced by 

fluid flow in the GH (Whipp et al., 2007). An 40Ar/39Ar age of muscovite from the same location 

as MR-7 indicates the rock exhumed through the closure temperature of 350-425°C (von 

Eynatten and Wijbrans, 2003; Harrison et al., 2009) at 6.1±0.2 Ma (Bollinger et al., 2004) to 

160°-195°C by 1.41±0.03 (Sample MR-7, ZHe age). These data indicate a cooling rate of 0.67-

1.28 mm/yr for the sample MR-7. Previous research suggests cooling rates increases abruptly 

(∼4–8 mm/yr) near the MCT, as interpreted from very young cooling ages (Arita and Ganzawa, 

1997, Huntington et al., 2006, Blythe et al., 2007). Our data from the MCT and PT suggest 0.67-

1.59 mm/yr in the region, a much lower cooling rate. Similarly, sample MR-12 from the 

passively translated TT sheet (Fig 10a) that experienced peak deformation temperatures of 450-

500°C (Figs. 7h and 7a) and exhumed to 160-195°C by 2.25±0.04.  A one dimensional simple 

calculation with the extracted geothermal gradienet of 35°C/km suggests a cooling rate of 3.67-

4.39 mm/yr. These data along with published results indicates significant temporal and spatial 

variations of cooling rates at the base of the Himalayan peaks where the PT is located. 

Huntington et al. (2006) suggest the young cooling ages and an increase in cooling rates between 
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2.8 and 0.9 Ma are climate driven and not related to tectonics. Our data suggest that the young 

ages near the PT and trace of MCT could be related to the propagation of the thrust belt into the 

Subhimalaya including the Main Frontal thrust, which also passively translated, uplifted and 

folded the hinterland rock. This southward propagation would make a critically tapered wedge 

subcritical and cause internal shortening to increase the topographic angle. Sample MR-121 (Fig. 

4) experienced peak deformation temperatures of 450-500°C (Fig. 7a) and exhumed to 160-

195°C by and 2.91±0.04 Ma (ZHe age). A one dimensional simple calculation for sample MR-

121with the extracted geothermal gradienet of 15°C/km allows a cooling rate of 5.76-7.08 

mm/yr. The higher cooling rate of the sample MR-121 could be associated with the emplacement 

of the thrust sheet on the MHT ramp. Samples MR-17 and MR-20 are from a long thrust sheet of 

the LHD that breaks the surface as the MBT towards the south (Figs. 10 and 11d ) that 

experienced peak temperatures of 300-400°C (Figs. 7f and 7j) and exhumed to 160-195°C by 

5.09±0.06 Ma and 4.43±0.06 Ma, respectively. A one dimensional simple calculation with the 

extracted geothermal gradient at 15°C/km allows a cooling rate of 1.80-3.18 mm/yr and 2.07-

3.66 mm/yr for the sample MR-17 and MR-20 respectively. The age trend from the LH rocks 

(Fig. 6a) suggests that cooling and cooling is associated with translation of the roof thrust, TT 

along with RMT and MCT on top, and the MBT sheet over a subsurface footwall ramp (Fig. 11). 

We project the ZHe ages on the cross-section and palinspatic reconstruction (Fig 10) that shows 

~158 km of the upper crust shortened to ~63 km, which suggest average horizontal motion rate 

of ~22 mm/yr between 0.7-5 Ma. Our data indicate the rate of cooling is highest at 5.76-7.08 

mm/yr just south of the MHT ramp (Fig, 10, sample 121) and higher 3.67-4.39 mm/yr just above 

the MHT ramp-flat transition (Fig. 10; sample 12) and 1.8 to 3.93 mm/yr between the branch of 

the TT and the MBT (Figs. 4 and 10a) compared to 1.31-1.59 mm/yr close to the MCT (sample 
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MR-4). The cooling rate of the LH above the MHT ramp (3.67-7.08 mm/yr, Samples MR 12 and 

MR-121) is higher than 3.1 mm/yr calculated from GH rock north of the MCT in Marsyangdi 

area using apatite fission track dating (Huntington et al., 2006). The progressively older age 

towards south from the MCT age trend in the LH is similar to the apatite fission track age trend 

from the Langtang-Hetaunda transect (Robert et al., 2009). Thus, the Marsyangdi data have a 

first order similarity to the geologic structure and kinematics of Langtang ~90 km to the east.   

