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Kinematic Evolution, Metamorphism and Exhumation of the Greater Himalayan 
Sequence, Mount Everest Massif, Tibet/Nepal

Micah John Jessup

ABSTRACT

The Himalayan orogen provides an incredible natural laboratory to test models for 
continent-continent collision.  The highest peaks of the Himalayas are composed of 
the Greater Himalayan Sequence (GHS), which is bound by a north-dipping low angle 
detachment fault above (South Tibetan detachment; STD) and by a thrust fault below 
(Main Central thrust; MCT).  Assuming simultaneous movement on these features, the 
GHS can be modeled as a southward extruding wedge or channel.  Channel flow models 
describe the coupling between mid-crustal flow, driven by gradients in lithostatic pressure 
between the Tibetan Plateau and the Indian plate, and focused denudation on the range 
front.  Although the general geometry and shear sense criteria for these bounding shear 
zones has been documented, prior to this investigation, relatively few attempts had been 
made to quantify the spatial and temporal variation in flow path history for rocks from 
an exhumed section of the proposed mid-crustal channel.  Results from this investigation 
demonstrate that mid-crustal flow at high deformation temperatures was distributed 
throughout the proposed channel.  As these rocks began to exhume to shallower crustal 
conditions and therefore lower temperatures, deformation began to become partitioned 
away from the core of the channel and into the bounding shear zones.  Based on these 
results a new method (Rigid Grain Net) to measure the relative contributions of pure 
and simple shear (vorticity) is proposed.  Detailed thermobarometric analysis was 
conducted on rocks from the highest structural level in the Khumbu region, Nepal to 
construct pressure-temperature-time-deformation paths during the tectonic evolution of 
the GHS between ~32-16 Ma.  Another aspect of the project suggests that the most active 
feature of the region is the N-S trending Ama Drime Massif (ADM).  By combining new 
structural interpretation with existing remote sensing data this investigation proposes that 
the ADM is being exhumed during extension that is coupled with denudation in the trans-
Himalayan Arun River gorge.  Together these data provide important insights into the 
dynamic links between regional-scale climate and crustal-scale tectonics.  



iii

In memory of

John B. Reid
for opening my eyes to science



iv

ACKNOWLEDGEMENTS

“To dabble fatuously in trivialities in the face of Everest’s grandeur would be sacrilege”

Captain John Noel, 1928

“If by some fiat I had to restrict all this writing to one sentence, this is the one I would 

choose: The summit of Mt. Everest is marine limestone.” 

John McPhee, Basin and Range, 1981

Since I first visited the Karakoram Range in northern Pakistan with a small 

international climbing expedition, during my second year at Hampshire College (1994) 

I aspired to develop the skills necessary to conduct Himalayan tectonics research.  Many 

people and resources enabled me to fulfill this long-standing goal that is represented, in 

part, by this dissertation.

 First and foremost, John B. Reid, to which this dissertation is dedicated, who 

introduced me to the scientific inquiry as a first year undergraduate at Hampshire College.  

John’s enthusiasm and mentoring breathed time-scales and processes into landscapes 

that I had never appreciated before.  Mike Williams taught me structural geology and 

tectonics at the University of Massachusetts.  Mike encouraged me to pursue graduate 

school and connected me with Karl E. Karlstrom at the University of New Mexico.

Karl Karlstrom taught me how to map and transition from micro-to macro-

scale thinking.  He also provided a research group of peers with an incredible synergy 

including Amada Tyson, Mark Quigley, Mike Timmons, Colin Shaw and Annie 

McCoy.  Karl invested an enormous amount of energy to help me develop my thoughts 

and clarify my presentation of complex concepts.  Colin Shaw, now at the University 

of Montana, had a critical role in masterminding and writing the successful National 

Science Foundation proposal that funded my research project in the Black Canyon of the 

Gunnison, Colorado.  During my master’s program I was also fortunate to work closely 



v

with Jane Selverstone and join two of her students, Kurt Stephen and Jaime Barnes, on a 

trip to the Griner shear zone in the Alps, during which I gained an immense appreciation 

for the inseparable connection between metamorphism and deformation.

As co-advisors, Rick Law and Mike Searle, have been invaluable.  Rick’s 

meticulous attention to detail and Mike’s indulgence in tectonic-scale thinking created 

an incredible balance and powerful combination to cultivate my taste for Himalayan 

tectonics.  Mike’s open invitation to spend as much time as possible at Oxford learning 

from him and his research group proved to be one of my most intellectually satisfying 

experiences.  Dinner at the high table of Worcester College, morning and afternoon 

tea in the Earth Sciences department, and pints at the Rose and Crown will always 

resound as good memories.  Dave Water’s willingness to tutor me in THERMOCALC 

and shared enthusiasm for pursuing the elusive Everest Series established a challenging 

but rewarding interaction.  Bob Tracy’s process orientated approach to metamorphism 

and willingness to teach me how to use the electron microprobe and scanning electron 

microscope have ensured that our thermobarometric calculations and interpretations 

are of the highest caliber.  Jim Spotila watched my interests develop and nurtured my 

curiosity about geomorphology and neotectonics that culminated in my research project 

on the Ama Drime Massif.

I was fortunate to collaborate with a group of peers while at Virginia Tech to 

whom I owe thanks.  Ryan Thigpen was great for bouncing ideas off of and brainstorming 

about various aspects of vorticity analysis.   Victor Lygois helped with my initial probe 

analysis in 2004.  Clayton Loehn and I spent many hours pouring over probe data for 

thermobarometry and in situ monazite geochronology.  Although they were enrolled 

at different universities, Dennis Newell (University of New Mexico) and John Cottle 

(Oxford University) were incredible peers.  During our projects together, we began 

to apply a novel approach to addressing fundamental questions about the Himalayan 

orogenic system by integrating structure, metamorphism, U-Th-Pb geochronology 



vi

and isotopic geochemistry of spring water.  Through our grassroots collaboration we 

have etched out our own space in the, often critical and clubby, Himalayan scientific 

community as well as laid a solid foundation for many future projects.

Interaction with Tibetans and Nepalese is one of the most rewarding aspects of 

Himalayan research expeditions.  Our Tibetan guide and friend, Sonam Wangdu’s wit, 

insight, patience, generosity, and exceptional cooking have brought me through many 

arduous treks, frustrating yaks and broken jeeps.  For one day, I am particularly indebted 

to Sonam.  After summating a minor peak, John, Dennis and I became separated from 

the rest of the group and we were forced to bivouac at ~5000m in the Ama Drime range.  

Sonam managed to find us late the following day, as we were committing to our second 

cold bivouac in a cave without food.  

Tashi Sherpa, who lives in Kathmandu, has helped with logistics for organizing 

our trips and has always welcomed us to his home.  Sitting on Tashi’s roof in the foothills 

of the Himalayas on a warm afternoon drinking a San Miguel is a perfect place to let 

the hardships of the previous expedition slip away and metamorphose into good stories 

for the pub.  In addition, Dawa Sherpa, helped us as a porter and guide in 2004 to the 

Khumbu region and enabled us to complete an incredible west-east traverse in the 

Khumbu from Chukuhm to the Chame valley and across the Nangpa La to peer into 

Tibet. 

Finally, my friends and family have been an incredible source of support and 

encouragement throughout all of my life’s endeavors including this dissertation.  My 

fiancée, Laura, is a wonderful part of my life and has provided her tireless support 

throughout this project.  



vii

ATTRIBUTIONS

Chapter two was published as “Jessup, M.J., Law, R.D., Searle, M.P. & Hubbard, 
M.S. (2006) Structural evolution and vorticity of flow during extrusion and exhumation 
of the Greater Himalayan Slab, Mount Everest Massif, Tibet/Nepal: implications for 
orogen-scale flow partitioning.  In: Law, R.D., Searle, M.P. & Godin, L. (eds) Channel 
Flow, Extrusion, and Exhumation in Continental Collision Zones. Geological Society, 
London, Special Publications, 268, 379-414.  M.J. Jessup was responsible for collecting 
the samples in Tibet and Nepal and conducting the majority of the vorticity analyses.   
R.D. Law helped conceive the original project, conducted some of the vorticity analysis, 
particularly the Everest summit samples from the pioneering British expeditions that are 
archived at Oxford and Cambridge Universities.  R.D. Law also wrote the microstructural 
descriptions of these samples since they were inaccessible to M.J. Jessup.  M.J. Jessup 
was responsible for drafting all the figures and writing the manuscript.  M.P. Searle 
helped conceive the original project and collected samples during 2003 and 2004 research 
expeditions to the three sides of Mt Everest.  M.S. Hubbard provided samples from her 
research on the Main Central Thrust zone.

Chapter three was published as “Jessup, M.J., Law, R.D. & Frassi, C. (2007) The 
Rigid Grain Net (RGN); An alternative method for estimating mean kinematic vorticity 
(W

m
). Journal of Structural Geology 29, 411-421.  M.J Jessup conceived the project, was 

responsible for data acquisition, drafting figures and writing text.  R.D. Law contributed 
his expertise in vorticity analysis and helped clarify the text and figures.  C. Frassi helped 
develop the original idea and was involved in brain storming sessions that culminated in 
this manuscript. 

   Chapter four was submitted to Journal of Metamorphic Geology “Jessup, M.J., 
Searle, M.P., Cottle, J.M., Law, R.D., Tracy, R.J., Newell, D.L. & Waters, D.J. P-T-t-D 
paths of the Everest Series schist, Nepal.”  M.J. Jessup was responsible for conceiving 
the project, writing the text, drafting the figures and data acquisition.  M.P. Searle helped 
develop the hypothesis and tie the results into the remainder of the Everest region. J.M. 
Cottle dated the Nuptse granite and helped collect samples in 2004.  R.D. Law helped 
develop the hypothesis and clarify sections of the text.  R.J. Tracy helped teach M.J. 
Jessup how to use the electron microprobe and scanning electron microprobe.  R.J. Tracy 
also helped interpret the electron microprobe data.  D.L. Newell helped collect samples in 
2004.  D.J. Waters taught M.J. Jessup how to use the program THERMOCALC.  

  Chapter five was a proposal submitted by M.J. Jessup to the National Science 
Foundation International Research Fellowship program entitled “Exhumation of the Ama 
Drime Massif during east-west extension coupled with focused denudation in a trans-
Himalayan river gorge; testing the Himalayan paradigm.”  M.J. Jessup was responsible 
for conceiving the project, writing the text and drafting the figures.

Chapter 6 was submitted to Geology “Jessup, M.J., Newell, D.N. & Cottle, J.M. 
Coupled crustal extension, exhumation and denudation in the trans-Himalayan Arun 
River Gorge, Ama Drime Massif, Tibet-Nepal.”  M.J. Jessup conceived the project, 
wrote the text and drafted the figures.  D.N. Newell and J.M. Cottle helped develop the 
hypothesis and conducted fieldwork in 2005 and 2006.



viii

TABLE OF CONTENTS

ABSTRACT ........................................................................................................................ ii
DEDICATION ................................................................................................................... iii
ACKNOWLEDGEMENTS ............................................................................................... iv
ATTRIBUTIONS .............................................................................................................. vii
TABLE OF CONTENTS ................................................................................................. viii
LIST OF FIGURES ........................................................................................................... xi
LIST OF TABLES .............................................................................................................xv
GRANT INFORMATION ............................................................................................... xvi

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

CHAPTER 2
Structural evolution and vorticity of flow during extrusion and exhumation of the Greater 
Himalayan Slab, Mount Everest Massif, Tibet/Nepal: implications for orogen-scale flow 
partitioning ...........................................................................................................................8

ABSTRACT .............................................................................................................9
INTRODUCTION ...................................................................................................9
TECTONIC SETTING ..........................................................................................12
EXTRUSION MODELS .......................................................................................14

Kinematic models ......................................................................................15
Model 1 ..........................................................................................15
Model 2 ..........................................................................................15
Model 3 ..........................................................................................16

Thermal-Mechanical models .....................................................................17
Model 4 ..........................................................................................17

EVEREST TRANSECT: GEOLOGIC BACKGROUND
VORTICITY ANALYSIS ......................................................................................22

Introduction to techniques ..........................................................................22
Representative rigid grain plots for different structural levels ..................25

Tethyan limestone ...........................................................................25
Immediate footwall to LD and composite QD-LD .........................26
Structurally deeper levels of the LD footwall ................................27
MCTZ .............................................................................................27

PETROGRAPHY AND RESULTS OF VORTICITY ANALYSIS .......................28
Rongbuk valley transects ...........................................................................28

Northern transect ...........................................................................32
Rongbuk Monastery transect .........................................................33
Hermit’s Gorge transect .................................................................35

Summit of Mount Everest – Kangshung valley .........................................36
Tethyan limestone ...........................................................................38
Everest Series, Yellow Band marble ...............................................40
Structurally deeper levels of Everest Series ...................................42



ix

Main Central Thrust Zone ..........................................................................42
CORE OF THE GREATER HIMALAYAN SLAB ...............................................46
SUMMARY OF VORTICITY DATA FOR EVEREST TRANSECT ...................48
DISCUSSION ........................................................................................................49

Potential lithologic, structural, and temporal controls on flow 
partitioning .........................................................................49 

Distribution of flow regimes within the GHS and tectonic implications ...53
CONCLUSIONS....................................................................................................56
ACKNOWLEDGMENTS .....................................................................................57
REFERENCES ......................................................................................................58
APPENDIX  ...........................................................................................................67