4.9.2. Thermometric Interpretation 

The LH lacks index minerals suitable for mineral composition based thermometry. The 

position of the LH within the Himalayan thrust belt makes it critical to determine the thermal 

behavior of the orogeny. Quartz microstructural thermometry suggests that the LH has 

undergone large scale thermal metamorphism with temperatures decreasing progressively from 

~500°C to the north close to the MCT to ~300°C to the south close to the MBT. However, there 

is an exception of rock close to the branch of TT ~15 km south of the MCT (500-630°C) and 

Dewachuli thrust ~60 km south of MCT (400-450°C) (Fig. 8). The increase in temperatures may 

have resulted during the emplacement of the relatively hot rock over cold rock. The ~300-500°C 

temperature range corresponds well with the ~330-540°C deformation temperatures obtained 

from RSCM data (Beyssac et al., 2004). The thermometric data suggest an inverted metamorphic 

gradient throughout the entire LH, not only near the MCT.  Footwall contact metamorphism 

because of emplacement of hot GH rock on top (‘hot-iron’ effects of  Le Fort, 1975) or stacking 

of multiple LH thrust sheets, with each structurally higher sheets carrying progressively higher 

grade rocks (Robinson et al., 2003; Bollinger et al., 2004; Martin et al., 2010) are two 

mechanisms proposed to explain the inverted metamorphism. Assuming a geothermal gradient of 

40°C/km from the thermometric data presented, the RMT and branch of TT sheet experienced 
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deformation temperatures of 450-600°C (Fig. 9) and were internally deformed at depths of ~ 11-

15 km. Based on the thermometric data and assumed thermal gradient of 35°C/km, rocks south 

of the branch of TT and north of the Bhangeri thrust experienced deformation temperatures of 

350-500°C and were internally deformed at depths of  ~10-14 km. Based on the thermometric 

data and assumed thermal gradient of 30°C/km, rocks south of the Bhangeri thrust experienced 

deformation temperatures from 280-400°C and were internally deformed at ~9-13 km depth, 

with an exception of a sample close to Dewachuli thrust (MR-119) that may have increased 

temperatures because of shear heating. In the GH rock in the Marsyangdi River, ~1.5 km north 

of the MCT, temperatures are ~700-775°C (Catlos et al., 2001), which indicates a rapid increase 

in temperature within ~2 km (Fig. 9). Temperatures gradually decrease south of the MCT 

towards the MBT, consistent with the results of Long et al. (2011) in Bhutan and conventional 

thermobarometric work from Langtang (Kohn, 2008). These data also suggest juxtaposition of 

much hotter GH rock on top of cooler LH rocks, which were originally metamorphosed to upper 

greenschist facies (Pêcher, 1989). We suggest that the inverted deformation temperatures 

observed in the LH rock is primarily the result of the stacking of discrete thrust sheets that were 

buried to and internally deformed at ~9 kbar close to the MCT (sample 27, Catlos et al., 2001). 

This corresponds to a depth of ~31 km close to the MCT and shallower ~ 9-12 km depths toward 

foreland constrained from the balanced cross-section (Fig. 10a). 

4.9.3 Shortening and Kinematics 

The balanced cross-section provides insights as to how the convergence is accommodated 

through the orogeny and estimates the budget of crustal material in the orogenic system. Our 

cross-section estimates minimum shortening accommodated by the LH and SH rocks to be 220 

km or 66%. Hanging wall cutoffs of the overlying thrust sheets are eroded so the shortening 
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estimate from all thrust sheets is a minimum. If the MCT and RMT extended as far south as the 

Kathmandu klippe along the Budhi-Gandaki section (Fig. 1a), the shortening amount for both 

thrusts will increase by at least ~10 km each. The Subhimalayan thrust system accommodates 

~16 km or 20% of shortening, LHD accommodates ~99 km of shortening including the three 

concealed thrust sheets and two exposed thrust sheets and TT sheet. Although there are multiple 

out-of-sequence thrusts in the cross-section (Fig. 10a), the total contribution on the reverse slip is 

only ~2 km and normal slip is ~2.5 km.  Proposed out-of-sequence (OOS) thrusts close to the 

RMT-MCT (Hodges et al., 2004; Huntington et al., 2006) are not accounted for in the cross-

section because the young cooling age ~1.4-0.7 Ma may not be related to recent OOS thrusting 

as the slip on the thrusts are not enough to exhume the rock from 160°-195°C or ~4-5 km depth. 

Significant variations in the Subhimalayan thrust system exist along strike and total 

shortening estimates from the Marsyangdi cross-section compared to the Budhi-Gandaki cross-

section towards east and Kaligandaki cross-section toward west (Fig. 1a) (Khanal and Robinson, 

2013; Robinson and Martin, 2014). The Budhi-Gandaki and Kaligandaki cross-sections have two 

major thrust sheets in the Subhimalaya (Khanal and Robinson, 2013; Robinson and Martin, 

2014), whereas the Marsyangdi section has four. However, the minimum shortening estimate 

accommodated by the Subhimalayan thrust system in the Budhi-Gandaki section is ~17 km 

compared to ~16 km across the Marsyangdi, which is almost half of ~33 km estimated in the 

Kaligandaki cross-section (Robinson and Martin, 2014).   

Although the stratigraphy and major faults are similar in the LH, the Budhi-Gandaki 

cross-section (Khanal and Robinson, 2013) is mostly covered by GH, RMT, and TT sheets with 

no surface breaking faults observed in the LHD. The Marsyangdi cross-section is ~50 km west of 

Budhi-Gandaki cross-section and has a complete LH package in the LHD with the overlying 
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klippe eroded away and contains at least nine surface breaking faults with four late stage out-of-

sequence thrusts (Figs. 10 and 11). We interpret three hinterland dipping thrust sheets and two 

surface breaking thrust sheets, which were bisected by four late stage OOS faults in the 

Marsyangdi section (Fig 10). The Kaligandaki cross-section, ~110 km west of the Budhi-

Gandaki cross-section and ~60 km west of the Marsyangdi cross-section depicts eight late stage 

surface breaking OOS thrust and normal faults (Robinson and Martin, 2014). The LHD varies in 

the number of thrust sheets from four concealed thrust sheets in the Budhi-Gandaki section 

(Khanal and Robinson, 2013) to three in the Marsyangdi section (Fig. 10a) to four in the 

Kaligandaki section (Robinson and Martin, 2014). Overall shortening contribution varies from 

~150 km in Budhi-Gandaki (Khanal and Robinson, 2013) to ~99 km including the third thrust 

sheet that also activates the MBT in the Marsyangdi section (Fig. 11d) and ~132-154 km in the 

Kaligandaki cross-section (Robinson and Martin, 2014).    

Figure 11 is a schematic model that shows the kinematic history implied by the 

Marsyandi cross-section (Fig. 10a), reconstruction (Fig. 10b) and cooling pattern (Fig. 6). For 

simplicity, we show only thrust sheets and do not add stratigraphy. Figure 11a shows the 

emplacement of the TT sheet with the RMT and MCT sheets already emplaced in a flat-on-flat 

relationship, which passively folded the LH and GH rock to the north. We do not show the MCT 

sheet after Figure 11a because the southernmost extension of the MCT sheet in the Marsyangdi 

cross-section is unknown. However, we show the RMT sheet in the reconstruction assuming that 

the Damauli klippe (Beyssac et al., 2004), ~10 km west of the section line, is bounded by both 

the RMT and MCT (Jnawali and Amatya, 1996). Figures 11b and 11c shows emplacement of LH 

thrust sheets that form the LHD, which passively exhumed the LH rock of the TT sheet and 

passively folded the overlying RMT sheet. As these thrust sheet were emplaced, cooling and 
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erosion increased, and the lower and middle Siwalik Group units were deposited. Figure 11d 

shows emplacement of the third LH thrust sheet, which is a long thrust sheet that breaches the 

surface far to the south as the MBT. At the same time, the upper Siwalik Group unit was 

deposited in the foreland basin. Based on ZHe ages from the LH and recent motion on the 

Subhimalayan thrust system, we show southward propagation of the thrust belt towards the 

foreland and OOS faulting with ~0.3-1 km of slip towards the hinterland. Because of the absence 

of cooling ages and exact timing of fault motion in the Subhimalayan thrust system, we assume 

that the OOS thrusts in the hinterland and Subhimalayan thrust system are broadly 

contemporaneous to simplify the reconstruction. Figure 11e shows emplacement of the first 

Subhimalayan thrust and an OOS thrust in the hinterland. Each additional emplacement of a 

Subhimalayan thrust corresponds with motion on an OOS thrust in the hinterland as shown in 

Figures 11f, 11g, and 11h. Recent surface ruptures in the Holocene sediments (Sapkota et al., 

2013) in the Siwalik Group suggests the MFT is active along with reactivation of hinterland 

faults (see review in Mugnier et al., 2013). 

4.10. Discussion 

4.10.1. Duplex Geometry and Young Cooling Ages 

In central Nepal around Kathmandu, much of the LH rock is covered by the GH klippe 

rock and the LHD is an interpreted structure from geophysical data (Pandey et al., 1999, 

Lemonnier et al., 1999), thermometric data (Bollinger et al., 2004; 2006) and thermobarometric 

data (Kohn et al., 2008). The LHD is exposed in western Nepal (DeCelles et al., 2001; Robinson 

et al., 2006) and continues westward into Kumaun (Srivastava and Mitra, 1994; Mandal et al., 