CHAPTER 3
The Rigid Grain Net (RGN): An alternative method for estimating mean 
kinematic vorticity number (Wm) ...........................................................................72
ABSTRACT ...........................................................................................................73
INTRODUCTION .................................................................................................73
REVIEW OF TECHNIQUES ................................................................................77
THE RIGID GRAIN NET (RGN) .........................................................................83
A NATURAL TEST: THE SOUTH TIBETAN DETACHMENT, TIBET ............87
CONCLUSIONS....................................................................................................94
ACKNOWLEDGMENTS .....................................................................................95
REFERENCES ......................................................................................................96
APPENDIX ............................................................................................................99

CHAPTER 4
P-T-t-D paths of the Everest Series schist, Nepal ................................................100
ABSTRACT .........................................................................................................101
INTRODUCTION ...............................................................................................102
GEOLOGICAL SETTING ..................................................................................105

Main Central Trust Zone ..........................................................................105
Greater Himalayan Sequence ...................................................................111
South Tibetan Detachment .......................................................................114

PETROGRAPHY .................................................................................................116
Nuptse-Lhotse wall float samples ............................................................117
Lhotse Detachment Transition zone .........................................................119
Core of the Greater Himalayan Sequence ................................................123

METHODS ..........................................................................................................125
GARNET ZONING .............................................................................................130
GEOCHRONOLOGY OF THE NUPTSE GRANITE ........................................133
DISCUSSION ......................................................................................................136

Garnet zoning, P-T estimates and microstructures ..................................136
P-T-t-D (Pressure-Temperature-time-Deformation paths) .......................138
Pressure-Temperature profile of the GHS ................................................139



x

Lhotse Detachment ..................................................................................141
CONCLUSIONS..................................................................................................142
ACKNOWLEDGMENTS ...................................................................................144
REFERENCES ....................................................................................................145
APPENDIX ..........................................................................................................154

CHAPTER 5
Exhumation of the Ama Drime Massif during east-west extension coupled with 
focused denudation in a trans-Himalayan river gorge; testing the Himalayan 
paradigm ..............................................................................................................155
PROJECT SUMMARY .......................................................................................156

Intellectual merit of the proposed research ..............................................156
Broader Impacts of the proposed study ...................................................157

INTRODUCTION ...............................................................................................158
SCIENTIFIC RATIONALE .................................................................................164

Tectonic aneurisms ...................................................................................166
Channel flow models ................................................................................168

GEOLOGY OF THE AMA DRIME MASSIF ....................................................171
A WORKING HYPOTHESIS FOR THE AMA DRIME MASSIF ....................174
PROPOSED RESEARCH ...................................................................................174

Introduction ..............................................................................................174
Spatial and temporal variations in vorticity of flow ....................177
Low-temperature thermochronology............................................179

EXPEDITION TO THE AMA DRIME MASSIF ................................................180
TIMELINE OF PROJECT ...................................................................................180

Year One ..................................................................................................181
Year Two ..................................................................................................181

LONG-TERM RESEARCH GOALS ..................................................................182
BUDGET BREAKDOWN AND JUSTIFICATION ...........................................183
REFERENCE CITED ..........................................................................................186

CHAPTER 6
Coupled crustal extension, exhumation and denudation in the trans-Himalayan 
Arun River Gorge, Ama Drime Massif, Tibet-Nepal ...........................................194
ABSTRACT .........................................................................................................196
INTRODUCTION ...............................................................................................196
PREVIOUS INTERPRETATIONS OF THE AMA DRIME MASSIF ...............197
STRUCTURE OF THE AMA DRIME MASSIF ................................................200
DISCUSSION AND CONCLUSIONS................................................................202
ACKNOWLEDGMENTS ...................................................................................204
REFERENCES ....................................................................................................205

VITA ................................................................................................................................208



xi

LIST OF FIGURES
CHAPTER 2
Figure 2.1. Simplified geologic map of the Himalaya including the distribution of the 
main lithotectonic elements of the orogen .........................................................................11

Figure 2.2. Extrusion and channel flow models proposed for the evolution of the Greater 
Himalayan Slab (GHS) ......................................................................................................13

Figure 2.3. Simplified geologic map of the Mount Everest massif ...................................19

Figure 2.4. Generalized cross section of the Main Central thrust zone .............................22

Figure 2.5. Four representative rigid grain plots used to discuss the main rock types used 
in this investigation ............................................................................................................26

Figure 2.6. Photomicrographs of samples (a) GB-25/3 and (b) R03-38 ............................30

Figure 2.7. Photomicrographs of samples (a) K04-03 and (b) ET-41 ................................31

Figure 2.8. Simplified geologic map of Rongbuk valley, Tibet .........................................34 

Figure 2.9. Photograph of the composite Qomolangma and Lhotse detachments where 
they are exposed in the northern limits of Rongbuk valley ...............................................37

Figure 2.10. Bar charts for a range of mean kinematic vorticity numbers (Wm) estimated 
by the rigid grain method for samples collected in Northern (a) and Rongbuk Monastery 
(b) transects ........................................................................................................................39

Figure 2.11. Bar charts for a range of mean kinematic vorticity numbers (Wm) estimated 
by the rigid grain method for samples collected in Hermits Gorge (a) and Mount Everest 
& Kangshung valley (b) transects ......................................................................................41

Figure 2.12. Simplified geologic map of the Mount Everest Massif and Kangshung valley, 
Tibet ...................................................................................................................................43

Figure 2.13. Photograph of the summit of Mount Everest (viewed towards the east) taken 
from Renjo La (5340 m), Nepal using a 300 mm lens .......................................................45

Figure 2.14.  (a-c) SEM images of garnets typical of sample ET-41 from the Main Central 
thrust.  (d) Three-step evolution of elongate garnets used for rigid grain analysis............47

Figure 2.15. Bar chart for a range of mean kinematic vorticity numbers (Wm) estimated by 
the rigid grain methods for samples collected in the Main Central thrust zone ............... 50



xii

Figure 2.16.  Photograph of key outcrop exposure of overprinting folds/fabrics used to 
define at least two phases of deformation in the core of the Greater Himalayan Slab ......51

Figure 2.17. Bar chart of average minimum and average maximum Wm values ...............52

Figure 2.A1. Northern transect ..........................................................................................67

Figure 2.A2. Northern and Rongbuk Monastery transects ................................................68

Figure 2.A3. Rongbuk Monastery and Hermit’s Gorge transects ......................................69

Figure 2.A4. Mount Everest – Kangshung valley ..............................................................70

Figure 2.A5. Main Central thrust zone ..............................................................................71

CHAPTER 3
Figure 3.1.  Rotation of two simplified elliptical porphyroclasts within a regime of 
general shear ......................................................................................................................74

Figure 3.2.  Plot showing the relationship between mean kinematic vorticity number 
(Wm), shape factor (B*), and aspect ratio (R) at critical values ...........................................76

Figure 3.3.  Examples of tailless porphyroclast data from sample G05-01 plotted using 
the Passchier plot (A), Wallis plot (B), and the porphyroclasts hyperbolic distribution 
(PHD) plot to estimate mean kinematic vorticity (Wm) ......................................................78

Figure 3.4. The rigid grain net (RGN) using semi-hyperbolas ..........................................82 

Figure 3.5.  (A) Half of the hyperbolic net (HN) simplified to graphically demonstrate the 
relationship between one hyperbola (Wm = 0.60) and the vertices curve for that hyperbola. 
(B) The RGN with complete hyperbolas ...........................................................................84

Figure 3.6. Photomicrograph with crossed polars of a typical section of sample G05-01 
(collected at an altitude of 5695 m) ...................................................................................86

Figure 3.7. Samples G05-01 (A) and G05-03 (B) from the South Tibetan detachment 
exposed near Gondasampa, Tibet ......................................................................................88

Figure 3.8. (A) Porphyroclasts from sample R05-08 from Rongbuk valley, Tibet.  (B) 
Porphyroclasts from a quartz mylonite sample from the St. Barthelemy Massif, France .89

Figure 3.A1. The rigid grain net (RGN) using semi-hyperbolas .......................................99



xiii

CHAPTER 4
Figure 4.1. Digital elevation map (USGS GTOPO30) of the Himalayas depicting the 
main lithotectonic elements of the orogen. ......................................................................104 

Figure 4.2.  Simplified geologic map of the Mount Everest region .................................106

Figure 4.3.  Simplified geologic cross section of the Mount Everest transect .................108

Figure 4.4. Synthesis of data located south of the summit of Everest .............................110

Figure 4.5.  Photomicrographs of Everest Series schist ...................................................115

Figure 4.6.  Representative garnet analyses for in situ samples from above, within and 
below the Lhotse detachment .......................................................................................... 120

Figure 4.7.  THERMOCALC results for samples from this investigation plotted with 
representative samples of previous investigations in the Everest transect ......................129

Figure 4.8.  Common lead-corrected 208Pb/238U concordia plot for monazites analyzed 
from leucogranite sample ET-74 ......................................................................................131

Figure 4.9.  Pressure-Temperature-time-Deformation (P-T-t-D) path proposed for the 
Everest Series ...................................................................................................................135 

Figure 4.A1.  Compositional maps for the remainder of samples uses for this 
investigation .....................................................................................................................154

CHAPTER 5
Figure 5.1.  Overview map of the Himalayas ..................................................................158

Figure 5.2.  (A) tectonic aneurism model, (B) Channel flow model, (C) working model 
for the Ama Dime Massif .................................................................................................159

Figure 5.3.  Landsat image of the Ama Drime Massif .....................................................161

Figure 5.4.  Photograph of the Ama Drime detachment on the eastern limb of the Ama 
Drime Massif ...................................................................................................................163

Figure 5.5.  Simplified cross section of the Ama Drime Massif ......................................165

Figure 5.6.  Compilation of precipitation and geophysical data for the Tibetan plateau and 
Himalayas ........................................................................................................................167



xiv

Figure 5.7.  General geology of the the Ama Drime range core complex .......................169

Figure 5.8.  Comparison of profiles for the Arun and Indus rivers ..................................170

Figure 5.9.  (A) Photomicrograph with crossed polars of a mylonitic sample KA-05-01 
collected in 2005. (B) Preliminary vorticity results on sample KA-05-01 using the rigid 
grain net ...........................................................................................................................176

CHAPTER 6
Cover image .....................................................................................................................195

Figure 6.1. Simplified interpretive block diagram of the Everest region, Tibet-Nepal ...198

Figure 6.1.  Model proposed for the Ama Drime Massif .................................................201



xv

LIST OF TABLES
CHAPTER 2
Table 2.1. Mean kinematic vorticity data (Wm) ..................................................................23

CHAPTER 3
Table 3.1. Critical threshold values ....................................................................................75

CHAPTER 4
Table 4.1. P-T data ...........................................................................................................111

Table 4.2. THERMOCALC results ..................................................................................122

Table 4.3. Representative garnet analyses ............................................................... 124-125

Table 4.4. Representative cordierite analysis ...................................................................126

Table 4.5. Representative biotite and muscovite analyses ...............................................127

Table 4.6. Representative plagioclase analyses ...............................................................128

Table 4.7. Isotopic results ................................................................................................131



xvi

GRANT INFORMATION 

2010 Fellowship from the College of Science, Virginia Tech 

Geological Society of America Research Grant

Southeastern Section of the Geological Society of America Research Grant 

W. D. Lowry Geosciences Graduate Research Award, Virginia Tech

Sigma Xi Research Grant 

Graduate Research and Development Program Grant, Virginia Tech 

American Alpine Club Research Grant 

National Science Foundation Grant EAR 0207524 to R.D. Law and M.P. Searle

National Science Foundation Supplementary Grant EAR 0608599 to R.D. Law



1

CHAPTER 1

Introduction

Pioneering attempts to merge geological and geophysical data with the 

distribution of focused denudation from the Himalayan orogenic system culminated in 

channel flow models that described the relationship between lateral flow of mid-crustal 

rocks and their exhumation to the surface as related to focused denudation along the 

orogenic front.  Channel flow models propose southward extrusion of a low viscosity 

mid-crustal channel beneath the Tibetan plateau that is driven by gradients in lithostatic 

pressure between the high elevation of Tibet and lowlands of the Indian plate.  The 

mid-crustal channel is exhumed to the surface as a slab of migmatitic rocks via focused 

denudation along the orogenic front of the Himalayas.  Movement during the early 

tunneling stage as well as the exhumation of this mid-crustal slab are accommodated by 

coeval movement, during the Miocene, on two shear zones; the South Tibetan detachment 

system (STDS) above and the Main Central thrust zone below (MCTZ).

Many orogen-scale kinematic and thermal-mechanical extrusion models 

have been proposed to describe the general concept of extrusion during crustal 

convergence.  However, relatively few investigations have attempted to quantify 

the kinematics (vorticity) of flow within the slab and explore its relationship with 

progressive exhumation of the Greater Himalayan Sequence (GHS).  The initial focus 

of this dissertation stemmed directly from an NSF proposal written by R.D. Law 

and M.P. Searle, who argued that through an integration of petrofabric, vorticity and 

microstructural analysis, the spatial and temporal variations in flow path history of these 

rocks could be quantified and thereby contribute to the development of future models. 

A portion of these results are presented in Chapter 2, “Structural evolution 

and vorticity of flow during extrusion and exhumation of the Greater Himalayan Slab, 

Mount Everest Massif, Tibet/Nepal: implications for orogen-scale flow partitioning”, 
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which was published in Geological Society Special Publication 268 in 2006.  Our work 

demonstrates that flow was spatially and temporally partitioned throughout the slab.  

Polyphase folding, similar to that in many other orogenic belts, dominated the core of the 

slab until ~24 Ma when a fundamental switch occurred.  At this time, deformation shifted 

to the margins of the slab where intense shearing of the bounding faults created extensive 

mylonite zones.  

We applied established techniques to determine mean kinematic vorticity number 

(W
m
), a measure of the relative contributions of pure and simple shear (W

m
; where W

m
 

= 1.0 for simple shear, W
m
 = 0 for pure shear, and pure shear = simple shear at W

m 
= 

0.71).  Our results demonstrate that extrusion beneath the STDS - a passive roof fault 

- at the top of the slab was dominated by simple shear (0.74-0.91; 45-28% pure shear).  

Amphibolite facies gneisses (Rongbuk formation) at slightly deeper structural levels 

recorded higher contributions of pure shear (W
m
 = 0.57-0.85; 62-35 % pure shear) while 

the base of the slab (Main Central thrust) records higher contributions of pure shear (W
m
 

= 0.63-0.77; 58-44% pure shear).  We attribute the highest contributions of pure shear 

within the MCTZ to increased lithostatic pressure created by the overlying GHS of the 

hangingwall.  Furthermore, we interpreted our observations within the STDS as the 

record of a juxtaposition of rocks from a deeper structural position (amphibolite facies 

gneisses; higher contribution of pure shear) with greenschist facies rocks (Everest Series 

schist, calc-silicate, marbles) and sheared limestone (highest contribution of simple shear) 

during exhumation.

We encountered several difficulties while testing the hypothesis of the original 

NSF proposal, three of which I will mention here: 1) The proposed vorticity techniques 

rely on samples that contain rigid porphyroclasts that are surrounded by a ductile 

matrix.  However, rocks in the high-grade core of the GHS reached significant enough 

temperatures that mineral phases (feldspar) that remained rigid at lower temperatures 

record evidence for plastic deformation.  This problem resulted in our data acquisition 
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being limited to the bounding shear zones instead of throughout the entire GHS.  2) 

The original proposal included the application of three “independent” vorticity 

techniques (PHD, Wallis and Passchier) to test the consistency of these results.  Two 

of these techniques (PHD and Passchier) rely on the presence of sigma-and delta-type 

recrystallized tails on rigid porphyroclasts while the other (Wallis) uses tailless grains.  

Unfortunately, most of the samples from the Everest transect lack the appropriate tails 

and are therefore limited to a single rigid grain vorticity technique (Wallis).  3) Many of 

the samples that we processed from the Everest transect were pushing the limits of the 

rigid grain assumptions, including grain interaction and high contrast between a rigid 

phase and the ductile matrix, particularly those from the deepest structural positions.  

When data from these types of samples are plotted, the transition that defines W
m
 is often 

gradual instead of abrupt, making interpretations of the results ambiguous. 

In response to the last two above mentioned problems, we pioneered a new 

vorticity technique that unified the three main existing methods (PHD, Wallis and 

Passchier), which is presented the Chapter 3, “The Rigid Grain Net (RGN): An 

alternative method for estimating mean kinematic vorticity (W
m
)” and published in the 

March, 2007 issue of the Journal of Structural Geology.  We created the Rigid Grain 

Net (RGN) by plotting semi-and full-hyperbolas that define the relationship between 

aspect ratio, angle of the long axis from the foliation and W
m
 during the rotation of 

porphyroclasts in a ductile matrix.   Through the RGN, we unified the existing vorticity 

methods by treating all of the porphyroclasts as tailless.  We also demonstrated that 

the RGN provides a more robust means to define the critical threshold between 

porphyroclasts that rotate infinitely and those that reach a stable sink positions; the 

unique point that defines vorticity.  The RGN eliminates ambiguity in defining this 

critical threshold because it provides a net of the predicted orientation of theoretical 

porphyroclasts against which natural more complex data set can be compared.  The 

RGN can be imported into an Excel© worksheet where data can be easily plotted and 
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manipulated and will potentially help standardized future investigations. 

Chapter 4, “P-T-t-D paths of the Everest Series schist, Nepal”, was submitted 

to the Journal of Metamorphic Geology in March, 2007.  The Everest Series schist and 

calc-silicates represent the highest structural position in the Everest region.  Previous 

investigations focused on the more accessible Main Central Thrust zone and high-grade 

anatectic core of the area.  To quantify the P-T-t-D history of the Everest Series schist, 

we have integrated traditional thermobarometry, THERMOCALC and structural analysis, 

with U-Th-Pb geochronology.  These results suggest that the margins of the Greater 

Himalayan Sequence (GHS) record an early high P moderate T metamorphism whereas 

the core is dominated by low P high T metamorphism associated with decompression.  

To constrain the maximum age of movement on a major detachment that accommodated 

the southward extrusion of the GHS, John Cottle dated the Nuptse granite, the largest 

leucogranite body at the top of the GHS in the Everest region.  We combine our detailed 

investigation at the top of the GHS with a synthesis of ~20 years of P-T-t work in 

the region to generate a new, more holistic model for the P-T-t-D evolution of this 

section of the Himalayas, including an improved definition of the Lhotse detachment; a 

controversial structural feature that is essentially inaccessible in its type-locality. 

Recently, my Ph.D. project has expanded to lay the foundation for future 

research projects that will focus on a new aspect of the Himalayas that stems from my 

last two field seasons (2005 and 2006) in Tibet.  During these trips, I came to realize 

that although the Everest transect represents a “classic” transect through the Himalaya, 

including incredible exposure of the GHS, MCTZ and STDS; these features are inactive 

today.  If channel flow models are used to describe the coupling of the mid-crustal flow, 

as inferred from interpretation of partial melt zones beneath the Tibetan plateau, with 

focused denudation on the topographic front of the range, than the faults and shear zones 

proposed to link these modern signatures should also be active.  Therefore, since the 

STDS and MCTZ are inactive, another set of active faults must couple this system. 
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Chapter 5, “Exhumation of the Ama Drime Massif during east-west extension 

coupled with focused denudation in a trans-Himalayan river gorge; testing the 

Himalayan paradigm” is a rejected proposal for a National Science Foundation 

International Research Fellowship to work with Mike Searle at Oxford University and 

Andy Carter at the London Thermochronology Research Group.  This proposal represents 

my first attempt at writing and submitting a proposal and will provide the foundation for 

future proposals to the Tectonics division of NSF.  It proposes an integration of field-

and lab-based structural analysis and low-temperature thermochronology on samples 

collected during 2005 and 2006 to test the following novel hypothesis: Driven by the 

local extensional stress field, the Ama Drime range - potentially the most active feature in 

the Everest region - is being exhumed as a core complex with exhumation being enhanced 

by focused precipitation in the Arun River gorge.

The Ama Drime Massif (ADM) protrudes 70 km north from the crest of the 

Himalayas, narrows from 35 to 1 km in width from south to north.  300 m wide, N-

S striking shear zones and active normal faults, we term the Ama Drime Detachment 

(ADD), bound the ADM and offset the South Tibetan detachment.  The ADD preserves 

a progression from a distributed shear zone through mylonites and into discrete 

detachments – all of which record east-west extension.  Active normal faults within 

the ADD offset lacustrine, fluvial and alluvial deposits. The footwall of the ADD 

includes the deepest structural position exposed in the central Himalayas, as recorded 

by eclogite bearing lenses, granulitic mafic layers and migmatitic augen gneiss (Cottle 

et al., submitted).  Hot springs along the western limb and nose of the ADD suggest that 

the modern structure is tapping into warm, upwelling lower crustal material (Newell 

et al. submitted).  Major rivers are displaced around the ADM in valleys filled by 

alluvium, except where they cross into the footwall block where they are marked by 

bedrock gorges.  The Arun River gorge begins at the knick point on the southern end 

of the ADM where the drainage crosses the western limb of the ADD into the footwall 
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block.  Previous investigations suggest that, south of this point, the Arun River follows 

the crest of the Arun antiform.  Furthermore, it has been suggested that the Arun River 

gorge is spatially related to focused denudation and elevated erosion index, relative to 

the surrounding area, resulting in a mini tectonic aneurysm.  We propose that the ADM 

is a core complex that juxtaposes a deep crustal block with the GHS during active east-

west extension.  Exhumation of the southern end of the core complex is enhanced by 

focused denudation in the Arun River gorge. Thus, the ADM is an active feature within 

this section of the Himalayas and exists due to focused denudation and exhumation 

coupled with east-west extension; not shortening.  This hypothesis is presented in Chapter 

6, Coupled crustal extension, exhumation and denudation in the trans-Himalayan Arun 

River Gorge, Ama Drime Massif, Tibet-Nepal, which was submitted to Geology in March, 

2007.
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Abstract 

The Greater Himalayan Slab (GHS) is composed of a north-dipping anatectic core, 

bounded above by the South Tibetan detachment system (STDS) and below by the 

Main Central thrust zone (MCTZ).  Assuming simultaneous movement on the MCTZ 

and STDS, the GHS can be modeled as a southward extruding wedge or channel.  New 

insights into extrusion-related flow within the GHS emerge from detailed kinematic 

and vorticity analyses in the Everest region.  At the highest structural levels, mean 

kinematic vorticity number (W
m
) estimates of 0.74-0.91 (c.45-28% pure shear) were 

obtained from sheared Tethyan limestone and marble from the Yellow Band on Mount 

Everest.  Underlying amphibolite facies schists and gneisses, exposed in Rongbuk valley, 

yield W
m
 estimates of 0.57 - 0.85 (c.62-35% pure shear) and associated microstructures 

indicate that flow occurred at close to peak metamorphic conditions.  Vorticity analysis 

becomes progressively more problematic as deformation temperatures increase towards 

the anatectic core.  Within the MCTZ rigid elongate garnet grains yield Wm estimates of 

0.63-0.77 (c.58-44% pure shear).  We attribute flow partitioning in the GHS to spatial and 

temporal variations that resulted in the juxtaposition of amphibolite grade rocks, which 

record early stages of extrusion, with greenschist to unmetamorphosed samples that 

record later stages of exhumation.

Introduction

 The >2500 km length of the Himalayan orogen is cored by a suite of north-dipping 

metamorphic rocks (the Greater Himalayan Slab; GHS), that are bounded above and 

below by the normal-sense South Tibetan Detachment system (STDS) and reverse-

sense Main Central thrust zone (MCTZ), respectively (Figs 2.1 & 2.2).  Assuming 

simultaneous movement along these crustal-scale bounding shear zones (see review by 

Godin et al. 2006a), the GHS is often modeled as a north-dipping wedge or channel of 

mid-crustal rocks that was extruded southward from beneath the Tibetan plateau (Fig. 
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2.2) beginning in early Miocene time (e.g. Burchfiel & Royden 1985; Burchfiel et al. 

1992; Hodges et al. 1992).  Although consensus on this general concept of extrusion 

during crustal convergence exists, and a range of orogen-scale kinematic and thermal-

mechanical extrusion models have been proposed, surprisingly little research has focused 

on quantifying the kinematics (vorticity) of flow within the slab and its potential causal 

relationship with progressive exhumation of the GHS. 

The use of vorticity analysis to quantify flow within sheared rocks has proven 

to be a useful tool for quantifying the nature and distribution of flow regimes within 

a range of tectonic settings including contractional (e.g. Simpson & De Paor 1997; 

Xypolias & Doutsos 2000; Xypolias & Koukouvelas 2001, Xypolias & Kokkalas 2006), 

extensional (Wells 2001; Bailey & Eyster 2003), and transpressional (Wallis 1995; 

Klepeis et al. 1999; Holcombe & Little 2001; Bailey et al. 2004) regimes.  Vorticity 

analysis enables estimation of the relative contributions of pure and simple shear, 

yielding important constraints for GHS extrusion models.  Identification of a pure shear 

component is critically important because such flow would result in: 1) thinning and 

transport-parallel extension of the slab itself and 2) an increase in both strain rates and 

extrusion rates relative to strict simple shear.  Attempts to quantify flow within the GHS 

that accommodated this southward extrusion are limited to: 1) a single transect through 

the lowermost 900 m of the GHS exposed in the Sutlej valley of NW India (Fig. 2.1; 

Grasemann et al. 1999; Vannay & Grasemann 2001); 2) preliminary results from the top 

of the GHS exposed in the Rongbuk valley on the north side of the Everest massif, Tibet 

(Law et al. 2004); and 3) preliminary results from the middle of the GHS in the Bhutan 

Himalaya (Carosi et al. 2006).  Quantifying and characterizing flow within the GHS 

is important for development of more realistic models for evolution of the Himalaya, 

particularly those that propose a synergistic interplay between extrusion, erosion, and 

exhumation (e.g. Beaumont et al. 2001, 2004, 2006; Hodges et al. 2001; Grujic et al. 

2002; Jamieson et al. 2004, 2006; Hodges 2006). 
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Figure 2.1. Simplified geologic map of the Himalaya including the distribution of the 
main lithotectonic elements of the orogen.  Hollow black rectangle marks the location of 
the Everest transect.  Significant geographical locations and areas referred to in text are 
also included.  The Himalaya marks the transition from high elevations of the Tibetan 
plateau to the lowlands of the Indian plate.  MBT, Main Boundary thrust; MCTZ, Main 
Central thrust zone; MFT, Main Frontal thrust; MMT, Main Mantle thrust; STDS, South 
Tibetan detachment system; ZSZ, Zanskar shear zone. 