2014) and eastward into Sikkim (Bhattacharya and Mitra, 2009) and Bhutan (McQuarrie et al., 
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Figure 4.11. Schematic kinematic sequence. Active faults are shown in bold black with arrows. 
This kinematic model honors the structural data on the surface and cooling ages.  
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2008; Long et al., 2011). However, the overall geometry of the LHD system varies along strike 

and the configuration depends on the dip angle of the MHT and the length vs. displacement ratio 

of individual thrust sheets. In addition, these variations can be explained by the location and 

angle of the LH ramp in the MHT, increased erosion in some parts (i.e., whether the GH klippe is 

present or not) that destabilized the taper angle followed by OOS thrusting, late stage extension 

in hinterland and/or continued accretion at the base of wedge. The growth of the LHD may have 

occurred as a result of a critically tapered wedge that maintains its geometry and size if the 

erosion of the material is balanced by underplating of new material or addition of new material 

on the toe. The three cross-sections (Kaligandaki- Marsyangdi- Budhi-Gandaki) are ~110 km 

apart (Fig. 1) and exhibit similar hinterland dipping duplex geometry with different numbers of 

thrust sheets and location of the MHT ramp. The shortening estimates from central Nepal 

including the SH, LH and transport distance of the MCT are comparable to the 415 km estimated 

in this study with 400 km in Budhi-Gandaki section (Khanal and Robinson, 2013), 488 km in 

Trishuli (Pearson, 2002) and 371 km in Kaligandaki (Robinson and Martin, 2014). However, 

variations in the shortening estimates from the Himalaya are because of different starting 

assumptions on each cross-section and range from 518 km in Himachal Pradesh (Webb, 2013), 

418-493 km in western Nepal (DeCelles et al., 2001), 485-743 km in western Nepal (Robinson et 

al., 2006), 502 km in Sikkim (Mitra et al., 2010), and 302-476 km in central and eastern Bhutan 

(McQuarrie et al., 2008; Long et al., 2011).Thus, these cross-sections suggest unique structural 

geometries exist in the LH along strike.  

 The late stage OOS normal and thrust faults in the LH from the Marsyangdi and 

Kaligandaki section may be a response to extensive erosion that removed the GH klippe from 

both areas. The Marsyangdi cross-section has ~70 km of LH rock exposed, whereas most of the 
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LH in the Budhi-Gandaki cross-section to the east is covered by the Kathmandu klippe (Stöcklin, 

1980) and relatively small Damauli klippe to the west (Bollinger et al., 2004). GH rock is 

completely eroded along the Marsyangdi cross-section suggesting that the rate of cooling of the 

LH rock is faster because of the formation of the LHD that pushed the GH rock on top to 

erosional surface compared to where GH rock is still preserved. However, the differential 

cooling in the LHD may reflect a variation in the flux of material accreted to the wedge 

(Robinson et al., 2001; Bollinger et al., 2004). In addition, the lateral variations in cooling may 

be controlled by preexisting NE-SW basement ridges in the Indian craton under the orogenic 

wedge (Godin and Harris, 2014). Growth of the LHD may increase the topography leading to a 

higher cooling rate (Figs. 11b-11d). The overall geometry of the LHD along strike also varies 

because of change in angle of the MHT ramp (Lave and Avouac, 2001), change in Indo-Asia 

collision rate (e.g. van Hinsbergen et al., 2011), rate of thrusting (Robinson and McQuarrie, 

2012, Long et al., 2012), significant along strike variations in topography and relief (Duncan et 

al., 2003), precipitation rates and pattern (Burbank et al., 2012), shortening rates (Larson et al. 

1999; Jouanne et al., 2004), and strain partitioning (Murphy et al., 2014).  

In Marsyangdi section, the LHD accommodates ~100 km of slip with motion on three 

thrust sheets (horses) and a passively folded and translated roof thrust, the TT. Khanal and 

Robinson (2013) interpret four thrust sheets that contain Kunchha through Malekhu Formations 

dipping toward the hinterland along the Budhi-Gandaki cross-section (Fig. 1). The northernmost 

late stage fault is a ductilely deformed thrust fault whereas Robinson and Martin (2014) define a 

normal fault called Tobro fault at a similar structural level in Kaligandaki (K-K’) section. We 

estimated ~ 600 m of reverse slip on the fault.  
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The rock on the LHD was exhumed through 160-195°C from ~0.7-5 Ma (Fig. 9a) with 

cooling ages younging towards the MCT. As the LHD began to grow, the TT sheet exhumed and 

tilted the RMT and MCT towards the north (Figs. 11d-11h; Robinson et al., 2003). Slip on the 

third ~35 km long LH thrust sheet caused the MBT to break to the surface far to the south (Fig. 

11d). The southern part of the LHD passed through 160-195°C at ~5 Ma (Fig. 9a). Slip on the 

Subhimalayan thrust system and the minor OOS thrusts increased the topographic angle of the 

hinterland dipping thrust sheets, which also exhumed the TT in recent (~0.7 Ma) time.    