The topographic relief of the Everest massif, Tibet/Nepal (Fig. 2.1), provides 

a window into mid-crustal processes responsible for extrusion of the GHS, and a 

particularly appropriate field area to test the various components of extrusion models.  In 

this paper, we combine field-based structural analysis with detailed vorticity analyses 

of samples from a N-S transect through the GHS in the Everest region using the rigid 

grain technique of Wallis et al. (1993) and Wallis (1995).  Samples collected for vorticity 
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analyses are from a variety of structural and lithologic settings, including high-altitude 

and summit samples collected during two pioneering climbing expeditions (1933 and 

1953) on the north-and south-sides of Mount Everest, respectively.  Rigid grain analysis 

using elongate garnet porphyroclasts quantify flow along the MCTZ and, by integration 

with microstructural analysis, constrain the timing of mylonite formation in relation to 

peak metamorphism (Hubbard 1988, 1989).  Field-based structural analysis characterizes 

deformation in the core of the GHS where deformation temperatures exceed the upper 

limit for robust rigid grain vorticity analysis.  As the first attempt to quantify flow in 

a transect across the entire GHS, many new insights into vorticity of flow emerge, 

including an understanding of how flow was partitioned during extrusion and exhumation 

of the GHS.

Tectonic Setting

The Himalaya-Tibet orogenic system has accommodated crustal convergence since 

initiation of collision between India and Asia at c.55-50 Ma (Searle et al. 1987; Hodges 

2000; Yin & Harrison 2000; Figs 2.1 & 2.2).  The Tibetan plateau encompasses an area of 

> 5x106 km2 of subdued topography (Fig. 1, inset a), with an average elevation of c.  5000 

m (Fielding et al. 1994).  To the south stretches the flat, low elevations characteristic of the 

undeformed internal margin of the Indian plate.  Between lies the crest of the Himalaya, 

which extends for c. 2500 km-along-strike, contains the highest elevations in the world 

(8850 m), and provides exposure of mid-crustal rocks belonging to the GHS (Figs 1 & 

2).  The GHS forms a 5-30-km-thick section of metasedimentary rocks that are intruded 

by leucogranite dikes and migmatized to varying degrees (Hodges 2000).  The age of 

leucogranite crystallization (c.23-13 Ma) suggests they were part of a protracted event that 

marks the culmination of peak metamorphism (Searle 1996; Hodges 2000).  

The metamorphic evolution of the GHS is often split into two tectonothermal 

events that may mark distinct thermal pulses or a thermal continuum.  Kyanite-grade 
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assemblages are interpreted as relicts of an early event (M1) that U-Th-Pb monazite 

geochronology suggest occurred at c. 35-30 Ma (Walker et al. 1999; Simpson et 

al. 2000).  M1 is often overprinted by the pervasive high temperature-low pressure 

tectonothermal event (M2; c.23-17 Ma) associated with decompression, migmatization, 

and emplacement of leucogranite sills (Hodges 2000; Simpson et al. 2000).  40Ar/39Ar 

thermochronology of muscovite and biotite from leucogranites yield cooling ages that 

are usually only slightly younger than the U-Pb crystallization age of the leucogranites, 

suggesting rapid decompression following their emplacement (e.g. Hodges et al. 1998 for 

the Everest transect).  

Two shear zones bound the GHS: the STDS above and the MCTZ below (Figs 2.1 

& 2.2).  The STDS juxtaposes Tethyan sedimentary rocks of the Tibetan Zone against the 

GHS, while the MCTZ separates the GHS above from rocks of the Lesser Himalaya Zone 

(LHZ) below (for detailed review see Godin et al. 2006b).

Extrusion models

Despite on-going controversy regarding evidence for simultaneous movement on the 

MCTZ and STDS (see Godin et al. 2006b), many researchers continue to view the 

tectonic evolution of the GHS in the context of models involving southward extrusion 

of mid-crustal rocks from beneath the Tibetan plateau towards the topographic surface 

at the plateau margin.  All of these models assume simultaneous motion on the upper 

and lower surfaces of the extruding unit.  Two types of models may be distinguished: 

(1) kinematic models for wedge extrusion (Figs 2.2a-c) based on the assumption that 

the STDS and MCTZ join at depth as, for example, suggested by early interpretations 

of INDEPTH seismic data (Nelson et al. 1996); (2) more complex coupled thermal-

mechanical finite-element models involving lateral flow of relatively low viscosity 

material within a tabular mid-crustal channel in response to a horizontal gradient in 

lithostatic pressure between the Tibetan plateau and Himalayan foreland (Fig. 2.2d; 
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Beaumont et al. 2001, 2004, 2006).

Kinematic models

Model 1  In the original wedge extrusion model (Burchfiel & Royden 1985; Royden 

& Burchfiel 1987; Kündig 1988, 1989; Burchfiel et al. 1992; Hodges et al. 1993), 

the extruding wedge developed by gravity-driven collapse in response to the extreme 

topographic gradient developed along the southern margin of the Himalayan orogen.  In 

this basic conceptual framework, only one main phase of N-S extension, triggered by a 

fundamental, non-reversible change in the stress state of the orogenic system as a whole 

(e.g. England & Molnar 1993), occurred in the Himalaya.  Syn-convergence extrusion, 

rather than gravity-driven collapse, has been emphasized in more recent models.  In 

the original wedge extrusion model the nature of deformation/flow within the interior 

portions of the wedge was not explicitly addressed (Fig. 2.2a), although a broad zone of 

reverse-sense shearing along the base of the wedge was suggested (e.g. Brunel & Kienast 

1986; Hubbard 1988, 1989, 1996; but also see Harrison et al. 1999) as a potential 

explanation for the long-known inversion of metamorphic isograds adjacent to the MCT 

(Heim & Gansser 1939).  Based on the mapping of antiformally folded isograds in the 

Zanskar section of the GHS, this was expanded upon in an alternate model by Searle & 

Rex (1989) who proposed that the entire sequence of rocks contained between the MCT 

and STDS (Zanskar shear zone) were isoclinally folded during extrusion.  More recently 

proposed kinematic extrusion models are largely based on local evidence for spatial 

strain path (or vorticity) partitioning within the GHS, and the relative importance of pure 

shear and simple shear flow components. 

Model 2  Quantitative evidence for a significant pure shear deformation component 

associated with flow along the base of the GHS was reported by Grasemann et al. (1999) 

from the Sutlej Valley (NW India) section of the MCTZ (Fig. 2.1).  Based on correlation 

between: (1) a downward increase in estimated pure shear component, (2) a downward 
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decrease in deformation temperatures within this zone of inverted isograds, and (3) a 

high pure shear component indicated by late vein sets, Grasemann et al. (1999) proposed 

that their vorticity data was most readily interpreted as indicating a temporal (rather than 

spatial) change in flow regime associated with a decelerating strain path (Simpson & De 

Paor 1997; Fossen & Tikoff, 1997), where simple shear flow at higher temperatures is 

replaced by pure shear dominated flow at lower temperatures.  Grasemann et al. (1999) 

proposed a model for wedge extrusion in which deformation is concentrated towards 

the boundaries of the wedge and, due to strain compatibility, the center of the wedge 

extrudes mainly by pure shearing (Fig. 2.2b).  An important aspect of this model is that 

the wedge is detached from the footwall and hanging wall.

Model 3  Microstructural and quartz petrofabric data was employed by Grujic et al. 

(1996) to qualitatively investigate deformation/flow within the lower-central portion of 

the GHS exposed in Bhutan.  These data indicated that at least the lower-central part 

of the slab had undergone plane strain to weakly constrictional deformation, with flow 

involving components of both simple shear (reverse or top-to-the south shear sense) and 

pure shear.  Based on these data, Grujic et al. (1996) proposed a wedge extrusion model 

in which pervasive shearing occurred throughout the evolving wedge, with opposite 

shear senses on the top and bottom halves of the wedge (and highest extrusion velocities 

in the center) leading, as previously proposed by Searle & Rex (1989) for the Zanskar 

Himalaya, to antiformal folding of isograds (Fig. 2.2c; see Godin et al. 2006b).  The 

pure shear component indicated by petrofabric data was not explicitly addressed in this 

channel flow model, although Grujic et al. (1996) did note that pure shear would lead 

to thinning and transport-parallel stretching of the wedge/channel during extrusion.  

Subsequent fieldwork in Bhutan led Grujic et al. (2002) to abandon their wedge-shaped 

model for the GHS and to regard the GHS as a 10-15 km thick mid-crustal layer, or 

channel, extending for at least 200 km northward beneath Tibet.  In this revised channel 
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flow model (incorporating combined Couette and Poiseuille flow; see review by Grujic 

this volume) the influence of changing thermal conditions (viscosity) on flow patterns 

was considered, and qualitative predictions made on the likely influence of changes in 

boundary conditions and viscosities on domainal variation in flow vorticities within the 

channel.  Grujic et al. (2002, p.188) emphasized that general flow (i.e. combined simple 

and pure shear) “is implicit in the Poiseuille flow, and therefore in channel flow.” 

Thermal-Mechanical models

Model 4  Thermal-mechanical models build on the concept originally proposed by 

Nelson et al. (1996) that the GHS represents hot low-viscosity mid-crustal material 

extruded southwards from beneath Tibet towards the Himalayan front during continental 

convergence, and the overlapping proposal that this extrusion can be modeled using 

the concept of channel flow driven by a horizontal gradient in lithostatic pressure 

between the Tibetan plateau and the Himalayan front (Grujic et al. 1996).  These 

concepts, and a broad range of Himalayan structural, pressure–temperature-time (P-

T-t) and geochronologic data, have been successfully modeled in two dimensions 

with time-varying, plane strain, coupled thermal-mechanical finite-element models 

in which channel viscosities are reduced by mantle heat flux and radiogenic heating 

(Beaumont et al. 2001, 2004, 2006; Jamieson et al. 2002, 2004, 2006).  Models begin 

with a tectonically thickened crust, which is then thermally weakened, and flows in a 

mid-crustal channel towards the orogenic front.  Varying input parameters and model 

specifications produces variants of the basic model.  In these models, channels are 

exhumed and exposed by denudation focused on the high-relief transition between the 

plateau and orogenic front (Fig. 2.2d).  Implicit in these models is that the structures 

now exposed at the topographic front will probably have formed during the last stages, 

or cessation of extrusion/exhumation of the channel material, rather than being directly 

related to processes operating when these rocks were flowing at mid-crustal levels 
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beneath the plateau.

Everest Transect: geologic background

In this section we outline the major lithotectonic units and structures of the Everest 

transect in order to provide a foundation for the detailed discussions of key areas used 

for our vorticity analyses.  This transect begins with the STDS at the top of the GHS, 

as exposed in Rongbuk valley, Tibet, extends southward to the summit of Everest, and 

continues southward through the GHS to the more limited exposures in the Nepalese 

foothills of rocks belonging to the MCTZ.  Detailed structural, metamorphic, and 

geochronologic reviews of the Everest transect (some limited to specific sections) are 

given by Lombard (1958); Bordet (1961); Brunel & Kienast (1986); Hubbard (1988, 

1989); Lombardo et al. (1993); Pognante & Benna (1993); Carosi et al. (1998, 1999a, 

b); Searle (1999a, b) and Searle et al. (2003, 2006).  Geologic maps covering different 

sections of the transect have been published by Bordet (1961), Lombardo et al. (1993), 

Carosi et al. (1998) and Searle (2003).

Two major detachments belonging to the STDS have been mapped in the sidewalls 

of the Rongbuk valley southward to Changtse and Mount Everest, the upper brittle 

Qomolangma detachment (QD) and lower ductile Lhotse detachment (LD) (Fig. 2.3; 

Searle 1999a; Searle et al. 2003; see also Lombardo et al. 1993; Carosi et al. 1998, 

1999b; and Sakai et al. 2005).  As originally defined, the LD is a distinct ductile high-

strain zone that marks a metamorphic break between amphibolite facies rocks below and 

greenschist facies (Everest Series) rocks above (Searle 1999a).  More recent detailed 

thermobarometric results from samples collected at the base of the Lhotse wall (Jessup et 

al. 2004, 2005) and East Rongbuk glacier (Waters et al. 2006), demonstrate temperatures 

of c.650°C immediately above and below the proposed detachment, and suggest that the 

LD may mark the upper limit of leucogranites, but not a break in metamorphic grade.  

The two detachments merge into one major ductile-brittle shear zone near the northern 

limit of Rongbuk valley (Fig. 2.3; Carosi et al. 1998, 1999b; Searle 1999a).  Because 
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the QD dips more steeply than the LD, a northward-tapering wedge of Everest Series is 

mapped between the two detachments (Searle et al. 2002, 2003; Searle 2003).  

Previous detailed kinematic investigations are limited to the Rongbuk valley located 

on the north side of the Everest massif (Fig. 2.3).  Cross-girdle quartz c-axis fabrics from 

GHS rocks exposed in the Rongbuk valley demonstrate that penetrative deformation, 

along at least this local section of the STDS, occurred under approximately plane 

strain conditions, and their asymmetry confirms the top-to-the-north shear sense (Law 

et al. 2004).  Vorticity analysis (using three techniques) on reconnaissance samples, 

collected from the top of the GHS in the Rongbuk area, indicate pure shear components 

representing c. 13-53% of the total recorded deformation, depending on rock type and 

structural position (Law et al. 2004).  Integration of strain and vorticity data, in the 

reconnaissance samples, indicated a shortening of 10-30% perpendicular to the upper 

surface of the GHS and, as previously suggested by Grasemann et al. (1999) for the 

MCTZ at the base of the slab in NW India (see below), confirmed that the STDS is a 

stretching fault (in the sense of Means 1989) with estimated down-dip stretches of 10-

40% (assuming plane strain deformation as demonstrated by petrofabric results) parallel 

to the flow plane - transport direction.  

A c.100 m thick mylonite zone, capped by a breccia zone of variable thickness, 

characterizes the uppermost section of the GHS in Rongbuk valley and projects c.35 

km southward to the summit of Mount Everest.  Structure contours of the detachment  

(QD) on the summit of Everest, and two peaks to the north (Changtse; 7583 m & Chang 

Zheng; 7583 m), suggest the detachment dips c.10° NNE on the summit and shallows to 

c. 5° NNE in the northern limits of Rongbuk valley (Fig. 2.3).  On Mount Everest and 

Changtse, the QD separates Tethyan limestone of presumed early-middle Ordovician age 

(Yin & Kuo 1978) above from underlying marble of the Yellow Band (Everest Series) 

(Burchfiel et al. 1992; Searle 1999a, 2003).  On the NE ridge of Everest, the QD is 

marked by a 5-40 cm thick breccia zone in the basal limestone, which rests on intensely 
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foliated Yellow Band marble containing shear bands and drag folds (Sakai et al. 2005).

The structurally highest section of the Everest-Lhotse massif is predominantly 

composed of greenschist to lower-amphibolite facies Everest Series metasedimentary 

rocks, while the lower ramparts consist of sillimanite-grade schist that grade into 

migmatitic gneiss (Fig. 2.3; Lombardo et al. 1993; Pognante & Benna 1993; Carosi et 

al. 1998, 1999b; Searle 1999a, b; Searle et al. 2003).  A variably deformed leucogranite 

sill complex that parallels the pervasive fabric within these rocks is limited to a zone 

immediately below the Everest Series.  Searle (1999a) proposed that the LD is present 

along this transition and also proposed that a late-stage thrust (Khumbu thrust) is present 

along the base of the underlying, most extensive, leucogranite sill complex (Fig. 2.3).  

Variably migmatized, interlayered gneiss, calc-silicate, quartzite, schist, and orthogneiss 

are predominant beneath the LD (or the composite LD-QD in the northern Rongbuk 

valley), and extend downwards through the middle section of the GHS to the upper 

section of the MCTZ (Lombardo et al. 1993; Searle et al. 2003).  Deformation within 

the core of the GHS is characterized by several phases of folding that culminate in a 

pervasive foliation that is broadly warped by late stage NW-and NE-trending hinge lines 

of recumbent folds that create dome structures (Carosi et al. 1999a, b).  Mylonite zones, 

typically found at the margins of the slab, are absent in the core.

As exposed in the Duhd Kosi drainage south of Everest, the MCTZ consists of 

sheared quartzite, calc-silicate, amphibolite, garnet-kyanite-staurolite schist, graphitic 

schist, and augen gneiss (Hubbard 1988, 1989; Catlos et al. 2002).  Although debate 

continues about the exact location of the thrust zone (see Godin et al. 2006b; Searle et 

al. 2006), we choose to relate our vorticity results to the original context proposed by 

Hubbard (1988, 1989).  In the Duhd Kosi drainage, a combined downward increase 

in apparent penetrative strain, and upward increase in metamorphic temperatures that 

exceed the kyanite stability field, marks the top (MCT) of the 5 km thick high-strain 

zone, while the Okhandunga orthogneiss marks the base (MCT I; Fig. 2.4).  Because the 
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apparent increase in strain coincides with a change in rock type (migmatitic gneiss above 

and pelitic schist below), the downward increase in penetrative foliation intensity may 

be controlled by lithology rather than structural position.  The pervasive north-dipping 

foliation overprints several phases of folding and foliation development that are only 

preserved in lower-to moderate-strain domains within the high-strain zone.  Variation in 

foliation orientation is the result of late-stage folding also present at structurally higher 

positions in the core of the GHS.

Vorticity analysis 

Introduction to techniques

Mean kinematic vorticity number (W
m
) is a measure of the relative contributions of pure 

(W
m
 = 0) and simple (W

m
 = 1) shear.  Several analytical methods exist for estimating 

W
m
 in high-strain rocks; however only in rare cases are individual samples suited for 

vorticity analysis using multiple techniques (see Law et al. 2004 for detailed discussion).  

We focus on a suite of samples collected from the Everest transect that are suitable for 

the rigid grain-based vorticity analysis developed by Wallis et al. (1993) and Wallis 

(1995).  This suite of 51 samples (Table 2.1) includes the 7 reconnaissance samples 

Figure 2.4.  Generalized cross section of the Main Central thrust zone (MCTZ); after 
Hubbard (1988).  Locations of isograds are approximate.  Dip of the units is based on 
work from this investigation.  



23

Table 2.1  Mean kinematic vorticity (Wm) data
Sample Rock type ‡ Elevation (m) Distance(m) from QD/LD Method 1 (Wm)
NORTHERN TRANSECT
R03-10 lim 5010 10 above 0.87-0.91
R03-12 mar 5000 0 0.88-0.91
R03-15 calc 4995 5 0.75-0.78
R03-16 calc 4993 7 0.68-0.79
R03-17 qtz 4991 9 0.81-0.84
R03-18 calc 4988 12 0.73-0.80
R03-18 (A) calc 4988 12 0.75-0.80
R03-19 calc 4987 13 0.62-0.71
R03-20 leu 4982 18 0.69-0.80
R03-21 leu 4979 21 0.76-0.80
R03-24 leu 4974 26 0.76-0.79
R03-25 leu 4965 35 0.75-0.81
R03-26 leu 4964 36 0.76-0.82
R03-26 (A) bt 4934 46 0.74-0.79
RONGBUK MONASTERY TRANSECT
R03-55 lim 5767 67 above 0.82-0.84
R03-56 lim 5716 16 above 0.77-0.80
R03-58 lim/mar 5663 37 0.76-0.79
R03-59 mar 5655 45 0.79-0.82
R03-63 calc 5650 50 0.81-0.84
TI-05 bt c.5600 100 0.77-0.79
ET-15 bt 5450 250 0.82-0.85
R03-67 calc 5380 320 0.75-0.80
ET-14 bt 5350 350 0.67-0.73
R03-70 bt 5255 445 0.73-0.77
ET-13 bt 5250 450 0.75-0.80
ET-12 bt 5100 600 0.72-0.77
HERMIT’S GORGE TRANSECT
R03-46 lim 5748 5 above 0.74-0.77
R03-44 mar 5739 0 0.74-0.77
R03-43 mar 5737 2 0.72-0.75
R03-39 calc 5698 41 0.64-0.70
R03-38 bt 5688 51 0.75-0.78
ET-08+ bt 5650 89 0.79-0.84
R03-31 leu 5950 211 0.57-0.64
R03-33 bt 5398 341 0.69-0.80
EVEREST & KANGSHUNG VALLEY TRANSECTS
25/3 Hillary lim 8836 0.87-0.89
E-03-01 Hamilton lim 8840 0.87-0.89
ME-124 Wager lim 8568 0.84-0.86
25/1&2 Evans lim 8689 0.85-0.87
ME-125 Wager lim 8260 0.83-0.85
ET-10 bt >7000 0.81-0.84
ET-11 bt >7000 0.77-0.79
K04-03 gn 5340 0.68-0.77
K04-04 gn 5320 0.72-0.76
MAIN CENTRAL THRUST ZONE TRANSECT
ET-41 grt-sill 0.63-0.73
ET-44 grt-sill 0.63-0.70
85-H-22E grt-sill 0.72-0.77
85-H-21J grt-ky 0.70-0.72
85-H-21G grt-ky 0.60-0.64
87-H-6B grt 0.69-0.71
87-H-5A gn 0.69-0.77
87-H-1B grt 0.66-0.70

‡ Abbreviations for rocks types: leu, leucogranite; bt, biotite schist; lim, limestone; ma, 
marble; calc, calc-silicate; gn, gneiss; grt-sill, garnet + sillimanite schist; grt-ky, garnet + 
kyanite schist; grt, garnet schist; qtz-rich layer in calc-silicate. 

described by Law et al. (2004) from the Rongbuk valley - Changtse ridge part of the 

transect, some of which had previously proven suitable for multiple methods of vorticity 

analysis. 

Using the founding principles of Ghosh & Ramberg (1976) and Passchier (1987), 

Wallis et al. (1993) and Wallis (1995) proposed that, for rigid clasts rotating in a flowing 

ductile matrix, a unique relationship exists between W
m
, clast aspect ratio (R) and the 
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angle (θ) between clast long axes and matrix foliation.  For a given Wm, clasts with a 

specific aspect ratio will reach a unique stable sink position (i.e. angle from the foliation).  

The method involves measuring the clast aspect ratio and angle between the clast long 

axis and foliation for both back-and forward-rotated clasts (in sections cut perpendicular 

to the foliation and parallel to the macroscopic stretching lineation).  The distribution 

of clasts is displayed on a plot of R vs. θ (Fig. 2.5a-d).  A transition between clasts that 

rotate infinitely and those that reach a stable sink orientation define the critical threshold 

(R
c
).  R

c
 is then used to calculate W

m
 using the relationship proposed by Passchier (1987):

   W
m
 = (R

c
2-1)/ (R

c
2+1)     Eqn. 1

In practice, a range of likely Rc values is usually indicated for a given sample using 

the Wallis plot, leading to a range of estimated W
m
  values (Law et al. 2004; see also 

Carosi et al. 2006; Xypolias & Kokkalas 2006).  Whether the Wallis method may 

consistently under- or over-estimate W
m
 values probably depends on individual sample 

characteristics.  The method may tend to underestimate W
m
 if clasts of large aspect ratio 

are not present, and in such samples the upper bound of the estimated Wm range is 

probably closest to the true value (Law et al. 2004).  In contrast, if finite strains are low, 

then clasts of high aspect ratio may not have had time to reach stable sink orientations 

and the observed range of R
c
 values would tend to overestimate Wm (Bailey, Polvi, & 

Forte in press).

The rigid grain vorticity method assumes: (1) that the clasts undergo no internal 

deformation (e.g. by crystal plasticity or pressure solution), (2) no mechanical interaction 

occurs either between adjacent rotating clasts, or between the clasts and their matrix, 

and (3) high enough strain has developed to ensure that all clasts have rotated into their 

current position.  Samples were avoided where deformation temperatures exceeded the 

onset of internal plastic deformation within otherwise rigid phases, or where excessive 

interaction had occurred between rotated grains.  We tentatively assume plane strain 

deformation for these samples, based on the original petrofabric data of Law et al. (2004, 
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p. 313), which strongly indicate that flow was monoclinic to orthorhombic Law et al. 

(2004, p. 314).  Due to the lack of robust strain markers, it was impossible to quantify 

strain in any of the samples from the Everest transect aside from those published by 

Law et al. (2004).  Rigid grain data plots for all 51 samples used for vorticity analysis 

are reproduced in the Appendix to this paper.  Full details of the mineral(s) used as rigid 

grain markers are given on each plot.  Details of sample locations, and estimated range of 

W
m
 values for each sample, are summarized in Table 2.1.

Representative rigid grain data plots for different structural levels

Four representative samples are used to describe and discuss the characteristics of the 

major rock types within the Everest transect used for vorticity analysis: (1) sheared 

Tethyan limestone above the QD system, (2) biotite gneiss/schist within the uppermost 

100 m of the footwall to the composite QD-LD system, (3) high-grade gneiss at a deeper 

structural level (< 2 km) in the footwall to the LD, and (4) pelitic rocks within the MCTZ 

(Fig. 2.5a-d).  

Tethyan limestone  Sample GB-25/3, collected from just below the summit (8836 m) 

by Edmund Hillary (Harker Collection records, Cambridge University) during the first 

accent of Mt. Everest via the South Col in 1953, is an example of sheared limestone in 

the immediate hanging wall to the QD (Fig. 2.3).  Other samples that share the same 

microstructural characteristics and spatial proximity to the QD, were collected in the 

sidewalls of the Rongbuk valley.  Abundant equant - elongate detrital quartz grains are 

interpreted as rigid clasts that rotated within a ductile calcite matrix (Fig. 2.6a).  The 

distribution of quartz grains on the Wallis plot defines (Fig. 2.5a) an abrupt transition 

from grains that rotate infinitely (R ≤ 3.80) to those that reach a stable sink orientation 
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Figure 2.5.  Rigid grain plots using the Wallis et al. (1993) and Wallis (1995) technique 
(see text for details).  Four representative plots are used to discuss the main rock types 
used in this investigation: (a) sheared limestone in the hanging wall of the Qomolangma 
detachment; (b) mylonitic metapelites, calc-silicates and leucogranites from the upper 
600 m of the GHS; (c) GHS gneiss sample from Kangshung valley with broad range of 
potential R

c 
values which are typical of samples where the originally rigid phase (feld-

spar) begins to deform internally; (d) garnet schist from the Main Central thrust zone 
where rigid elongate garnets were used to estimate mean kinematic vorticity number 
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(R ≥ 4.05).  Using this range in R
c
 values (3.80-4.05) yields a W

m
 estimate of 0.87-0.89 

(c.32-28% pure shear).