4.10.2. Out-of-Sequence (OOS) Thrusting  

Avouac (2003) and Bollinger et al. (2004; 2006) suggest that the recent deformation is 

concentrated on the MHT and the rapid cooling around the MCT is from underplating along the 

MHT to develop the LHD. In contrast, Wobus et al. (2003), Hodges et al. (2004) and Huntington 

et al. (2006) suggest active OOS thrusting in the PT, possibly driven by a climatically controlled 

high rate of cooling. The higher cooling rate north of the PT would be a possibility if the India-

Asia collision rate is high during last ~5 Ma. Actual slip amount and rate on the PT is not known 

yet but it requires corresponding normal slip on the STDS to exhume rock north of the PT. If 

true, there should be evidence of a comparable normal slip rate on the STDS since Pliocene time. 

No evidence of recent movement on STDS is present from the study area. Hurtado et al. (2001) 

suggest movement on a strand of STDS along with faults that bound the Thakkhola graben 

system in Kaligandaki area (~60 km to the west) using 14C ages from river terrace that fill up the 

graben. In addition, the current rate of Indo-Asia collision is ~20 mm/yr (Bilham et al., 1997, 

Jouanne et al., 2004) comparable to the 21±1.5 mm/yr accommodated by the MFT (Lavé and 

Avouac, 2000) suggesting the locus of tectonic activity is in the southernmost part of the thrust 

belt.  
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In the kinematic model presented in Figure 11, the region around the MCT over the last 

10 Ma is not active as the slip was transferred to the RMT by 10 Ma (Kohn, 2008). Small surface 

breaking, episodic OOS thrust and normal faults may have occurred in the LH because of 

focused erosion of the LHD since ~10 Ma (Robinson et al., 2001; Szulc et al., 2006; Kohn, 2008) 

that destabilized the Himalayan wedge. However, there are no large OOS thrusts. Total slip on 

the OOS faults in the Marsyangdi cross-section is only ~2 km of reverse slip and 2.5 km of 

normal slip in the hinterland. Thus, the OOS faulting is too small to exhume thrust sheet from 4-

5 km depth and can not control the overall tectonic evolution of the Himalayan thrust belt since 

Early Miocene time. Our balanced cross-section shows that the PT is within the LHD thrust 

sheets. No ZHe cooling age jump exists in the PT as suggested in Wobus et al. (2003; 2006). 

Instead, the pattern of ZHe age indicate a gradual younging of the ages from the MBT towards 

the MCT (Fig. 6), suggesting no prolonged OOS thrusting in the PT. However, as there are only 

6 ages, this is a preliminary interpretation.  

These data demonstrate that ZHe ages are reliable in the Himalaya because of the 

abundance of zircons in the LH rocks and can overcome the short comings of apatite fission 

track dating due to lack of datable apatite grains. If samples have sufficient spatial resolution, 

ZHe can determine the pattern of cooling ages and help to support or refute specific evolutionary 

models. 

4.11. Implications 

 Recent tectonic models for the evolution of the Himalayan thrust belt are debated and are 

projected as mutually exclusive to each other. The OOS model advocates recent movement near 

the PT that divides the Himalaya into two different structural plates, both moving towards the  

south. The model assumes that tectonic activity is concentrated on the MHT with strain 
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partitioning between the OOS thrust at the PT and the MFT (Fig. 5). However, depositional ages 

from magnetostratigraphic dating (Ojha et al., 2008) and cross-cutting relationships suggest the 

thrusts in the Subhimalayan thrust system are younger than 3 Ma. Our cross-section has at least 

four Subhimalayan thrust sheets active after 3 Ma. The OOS model does not specify how the 

strain is partitioned in the Subhimalayan thrust system in the last 3 Ma. Similarly, the cross-

section shows at least 9 surface breaking faults in the LH with at least 4 thrusts cross-cutting the 

passively folded older roof thrusts (Figs. 10 and 11). The progressively older cooling ages 

towards south from the MCT suggest that the growth of the Himalayan thrust belt can be 

explained by the duplex model with the toe of the thrust sheet emplaced in the MHT ramp 

cooling faster than the trailing edge of the thrust sheet. In the duplex model, critical taper 

controls the growth of the LHD and results in erosion in the hinterland balanced by addition of 

material at the toe by forward propagating thrusts, underplating by the formation of LHD and/or 

OOS thrust, and extension in the hinterland. The growth of the LHD accelerated the rate of 

erosion that destabilizes the taper angle of the Himalayan wedge and allowed the wedge to grow 

by incorporation of Subhimalayan rock into the thrust belt by forward propagation of thrust belt 

(Figs. 11e-11g) and small-scale OOS faulting in the hinterland. Progressively older ZHe cooling 

ages south of the MCT (Figs. 6 and 10) are not compatible with the frontal accretion model (Fig. 