Immediate footwall to LD and composite QD-LD system  Sample R03-38 represents the 

amphibolite grade rocks (marble, calc-silicate, leucogranite, and biotite schist/gneiss) 

within the upper 100 m of the GHS.  These samples often contain several rigid phases 

such as feldspar, epidote, zircon, amphibole, and tourmaline in a matrix of dynamically 
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recrystallised quartz.  At the upper limit to these deformation temperatures (amphibolite 

grade), large feldspar porphyroclasts remain rigid while smaller grains begin to deform 

internally.  R03-38 is a biotite schist with abundant feldspar and tourmaline suitable for 

rigid grain analysis (Fig. 2.6b).  The narrow range in R
c
 (Fig. 2.5b) yields a fairly robust 

W
m
 estimate of 0.75-0.78 (45-42% pure shear). 

Structurally deeper levels of LD footwall  Sample K-04-03 was collected from outcrops 

of high-grade gneiss in the western end of the Kangshung valley.  These gneisses are 

situated at a structural depth of c.2 km beneath the LD (Fig. 2.3) and continue downward 

into the underlying anatectic core of the GHS.  Feldspar grains in these gneisses are 

generally separated from each other by a matrix of biotite laths and dynamically 

recrystallised (Regime 3 of Hirth & Tullis 1992) quartz (Fig. 2.7a).  However, many 

of the feldspar grains exhibit at least moderate undulatory extinction and minor grain 

flattening, indicating that they did not behave as perfectly rigid markers.  “Rigid grain” 

plots using these feldspar grains are characterized by a broad transition in potential R
c
 

values (Fig. 2.5c), and therefore greater uncertainty in defining W
m
.  We propose that 

these plots are typical of samples that contain a semi-rigid phase, and caution against 

over interpretation of Wm estimates from such samples.

MCTZ  The fourth example, sample ET-41, is a garnet-mica schist typical of pelite 

samples collected from the MCTZ.  These pelite samples contain elongate garnet 

porphyroclasts that are wrapped by biotite and muscovite, and surrounded by a matrix 

of quartz and feldspar (Fig. 2.7b).  The evolution of these elongate garnets is discussed 

in detail below.  The orientation distribution and range in aspect ratio of these garnets 

confirms their appropriateness for rigid grain vorticity analysis (Fig. 2.5d).  A limited 

range in R
c
 defines W

m
 estimates of 0.63-0.73 (58-48% pure shear).  The major drawback 

to using metamorphic phases for rigid grain analysis in these pelitic MCTZ samples is 
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the number of appropriate porphyroblasts available within a thin section; where possible 

we have used combined data from parallel sections in individual samples.  For example, 

sample 85-H-21G contained a minimal number of garnet porphyroblasts (n = 59) that 

just begins to define a minimum R
c
, whereas 87-H-22E contained many garnets (n = 

275) that define R
c
 much better (Fig. 2.A5).  For several MCTZ samples, such as ET-41, 

the rigid grain analysis proved highly successful and provides a unique opportunity to 

explore the relationship between peak metamorphism and mylonite formation.

Petrography and results of vorticity analyses

Rongbuk valley transects

We collected oriented samples for vorticity analysis along three transects in the eastern 

sidewalls of the Rongbuk valley (Fig. 2.8).  A similar lithotectonic sequence is observed 

in each transect consisting (traced structurally downwards) of limestone, marble, calc-

silicate, leucogranite and biotite-sillimanite schist/gneiss (Figs 2.8 & 2.9).  

Tethyan limestone forms the structurally highest lithotectonic unit and is truncated 

along the base by the underlying QD.  A 5-10 m thick section of marble marks the 

upper limit to pervasive ductile deformation beneath the detachment.  Lenses of 

mylonitic leucogranite are commonly found within the sheared marble, demonstrating 

that ductile deformation outlasted their emplacement (c.17 Ma; Murphy & Harrison, 

1999).  Interlayered and pervasively foliated calc-silicate and quartzofeldspathic layers, 

defined in outcrop by alternating black/green and white layers, are present below the 

sheared marble.  Dark layers contain diopside and are either amphibole or tourmaline-

rich, while white layers contain abundant quartz and feldspar.  Feldspar is commonly 

fractured and within one thin section a complete gradation from angular clasts to rounded 

porphyroclasts rotating in a quartz matrix is common.  

Microstructures in quartz-rich layers include the development of subgrains and 
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bulging grain boundaries, which indicate dynamic recrystallization under Regime 2-3 

conditions as defined by Hirth & Tullis (1992), and suggest deformation temperatures of 

c.490-530 °C (Stipp et al. 2002).  Micro-boudinage of diopside, garnet, and tourmaline 

grains suggest that some components of fabric development post-dated their growth.  

Tension gashes, nearly perpendicular to the NNE-or SSW-trending stretching lineation, 

suggests a progression in deformation mechanisms from ductile to brittle occurred during 

exhumation of the GHS.

Structurally beneath the calc-silicate layers (at least at the northern end of the 

Rongbuk valley) is a 10-20 m-thick mylonitic leucogranite sill complex.  Quartz and 

feldspar record evidence for grain-scale processes operating at similar deformation 

condition to those indicated in the overlying calc-silicate rich unit.  S-C fabrics with 

extensional shear bands dominate the detachment-parallel sills.

The structurally lowest unit exposed in the Rongbuk valley is composed of biotite 

schist (Rongbuk Formation of Carosi et al. 1998, 1999a) that is migmatized and 

injected by foliation-parallel, variably deformed, leucogranite lenses and sills; cross 

cutting leucogranites are less commonly observed (Searle et al. 2006, their figures 6 

& 7).  Based on quartz c-axis fabric opening angles, Law et al. (2004) documented 

progressive increasing deformation temperatures of 525–625 ± 50 °C in the biotite 

schists at depths of 300-650 m beneath the mapped position of the LD in the Rongbuk 

Monastery and Hermit’s Gorge transects (see below).  Rotation of the rigid grains used as 

vorticity markers in this paper, either pre-dated or (more likely) were synchronous with 

plastic flow of the quartz-rich matrix associated with these deformation temperatures.  

Fibrolite in the biotite schist is drawn into extensional shear bands, but remains pristine, 

suggesting shear band development occurred in the sillimanite stability field (Law et al. 

2004).  At depths greater than 100 m beneath the composite QD-LD system, feldspar 

begins to deform plastically (as indicated by undulose extinction) and grains tend to 

become more elongate and oriented sub-parallel to foliation.  At a given depth, this 
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Figure 2.6.  (a) Photomicrograph (crossed polars) of sample GB-25/3 (collected by E. 
Hillary in 1953 at c.8836 m) showing microstructures typical of sheared limestone col-
lected near the Qomolangma detachment.  Abundant detrital quartz grains act as the 
rigid phase rotating in a calcite (Cal) matrix.  Some randomly oriented white mica (M) 
is present.  Rigid grain plot of the sample is shown in Figure 2.5a. (b) Photomicrograph 
(crossed polars) of sample R03-38; section cut perpendicular to the foliation and parallel 
to the lineation.  Microstructures include rigid feldspar (Fs) rotating in a ductile quartz 
(Qtz) matrix.  Large feldspar porphyroclasts in the center of the image has an aspect ratio 
of c.1.6 with a long axis c. 80° from the foliation as defined by aligned white mica (M).  
Rigid grain plot of sample shown in Figure 2.5b.  Images taken by M.J. Jessup.
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Figure 2. 7.  (a) Photomicrograph (crossed polars) of sample K04-03 collected in Kangs-
hung valley, Tibet.  Biotite (Bt) defines the foliation that is aligned NW-SE in the im-
age.  Irregularly shaped feldspar (Fs) that begins to align with the foliation suggests high 
deformation temperatures where feldspar begins to deform internally.  Rigid grain plot of 
this sample is shown in Figure 2.5c.  These microstructures typify samples from the core 
of the Greater Himalayan Slab that are unsuited for rigid grain analysis.  (b) Photomi-
crograph (crossed polars) of sample ET-41 from the Main Central thrust zone (Fig. 2.4).  
Garnets (Grt) of variable aspect ratios and angles from the foliation are present.  Quartz 
(Qtz) inclusions are present in several of the garnet cores.  Aligned biotite (Bt) and white 
mica (M) defines the foliation (E-W in image). Rigid grain plot using garnet porphyrob-
lasts is shown in Figure 2.5d.  Details of garnet evolution discussed in the Main Central 
thrust zone section of text.  Images taken by M.J. Jessup.
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brittle-plastic transition in feldspar deformation seems to be grain size controlled (Law 

et al. 2004, p. 311).  Incipient conjugate sets of shear bands, defined by biotite, creates 

a lattice network that dominates the microstructure in the structurally deeper samples.  

Polygonal quartz grains are common suggesting a component of annealing.  Many of 

these structurally deeper samples are unsuited for vorticity analysis (as discussed above 

for sample K-04-03).  However, even at depths of 600 m beneath the detachment, 

samples with limited evidence for internal deformation of feldspar yield a well-defined 

R
c
 threshold, and therefore a meaningful Wm estimate.

Below we summarize the results of vorticity analyses in our three transects through 

the eastern sidewalls of the Rongbuk valley (Fig. 2.8); each transect begins in the sheared 

limestone or within the composite QD-LD system and progresses downward into the 

migmatitic biotite schist.  Results are presented on plots of W
m
 versus relative distance 

below the QD to show the spatial distribution of Wm domains in each transect (Figs 2.10 

& 2.11).  Because the location of the QD is more readily determined in the field than the 

LD, and in the northern section of Rongbuk valley the LD either merges with or is cut 

out by the QD, we use the QD as a reference structural level in these plots.

Northern transect:  Vorticity analysis results from the northern transect (Fig. 2.8 inset a 

& Fig. 2.9) are shown in Figure 2.10a.  Sample R03-10 (limestone) and sample R03-12 

(marble), collected c.10 m above and within the QD, respectively, yield W
m
 estimates of 

0.87-0.91 and 0.88-0.91, indicating the lowest component of pure shear (30-25 %) for 

the entire transect.  Four out of six calc-silicate samples from below the sheared footwall 

marble yield a range in W
m
 of 0.68-0.80 (c.52-40% pure shear).  The other two calc-

silicate samples are outliers to this trend and yield slightly higher (R03-17; Wm = 0.81-

0.84; 40-35% pure shear) and lower (R03-19; W
m
 = 0.62-0.71; c. 58-49% pure shear) 

Wm estimates.  The large range in potential R
c
 values recorded by calc-silicate samples 

R03-16 and 19 (together with leucogranite sample R03-20) suggest they are less suitable 
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for rigid grain analysis than the other samples.  Five leucogranite samples yield a range 

in W
m
 estimates that are consistent with the majority of the calc-silicate samples (0.70-

0.82).  Although large, the range in W
m
 for sample R03-20 overlaps with W

m
 values in 

the calc-silicate and leucogranite samples.  The single biotite schist sample (R03-26A) 

at the base of the transect has a narrow range in estimated Wm values (0.74-0.79) that is 

indistinguishable from the calc-silicate and leucogranite samples.  The sheared limestone 

and marble in the immediate hanging wall and footwall to the QD yield the highest W
m
 

values (0.87-0.91), and therefore highest percentage simple shear values, recorded in 

the Rongbuk valley transects.  At distances of c. 10-46 m beneath the detachment, the 

majority of samples yield W
m
 estimates of 0.70-0.80 (c. 50-40% pure shear).

Rongbuk Monastery transect:  The Rongbuk Monastery transect is located c.7 km to 

the south of the northern transect (Fig. 2.8, inset b).  Three limestone samples at the top 

of the transect (R03-55, 56 & 58) yield Wm estimates of 0.76-0.84, with the greatest 

simple shear component (c. 63%) recorded in the structurally highest sample (Fig. 10b).  

The one marble sample (R03-59), located beneath the detachment, yields a W
m
 estimate 

(0.79-0.82) that is indistinguishable from W
m
 values for the limestone sample above and 

the calc-silicate sample below (R03-63; Wm = 0.81-0.84).  Five of the seven samples 

below calc-silicate R03-63, including one calc-silicate (R03-67), one hornblende-

epidote schist (TI-5), and three biotite schist samples, record a fairly consistent range 

in estimated W
m
 values (0.72-0.80).  The two outliers yield slightly higher (leucogranite 

ET-15; W
m
 = 0.82-0.85) and lower (biotite schist ET-14; W

m
 = 0.67-0.73) W

m
 estimates.  

Samples TI-5, ET-14, ET-13, and ET-12 also proved appropriate for several other 

vorticity analysis techniques (Law et al. 2004), referred to in Figure 2.10B as method II 

(the PHD method of Simpson & De Paor 1997) and method III (the combined strain and 

quartz c-axis fabric method of Wallis 1995).  For TI-5, the rigid grain technique of Wallis 

et al. (1993) and method II yield indistinguishable results.  For the other three samples, 
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ments of detailed sample transects.  Spatial distribution of samples is also shown on the 
cross section through each transect.  North is oblique to the long axis of the figure.  Im-
age compilation created using original mapping from this investigation and other sources 
(Burchfield et al. 1992; Murphy & Harrison 1999; Searle et al. 2003; Law et al. 2004).
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method III consistently yields higher W
m
 estimates than the rigid grain technique (see 

Law et al. 2004 for detailed discussion).  In summary, rigid grain analyses from the 

Rongbuk Monastery transect yield W
m
 estimates of 0.72-0.84 (c. 48-36% pure shear) and 

represent deformation conditions to a maximum depth of c. 600 m beneath the composite 

QD-LD fault system.  We regard the structurally deepest samples as yielding the least 

reliable W
m
 estimates, as all size fractions of feldspar grains display at least limited 

evidence for crystal plasticity, and thereby undermine the fundamental assumptions of 

the rigid grain technique.