5b), which requires gradual younging of the ZHe ages. Presence of TT and RMT as roof thrusts 

of the LHD (Fig. 10a) makes the frontal accretion model incompatible.  

The MFT accommodates 21±1.5 mm/yr of the N-S shortening during Holocene time 

(Lavé and Avouac, 2000) of the total convergence rate of ~20.5±2 mm/yr estimated from GPS 

measurements (Bilham et al., 1997). However, these data suggest that recent deformation in the 

Himalaya requires negligible internal shortening in the hinterland. Presence of the OOS faults in 
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the hinterland is supported by mega-earthquakes in the last few hundred years (Mugnier et al., 

2013) but the OOS faults are not concentrated in one particular location such as in the PT for 

long term cooling of the LH rock and total slip is relatively small at ~2.5 km of thrust sense and 

~2 km of normal sense movement. Gradually increasing ages south of the MCT without 

significant breaks in the cooling age in the PT (Fig. 6) and the balanced cross-section suggest 

duplexing is the major tectonic process in recent tectonics of the Himalaya. Thus, the LHD is a 

key component to growth of the Himalaya. 

4.12. Conclusions 

Field, structural and cooling data from the Marsyangdi cross-section in central Nepal 

require a structural reinterpretation of the Lesser Himalaya and Subhimalayan parts of the 

Himalayan thrust belt. The Lesser Himalayan duplex is the major structural feature that brings 

the Lesser Himalayan Trishuli thrust sheet to the erosional surface. Emplacement of the duplex 

created an increase in topography in the hinterland and active erosion triggered minor out-of–

sequence faulting in the hinterland and forward propagation of thrust belt towards the foreland. 

The duplex accommodates a minimum of ~179 km or 68% of shortening of the Lesser 

Himalayan rock including the roof thrusts, the Trishuli thrust, and the Ramgarh-Munsiari thrust. 

The Subhimalayan thrust system accommodates a minimum of ~16 km of shortening. Slip on 

small, late stage out-of-sequence faulting accommodates a total of ~4.5 km of slip with roughly 

equal proportions of thrust and normal sense movement. Total shortening contribution from the 

Lesser Himalaya and Subhimalaya is a minimum of 220 km or ~ 66%. The shortening estimates 

will increase to a minimum of 316 km or ~73% if the RMT and MCT is assumed to extend as far 

south as the Kathmandu klippe in the Budhi-Gandaki cross-section and 401 km or 78% if the 

klippe are emplaced on older thrust other than the MCT. The cross-section and ZHe ages suggest 
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the majority of shortening from the last ~4 Ma is accommodated by the Subhimalayan thrust 

system. 

The inverted deformation temperature gradient in the Lesser Himalaya is the result of 

stacking of individual thrust sheets in the Lesser Himalayan duplex that were deformed at higher 

temperature (and depths) towards the hinterland. No distinct break exists in the dynamic 

recrystallization pattern of quartz in the physiographic transition to differentiate the hanging wall 

and footwall of large out-of-sequence thrusts. New ZHe ages from the Lesser Himalaya suggest 

that the LH rock exhumed through 160-190°C from ~0.7 to 5 Ma from north to south with no 

age jump at the physiographic transition. The ZHe ages increase to the south and are associated 

with emplacement of thrust sheet over the MHT ramp as well as passive transport, uplift and 

erosion of northern Lesser Himalaya. Active deformation on the LH ended after the activity on 

the Main Boundary thrust that translates the Lesser Himalayan rock over a ramp in the Main 

Himalayan thrust, followed by activation of the Subhimalayan thrust system.  
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CHAPTER 5: 

CONCLUSIONS 

In central Nepal, I integrate structural mapping, microstructural analysis, detrital and 

igneous zircon geochronology, zircon (U-He)/Th thermochronology, Nd isotopic analysis, and 

structural reconstructions to demonstrate that the Himalayan thrust belt evolved by underplating 

and duplex formation. The deformation first started in the Greater Himalaya with the activation 

of intra-Greater Himalayan thrust that emplaced the Kathmandu klippe to the south. The slip 

then propagated southward to the Main Central thrust through transfer of Indian plate rock to the 

hanging wall of the Main Himalayan thrust. The activation age of the South Tibetan Detachment 

system ~22 Ma (reviews in Godin et al., 2006) is younger than the intra-Greater Himalayan 

thrust ~28 Ma with age overalp between the two structures at 20-22 Ma  suggesting the normal 

fault activated after the intra-Greater Himalayan thrust and before the activation of the Main 

Central thrust (~16 Ma) in central Nepal  (Kohn et al., 2008). The vast simplification of 

protracted and synchronous activation of opposite sense motion on the Main Central thrust and 

South Tibetan Detachment system as described in the channel flow model (Beaumont et al., 

2001) does not hold true in central Nepal.  

The Himalayan thrust belt propagated towards the south and progressively incorporated 

Lesser Himalayan rock in the Ramgarh-Munsiari thrust sheet and lower metamorphic grade 

Lesser Himalayan thrust sheets to the base of the Himalayan wedge forming the broad antiformal 

Lesser Himalayan duplex. The Ramgarh-Munsiari thrust sheet in central Nepal only carries 

Paleoproterozoic lower Lesser Himalayan rock (~1750-1837 Ma) and consists of rock with more 
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negative εNd(0) values (-23 to -25), which is bounded by the Main Central thrust to the north 

that carries Greater Himalayan rock with less negative εNd values (-12 to -18) in the hanging 

wall. The bulk of the Lesser Himalaya consists of the hinterland dipping Lesser Himalayan 

duplex with the Trishuli and Ramgarh-Munsiari thrusts as the roof thrusts and the Main 

Himalayan thrust as the sole thrust. The duplex grew by transferring footwall rock into the 

hanging wall along a Main Himalayan thrust ramp. As the ramp migrated southward, the duplex 

grew vertically and horizontally and transfer of material over the ramp pushed the roof thrust and 

overburden towards surface. Erosion of the overburden accompanied by duplexing at midcrustal 

depths exhumed the Lesser Himalaya. The Lesser Himalayan rock is regionally metamorphosed, 

and experienced deformation temperatures from 280° in the south to 630°C in the north. The 

trend of the zircon (U-Th)/He data suggest a progressively older age (0.77-5 Ma) south from the 

MCT suggesting passive translation of the roof thrust toward south. The exhumation rates from 

the thermochronologic and thermometric data suggest a higher exhumation rate of ~2.5-4.2 

mm/yr in the middle part of the duplex compared to 0.85-1.53 mm to the north close to the MCT 

and 0.69-1.78 mm/yr close to the MBT. The thrust belt propagated further south incorporating 

the Subhimalaya into the thrust belt and motion is broadly contemporaneous with minor out-of-

sequence thrusting in the hinterland. 

The restorable cross-section, kinematics and progressively older exhumation ages 

towards south from the Main Central thrust suggest the recent growth of the Himalayan thrust 

belt can be explained by the duplex model. In the duplex model, critical taper controls the growth 

of the Lesser Himalayan duplex and results in erosion in the hinterland balanced by addition of 

material at the toe by forward propagating thrusts, underplating by the formation of Lesser 

Himalayan duplex and/or out-of-sequence faults in the hinterland. The growth of the Lesser 
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Himalayan duplex accelerated the rate of erosion that destabilize the taper angle of the 

Himalayan wedge that allowed the wedge to grow by incorporation of Subhimalayan rock into 

the thrust belt by forward propagation of thrust belt and small-scale out-of-sequence faulting in 

the hinterland.
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APPENDIX 

 

 

Figure S.I.  Google earth view of the Galchhi shear zone and the Main Central thrust. Southern 
white line is the Galchhi shear zone and northern white line is the Main Central thrust.  Image 
view towards North. 
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Figure S.II. (a) Location of the Galchhi shear zone shown in black bold line. Foliations are 
subvertical and stretching lineations plunge consistently toward southwest with an average 
orientation of 30° toward 198. Garnet bearing gray schist is the MCT sheet and the alteration of 
kyanite-sillimanite geniss and orthogneiss is the leading edge of the Langtang thrust sheet, 
foliation is almost vertical. (b) Granitic gneiss with near vertical foliation. (c) Interbanding of 
granitic gneiss and garnet-kyanite gneiss with the location of sample GLM for U-Pb analysis. (d) 
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Sample GLM before crushing for zircon separation. (e) Interbanding of kyanite-sillimanite 
gneiss and leucogranite. (f) Outcrop with orthogneiss, quartzite and paragneiss. The quartzite is 
sampled for detrital zircon analysis (Sample GL2).  

 