Hermit’s Gorge transect:  Our third transect is located in Hermit’s Gorge (and one of 

its side valleys) which intersects the Rongbuk valley at Everest Base Camp (Fig. 2.8 

inset c).  One sheared limestone sample (R03-46) was collected c.5 m above the top 

of the marble section and presumed location of the QD.  It yields a narrow range in 

W
m
 estimates of 0.74-0.77 (c.45% pure shear) that is indistinguishable from the two 

marble samples (R03-43 and 44) below.  The single calc-silicate sample (R03-39) 

yields a W
m
 estimate (0.64-0.70) that is significantly lower than both the marble above 

and biotite schist below (R03-38; 0.75-0.78).  Sample ET-8, a biotite-rich psammite, 

yields the highest W
m
 estimate of the entire transect (0.79-0.84); in contrast method 

III analysis on this sample yields higher estimated W
m
 values (Law et al. 2004), as 

noted for samples from the Rongbuk Monastery traverse.  R03-31, a piece of mylonitic 

leucogranite float collected at an altitude of c.5950 m, yields the lowest W
m
 estimate of 

0.57-0.64.  Although collected at the highest altitude of the transect, due to its position 

on the south side of the gorge and the northerly dip of the structural units, this sample 

probably comes from a relatively deep structural position.  The structurally lowest 

sample (R03-33), collected near the mouth of Hermit’s Gorge at c. 340 m beneath the 

QD, yields the largest range in estimated W
m
 values (0.69-0.80) for the transect.  We 

attribute the large range in uncertainty of R
c
 (and hence W

m
) for this sample to the onset 
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of plastic deformation in the feldspar marker grains.  This sample is probably close to the 

maximum structural depth for robust rigid grain vorticity analysis.

Summit of Mount Everest - Kangshung valley

Our final transect across the top of the GHS is composed of Tethyan limestone and 

Yellow Band (Everest Series) marble samples from near the summit of Mount Everest, 

samples of Everest Series inter-layered pelite and calc-mylonite collected from talus piles 

at Advance Base Camp beneath the North Col - Changtse Ridge, and samples of high-

grade gneiss from outcrops in the western end of the Kangshung valley (Figs. 2.3, 2.12 

& 2.13).  Only the Kangshung valley samples, already discussed above (Fig. 2.5), are 

oriented.

The highest altitude sample (GB-25/3), from the Harker Collection at Cambridge 

University, is of Tethyan limestone collected by Edmund Hillary on 29 May 1953 at ‘40 

feet beneath the summit of Mount Everest’ (Harker Collection records).  This sample is 

augmented by a second, lithologically identical, summit sample (E-03-01) collected by 

Scottish alpinist, David Hamilton in 2003.  Our third, and structurally deepest Tethyan 

limestone sample (ME-124), from the Lawrence Wager Collection in the Oxford 

University Museum of Natural History, was collected by Wager ‘from a band forming 

the First Step’ (Wager Collection records; see also Wager 1934, 1939) on the NE Ridge 

of Everest during the 1933 Everest expedition.  The highest altitude Yellow Band 

marble sample (GB-25/1+2), two pieces of intensely foliated and lineated white calc-

mylonite from the Harker Collection, was collected by Charles Evans on 26 May 1953 

at ‘approximately 28500 feet’ (Harker Collection records) on the SE ridge of Everest.  

Our structurally deeper Yellow Band sample (ME-125) was collected by Wager from a 

‘typical yellow schistose marble forming Yellow Band’ on the NE ridge at approximately 

300 feet beneath the 1933 Camp VI (Wager Collection records). 
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Tethyan limestone: Sheared Tethyan limestone samples (GB-25/3, E03-01, ME-124) 

contain abundant white mica laths and subangular-subrounded detrital quartz grains set 

in a calcite matrix (Fig. 2.6a).  The calcite matrix grains are completely recrystallized, 

and no remnants of a sedimentary fabric have been preserved (J.F. Read, pers. comm. 

2006).  The calcite grains are equant - slightly elongate in cross section, and an incipient 

foliation is defined by weak preferred orientation of the more elongate matrix grains, 

together with aligned films of an extremely fine-grained opaque phase.  Calcite-and 

quartz-filled microfaults truncate the incipient foliation at moderate to high angles, 

particularly in sample ME-124 collected from immediately above the QD (Fig. 2.13).  

Anastomosing quartz-filled fractures subparallel to foliation are also present.

The matrix calcite grains range in size from 20-50 µm.  Larger single and polygonal 

calcite grains (200-250 µm), together with randomly oriented white mica laths (up to 100 

µm in length) and equant-elongate detrital quartz grains (generally 40-80 µm long) are 

scattered throughout the matrix (Fig. 2.6a).  Weak undulose extinction within the quartz 

grains suggests a minor component of plastic deformation, and a high concentration of 

fluid inclusions gives a dusty appearance to some of these grains.  E-twins in the larger 

calcite grains are straight and thin (<5 mm), suggesting deformation temperatures < 170-

200°C (Burkard, 1993; Ferrill et al. 2004).  The presence of slightly wider twins (>5 

mm) in some of the smaller matrix grains suggest that deformation temperatures may 

have reached >200°C (Burkhard 1993; Ferrill et al. 2004).  Observed microstructures, 

and well-defined R
c
 values in all three of these sub-greenschist facies Tethyan 

“limestone” samples indicate that the detrital quartz grains acted as at least semi-rigid 

clasts rotating in a plastically flowing and dynamically recrystallizing calcite matrix. W
m 

estimates (Fig. 2.11b) in these samples range from 0.84-0.89 (35-30% pure shear).

The pristine grain boundaries of the white mica laths in the limestone suggest that 

they may have recrystallized during deformation, rather than being of detrital origin (G. 

Oliver pers comm. 2006).  We attribute the lack of a well-developed grain-shape foliation 
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Figure 2.10.  Bar charts for range of mean kinematic vorticity numbers (W
m
) estimated by 

the rigid grain method for samples collected in the Northern (a) and Rongbuk Monastery 
(b) transects, Rongbuk valley, Tibet.  Sample locations shown in Figure 2.8.  Range of 
W

m
 values estimated by alternate methods (Law et al. 2004) are also indicated.
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within the calcite matrix, together with the lack of any sedimentary structures, to the 

operation of grain boundary migration recrystallization, as indicated by the observed 

microstructures in this sample.

Samples of Everest summit “limestone” have previously been described by 

Gansser (1964, p. 164-171) and Sakai et al. (2005).  The microstructures described by 

Gansser (including samples originally described by Gysin & Lombard 1959, 1960) 

are very similar to those recorded in our samples, except for the presence of crinoid 

fragments (see also Odell 1965).  In contrast, the sample described by Sakai et al. (2005), 

and collected at c. 6 m beneath the summit (8850 m), contains crinoid, brachiopod and 

trilobite fragments, and seems to be much less extensively sheared and recrystallized.

Everest Series, Yellow Band marble:  Microstructurally, the most obvious difference 

between the summit limestone and the underlying Yellow Band marble is the change in 

size of recrystallized matrix calcite grains, which abruptly increases from 20-50 µm in 

the Tethyan limestone above the QD to 150-200 µm in the Yellow Band marble beneath 

the detachment.  The calcite grains are equant to slightly elongate and define a weak 

foliation in thin section that is parallel to the strong macroscopic foliation.  Larger single 

calcite grains (400-800 µm), together with randomly oriented white mica laths (up to 100 

µm in length) and equant-elongate detrital quartz grains (generally 25-80 µm long) are 

scattered throughout the matrix.  Calcite twins are thicker and more closely spaced than 

in the Tethyan limestone, and both multiple twin sets and tight chevron-style buckling of 

twin lamellae are commonly developed in the larger calcite grains (particularly in sample 

GB-25/1+2).  The presence of thick twins and microstructural evidence for widespread 

calcite recrystallization involving grain boundary migration indicates deformation 

temperatures > 250 °C (Ferrill et al. 2004).  However, the detrital quartz grains exhibit 

very little undulose extinction, and appear to have acted as semi-rigid porphyroclasts in 

the flowing calcite matrix, indicating deformation temperatures <300-350 °C (i.e. below 
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Figure 2.11.  Bar charts for range of mean kinematic vorticity numbers (W
m
) estimated by 

the rigid grain method for samples collected in the Hermit’s Gorge (a) and Mount Everest 
& Kangshung valley (b) transects, Tibet.  Sample locations shown on Figures 2.8, 2.12 
& 2.13.  Range of W

m
 values estimated by alternate methods (Law et al. 2004) are also 

indicated.
generally accepted minimum temperatures for on-set of plastic deformation in quartz at 

natural strain rates; see Stipp et al. 2002 and references therein). W
m
 values of 0.83-0.87  

(36-32% pure shear) are indicated for samples 25/1+2 and ME-125 using the detrital 

quartz grains as rigid markers (Fig. 2.11b).
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Structurally deeper levels of Everest Series: Talus samples of biotite grade inter-layered 

phyllite-psammite and calc-mylonite (ET-10 and ET-11), shed from the structurally 

deeper sections of the Everest Series exposed on the North Col - Changtse Ridge 

(Figs 2.3 & 2.12), clearly indicate a strong matrix control on deformation mechanisms 

operating in detrital quartz grains.  Even at the thin section scale, a strong partitioning 

of deformation mechanisms is observed.  Detrital quartz grains deform plastically (with 

minor pressure solution) in the pelite layers when surrounded by phyllosilicates (biotite 

and white mica), but remain as rigid clasts in the calc-mylonite layers where the calcite 

grains have accommodated the penetrative strain. W
m
 values of 0.77-0.84 (42-37% pure 

shear) are indicated for samples ET-10 and ET-11 using the detrital quartz grains in the 

calcite-rich layers as rigid grains (Fig. 2.11b).  The combined strain and quartz c-axis 

fabric method of Wallis (1995) in the quartz-mica layers yielded W
m
 estimates of 0.91-

0.98 (Law et al. 2004) and correspondingly lower pure shear components (Fig. 2.11b; 

ET-10, method III).

Main Central Thrust Zone

The base of the GHS is marked by the MCTZ (Fig. 2.3).  In the Everest transect 

the MCTZ is approximately 5 km thick, and characterized by a general decrease in 

metamorphic grade towards deeper crustal levels (Fig. 2.4), as constrained by the 

appearance of index minerals and geothermobarometry (Hubbard 1988, 1989; Searle et 

al. 2003).  Seven samples of garnet-bearing schist and one sample of orthogneiss were 

selected from different structural levels of the MCTZ for rigid grain analysis (Figs 2.3 

& 2.4).  Three basic types of garnet grains are distinguished in the schist: round garnets, 

small irregularly shaped garnets, and elongate garnets (Fig. 2.14).  Round garnets 

preserve concentric zoning defined by inclusion-rich (commonly sigmoidal) cores and 

inclusion-free rims (Fig. 2.14a).  Elongate garnets commonly contain sigmoidal inclusion 

trails or more planar inclusion trails at a high angle to the grain long axis (Fig. 2.14b, c).  
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Figure 2.12.  Simplified geologic map of the Mount Everest massif and Kangshung val-
ley, Tibet.  Compilation based on mapping during this project (Kangshung valley) and 
Searle et al. (2003).  QD, Qomolangma detachment; LD, Lhotse detachment.

Small irregular garnets are dominantly inclusion-free (Hubbard 1988, 1989).

We propose a three-step evolution for these garnets (Fig. 2.14d, steps 1-3): (1) 

formation of inclusion-rich cores during initial garnet nucleation and growth (as 

preserved by round garnets), (2) growth of inclusion-free rims during a second phase of 

garnet growth, (3) local removal of garnet rim/core material by a combination of brittle 

fracturing and pressure solution during late stage penetrative shearing and foliation 
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development within the MCTZ.  At least some of the observed irregular garnets may 

be fracture fragments.  These microstructures (Fig. 2.14) indicate that deformation 

associated with both rotation of these elongate truncated garnets, and formation of 

the observed enveloping penetrative foliation, must either postdate or have outlasted 

peak metamorphic conditions, as previously suggested by Hubbard (1988, 1989, 1996) 

(see also Brunel & Kienast 1986 for a similar interpretation along strike in the Makalu 

section of the MCTZ).  Results of our vorticity analyses, based on the dispersion of these 

garnet porphyroblasts, must also relate to penetrative flow that outlasted or postdated 

peak metamorphism.  Many of the garnets in these samples are the same ones used by 

Hubbard (1988, 1989) to define the inverted metamorphic isograds along the Dudh Kosi 

section of the MCTZ.  Therefore, these isograds may have formed prior to this phase 

of deformation and shearing along the MCTZ (Hubbard 1996), which is potentially 

associated with relative late stage extrusion of the GHS.