Figure S.III. (a) Brittle normal faults in the Galchhi shear zone. (b) Boudinage structures in 
leucogranites showing E-W sense of shear. (c) Brittle normal faults cross-cutting the 
leucogranite. (d) Ptygmatic fold with top-to-the-south sense of shear. (e) Kyanite-sillimanite 
bearing gneiss with NE-SW strike and subvertical dip. Strike and dip is shown in the picture. (f) 
Paleozoic granitic gneiss interbanded with kyanite-sillimanite bearing dark gray paragneiss, 30 
cm hammer for scale. 
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Figure S.IV Undeformed pegmatite vein near Jitpur Phedi area (Sample BL2) (see location on 
Figure 2 in main text and Table 2). 30 cm hammer for scale.  
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Figure S.V.  Main Central thrust (MCT). Mean orientation of the dominant mylonitic foliation 
(Fig. 7b) in the MCT sheet is 160/52°NE and an associated average mineral/stretching lineation 
plunges 38° towards 025. (a) Migmatitic gneiss on the hanging wall of the MCT, 30 cm hammer 
for scale. (b) Syntectonic garnets on the hanging wall of the MCT, 7 cm pencil tip for scale. (c) 
Banded gneiss and quartzite near the top of the MCT sheet, quartzite was sampled for the U-Pb 
detrital zircon analysis (Sample LA3), 15 cm pencil for scale. (d) Banded gneiss with leucosome 
near the top of the hanging wall of the MCT, ~500 m below the Langtang thrust, 15 cm pen for 
scale. Photographs are in order from the MCT towards the Langtang thrust.  
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Figure S.VI. Ramgarh Munsiari thrust (RMT). Average orientation of the dominant mylonitic 
foliation in the RMT sheet is 144/40°NE. An associated mineral/stretching lineation plunges an 
average of 47° towards 045.  (a) Quartzite and phyllite in the footwall of the RMT, brunton 
compass for scale. (b) RMT with topographic depression, lower Lesser Himalayan quartzite on 
the hanging wall. (c) Crushed rock in the RMT zone (~35 m), lower Lesser Himalayan quartzite 
on top, electric pole for scale. (d) Sheared rock in the RMT with lots of segregated quartz lenses, 
rock contains abundant garnet, 30 cm hammer for scale. (e) Another view of the sheared rock in 
the Ramgarh-Munsiari thrust with lots of segregated quartz lenses, 30 cm hammer for scale. (f) 
Massive white quartzite of the Lower Lesser Himalaya on the hanging wall of the RMT, 30 cm 
hammer for scale. 
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Figure S.VII. Langthang thrust (LT). Average mylonitic foliation orientation of 175/30°NE.  (a) 
Location of the Langtang thrust with paragneiss and quartzite on the hanging wall, house for 
scale. (b) Sulphur rich schist-gneiss and quartzite on the hanging wall of the Langtang thrust. (c) 
Gneiss and quartzite in the hanging wall of the Langtang thrust. (d) Micaceous quartzite on the 
haning wall of the Langtang thrust, quartzite is sampled for U-Pb analysis of detrital zircon 
(sample-LA1), 15cm pencil for scale.   
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Figure S.1 (a) U/Pb Concordia diagram for detrital zircon analysis from sample GL1. (b) U/Pb 
Concordia diagram for detrital zircon analysis from sample GL2. (c) U/Pb Concordia diagram 
for detrital zircon core from an orthogneiss sample GLM. (d) Relative probability plots and 
histogram for detrital zircon core age from sample GLM. (e) Plot of U/Pb age versus U/Th ratio 
for magmatic zircons from sample GLM. (f) Plot of U/Pb age versus U/Th ratio for zircon rims 
from sample GLM 
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Figure S.2  Cathodoluminescence images of zircons obtained from sample GLM. Red circles 
show the analyzed spots and corresponding ages of metamorphic rims in zircon with 15µm laser 
beam size, yellow circles show the analyzed spots and corresponding ages of inherited zircon 
core with 30µm laser beam size and green circles show the analyzed spots and corresponding 
ages of magmatic zircons with 30µm laser beam size. Zircons without spots were analyzed but 
did not get acceptable results.  
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Figure S.3 Cathodoluminescence images of zircons from sample BL1. White circles with 
corresponding ages show the analyzed spot with 15µm laser beam size. Zircons without spots 
were analyzed but did not get acceptable results. 
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Figure S.4 Cathodoluminescence images of zircons from sample BL2. White circles with 
corresponding ages show the analyzed spots with 15µm laser beam size. Zircons without spots 
were analyzed but did not get acceptable results. 
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Figure S.5 (a) Plot of U/Pb age versus U/Th ratio for zircons from undeformed pegmatite sample 
BL1. (b) Plot of U/Pb age versus U/Th ratio for zircons from undeformed pegmatite sample BL2.  
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Figure S.6. (a) U/Pb Concordia diagram for detrital zircon analysis from sample LA1. (b) U/Pb 
Concordia diagram for detrital zircon analysis from sample LA3. (c) Relative probability plots 
and histogram for inherited detrital zircon core age from sample LA2. (d) Plot of U/Pb age 
versus U/Th ratio for zircons for inherited detrital core from sample LA2. (e) Plot of U/Pb age 
versus U/Th ratio for zircons for magmatic zircons from sample LA2.  
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Figure S.7 Cathodoluminescence images of zircons obtained from sample LA2. Yellow circles 
show the analyzed spots and corresponding ages of inherited zircon core with 30µm laser beam 
size and green circles show the analyzed spots and corresponding ages of magmatic zircons with 
30µm laser beam size. Photograph shows the outcrop view of the sample, coin for scale. 

 

 