Locations of samples used for rigid grain analysis are shown in a schematic cross 

section through the MCTZ (Fig. 2.4).  The structurally highest samples (ET-44, ET-

41, and 87-H-22E) are within the sillimanite stability field of the MCTZ and yield W
m
 

estimates of 0.63-0.77 (c.45-55% pure shear; Fig. 2.15).  Elongate garnet porphyroclasts 

in kyanite-bearing samples (87-H-21J and 87-H-21G) yield W
m
 estimates of 0.60-0.72 

(c.60-48% pure shear).  One sample (87-H-6B), thought to roughly coincide with the 

staurolite zone, yields a similar W
m
 estimate of 0.69-0.71 (c.50% pure shear).  Sample 

87-H-5A collected from within a sheared section of the Okhandunga gneiss yields a 

W
m
 estimate of 0.69-0.77 using feldspar grains.  Sample 87-H-1B was collected further 

south, in an essentially unmapped section of the MCTZ, yet yields a W
m
 estimate of 0.66-

0.70 using garnet porphyroblasts.  The range in W
m
 estimates from these MCTZ samples 

(0.60-0.77; average minimum and maximum W
m
 values of 0.67 and 0.72) suggests a 

c.55-45% pure shear component at the base of the GHS following peak metamorphic 

conditions. 
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Core of the Greater Himalayan Slab

Vorticity analyses in the anatectic core of the GHS were not possible because these high-

grade rocks lack mineral phases that remain rigid at high deformation temperatures.  

Deformation in the core of the GHS is markedly different from along its bounding 

margins (STDS and MCTZ).  Polyphase deformation of the metasedimentary rocks 

produced at least two phases of folds that are migmatized to variable degrees and 

injected by numerous leucogranite sill complexes.  Key overprinting relationships 

exposed throughout the core provide critical insight into the structural evolution of the 

GHS.

One such exposure is located on the lower ramparts of the Nuptse-Lhotse wall 

where at least two phases of folding are preserved in a single outcrop composed of 

interlayered quartzite and pelites (Figs 2.3 & 2.17).  The first phase of deformation (D1) 

is recorded by isoclinal F1 folds (14° -- 29°W) that fold graded bedding in quartzite 

and create a composite S0-S1 foliation (N15°E, 35°NW).  Within the F1 hinges zones, 

white mica is aligned at a high angle to S0 and defines an axial planar foliation.  Quartz 

microstructures within the quartzite layers record a limited degree of annealing.  Isoclinal 

folds were refolded during a second phase of deformation (D2), producing both open 

F2 folds (13° --  N38°W) that broadly warp the composite S0 and S1 foliation in the 

quartzite layers and tighter crenulation folds (14° --  N39°W) in the mechanically weaker 

pelite layers (Fig. 2.16).  The axial planes and fold axes of both the open F2 folds in the 

quartzite, and the crenulations in the pelitic layers, are parallel to each other (N50°W, 

64°NE) indicating that they are part of the same deformation phase.  Broad NE-and 

NW-trending subhorizontal folds in the Khumbu region have been documented by many 

previous studies (Hubbard 1988; Carosi et al. 1999 a & b; Catlos et al. 2002; Searle et 

al. 2003) and are here termed the Khumbu Dome Complex (Fig. 2.3).  An undeformed 

layer-parallel leucogranite sill, which is partially exposed above this outcrop on the 
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Figure 2.14.  (a) SEM image of garnets typical of sample ET-41 from the Main Central 
thrust zone.  Foliation is defined by aligned muscovite (intermediate gray).  Biotite (light 
gray) forms tails on some garnet porphyroblasts and also defines the foliation.  (b) Scan-
ning electron microscope  image of an elongate garnet in sample ET-41.  Foliation is ori-
ented E-W in the image.  Sigmoidal inclusion trails defined by quartz (dark gray), biotite 
(intermediate gray), and oxides (white).  Inclusion-free rims are preserved on both ends 
of the garnet.  (c) SEM image of another example of an elongate garnet porphyroblast in 
sample ET-41.  (d) Three-step evolution of elongate garnets used for rigid grain analysis 
(see text for details).  Rigid grain plot for this sample is shown in Figure 2.5d and a pho-
tomicrograph in Figure 2.7b.  Images taken by M.J. Jessup.
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Nuptse-Lhotse wall, suggests that at least D1 and D2 pre-dated its emplacement.  Other 

leucogranite sills in the upper section of the GHS core also contain little evidence 

for solid-state fabric development, suggesting that much of the anatectic melting and 

leucogranite injection post-dated the polyphase folding that characterizes the core of the 

slab.

Summary of vorticity data for Everest transect

Our vorticity data are taken from three lithotectonic units: (1) sheared Tethyan limestone 

and underlying greenschist facies Everest Series calc-mylonites, including the Yellow 

Band marble; (2) sheared leucogranite sills and amphibolite facies schists and gneisses 

in the footwall to the LD and composite QD-LD system; (3) schists from the zone of 

inverted metamorphic isograds within the MCTZ in which shearing either outlasted or 

postdated peak metamorphism. Arithmetic averages for minimum and maximum Wm 

values obtained in each of these lithotectonic units is summarized in Figure 2.17. 

The highest average minimum and maximum W
m
 values (0.81 and 0.84) are 

recorded in the Tethyan limestone and Everest Series calc-mylonites at the top of the 

GHS, with a total range in estimated W
m
 values of 0.74-0.91 (16 samples).  Lower 

average minimum and maximum W
m
 values (0.73 and 0.78) are recorded in the 

underlying leucogranites and amphibolite facies calc-silicates and schists with a total 

range in estimated W
m
 values of 0.57-0.85 (25 samples not including Kangshung valley 

samples).  The lowest average minimum and maximum W
m
 values (0.67 and 0.72) are 

recorded in the MCTZ schists with a total range in estimated W
m
 values of 0.63-0.77 (8 

samples).  These average minimum and maximum estimated W
m
 values correspond to 

c.38-36, 48-41, and 53-48 percent pure shear components in the three lithotectonic units 

(Fig. 2.17).  To what extent this distribution of estimated vorticity values might reflect a 

structural, lithologic or temporal partitioning of flow within the GHS is discussed below.  

Interpretation of our data is limited by the absence of vorticity data from the anatectic 
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core of the 20-30 km thick slab, and it should be kept in mind that our data is limited to 

samples collected either from the top 2 km of the slab (with most samples coming from 

the top 600 m or less) and to samples collected from the bottom 5 km of the slab.

Discussion

Potential lithologic, structural, and temporal controls on flow partitioning

Accurate assessment of the relative importance of lithologic, structural, and temporal 

controls on flow path evolution is critical for interpreting the tectonic evolution of 

the GHS.  Data from the Everest transect indicates that the most pronounced spatial 

transition in W
m
 values occurs at the top of the slab.  Here, the increase in W

m
 values 

towards the structurally highest parts of the slab coincides with an upward transition 

from amphibolite facies schist (mica-rich) and leucogranite (quartz-feldspar-rich) to 

low-grade and unmetamorphosed marble and limestone.  This could be interpreted in 

several different end-member, as well as potentially overlapping, ways including:  (1) 

a lithologic control on vorticity of flow; (2) a progressive spatial variation in flow type 

controlled by structural position within the margin of the extruding slab or channel, in 

which individual sampling positions have not moved significant distances laterally from 

each other during flow/extrusion; (3) large-scale foreland-directed extrusive lateral flow 

resulting in tectonic emplacement of high-grade rocks (originally flowing under general 

shear conditions at mid-crustal depths) beneath cooler upper-crustal rocks deforming by 

sub-simple shear.

From a mechanics approach, rheologic competency can partition flow if sub-

simple shear deformation is concentrated in relatively incompetent units while general 

shear is concentrated in more competent units (Lister & Williams 1983).  Assuming that 

limestones and marbles at the top of the GHS are the rheologically weakest units, and 

that sub-simple shear flow has been concentrated in these units, a case could be made 
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for this interpretation.  This interpretation ignores the microstructural, petrofabric, and 

petrologic data that indicate flow in the amphibolite facies schists and leucogranites 

occurred at close to peak metamorphic conditions (Law et al. 2004), while shearing in 

the overlying marble and limestone occurred at greenschist to sub-greenschist facies 

conditions.

At the top of GHS, the apparent upward increase in W
m
 values approaching the 

composite QD-LD system coincides with a progressive apparent decrease in deformation 

temperatures.  If this correlation between W
m
 values and upward decrease in deformation 

temperatures is real, than our data could indicate an original rapid upward increase 

in W
m
 values within one flow regime or the structural juxtaposition of different flow 

regimes during extrusion.  In the second interpretation, the structurally deeper and higher 

Figure 2.15. Bar chart for range of 
mean kinematic vorticity numbers 
(W

m
) estimated by the rigid grain 

method for samples collected in the 
Main Central thrust zone, Khumbu 
region, Nepal.  Metamorphic isograd 
locations are approximate.  Sample 
locations shown in Figures 2.3 & 2.4. 
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F2

F2 crenulation

F1
S1

temperature samples provide information on flow that occurred at deeper crustal levels 

during earlier stages of channel flow/extrusion (low W
m
 values), while the structurally 

higher, lower temperature, samples only record information on flow (at higher W
m
 

values) that occurred at much higher crustal levels.

An upward decrease in deformation temperatures within the upper 600 m of the 

GHS and overlying Everest Series and Tethyan rocks is indicated by: (1) decreasing 

opening angles of quartz c-axis fabrics from the schists beneath the composite QD-LD 

system (Law et al. 2004, their figure 8b); (2) a progression from quartz recrystallization 

dominated by grain boundary migration (Regime 3 of Hirth & Tullis 1992) in 

Figure 2.16.  Photograph of key outcrop exposure of overprinting folds/fabrics used to 
define at least two phases of deformation in the core of the Greater Himalayan Slab.  Uni-
form light gray layer is quartzite with bedding defined by biotite.  Surrounding material is 
pelitic schist.  See text for details.  Brunton compass for scale.  Image is of a vertical wall 
viewed towards the west.  Approximate location of outcrop shown on Figure 2.3.  Image 
taken by M.J. Jessup. 
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the deeper schists to combined subgrain rotation (Regime 2) and grain boundary 

migration recrystallization in the immediate footwall to the detachment system; (3) an 

upward increase in brittle deformation of feldspar grains; (4) a transition from plastic 

deformation of quartz below the detachment system to brittle deformation of quartz 

(albeit within a mechanically weaker calcite matrix) in the overlying Everest Series calc-

mylonites and sheared Tethyan limestones; (5) an abrupt transition in twinning regime 

(and dynamically recrystallized grain size) between the Everest Series Yellow Band 

marble and overlying Tethyan limestone. 

Law et al. (2004) previously argued that the strains in our samples are too low for 

the extreme apparent thermal gradient (c. 330 °C/km) indicated by microstructures and 

fabric opening angles to be solely explained by strain-induced telescoping of isotherms 

during extrusion.  We suggest that, traced structurally upwards towards the top of 

the GHS, the inverse relationship between W
m
 values (increasing) and deformation 

temperatures (decreasing) reflects both a spatial and temporal flow partitioning, with 

structurally deeper and higher temperature samples preserving information on flow that 

occurred at deeper crustal levels during earlier stages of channel flow/extrusion (low W
m
 

Figure 2.17.  Bar chart of average mini-
mum and average maximum W

m
 values for: 

1) Tethyan limestone, calc-mylonites and 
marble of the Everest Series, and calc-sili-
cates in immediate footwall to Qomolang-
ma-Lhotse Detachment system; 2) schists 
and mylonitic leucogranites of the Rongbuk 
Formation; 3) garnet schist from the Main 
Central thrust zone.
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values).  The structurally higher, lower temperature, samples only record information 

on flow (higher W
m
 values) that occurred at much higher crustal levels, probably during 

the later stages of exhumation.  In this interpretation, strain rate may also play a role 

in controlling the nature of local flow.  However, using the available data, we cannot 

unequivocally choose between our preferred model, in which the low temperature 

samples record deformation during late stages of extrusion-exhumation, and a model in 

which both low and high temperature samples were deformed simultaneously at different 

structural levels in the crust.  As previously discussed by Grasemann et al. (1999) and 

Williams et al. (2006), extrusion models involving a component of pure shear require 

an increase in strain rate at the margins of the extruding slab/wedge traced from the 

hinterland to the foreland.  Thus the progressive evolution from more ductile to more 

brittle behavior, which we infer to indicate flow at progressively structurally shallower 

levels and in more foreland parts of the orogenic system, may be a composite effect of 

decreasing temperature and increasing strain rate. 

Distribution of flow regimes within the GHS and tectonic implications

In both basic channel flow models (e.g. Grujic et al. 1996, 2002) and extrusive flow 

models (e.g. Williams et al. 2006), a symmetric distribution of flow paths is predicted 

at any one instant in time, with lowest flow vorticities in the center of the channel and 

a progressive increase in flow vorticities towards the boundaries of the channel (Grujic 

et al. 2002, their figure 7; see also Grujic 2006, his Figure 1c).  In coupled thermal-

mechanical finite-element models (which assume a reduction in channel viscosities 

by partial melting) material in the central parts of the channel originates at mid-lower 

crustal depths and “tunnels” for great distances laterally before extruding into upper-

crustal rocks as it approaches the topographic surface (Beaumont et al. 2001, 2004, 

2006; Jamieson et al. 2002, 2004, 2006; Godin et al. 2006b).  Our microstructural and 
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vorticity data from the top of the GHS are compatible with components of all these 

models.  Due to the high deformation temperatures, presumably associated with flow, 

no vorticity markers have been preserved in the core of the slab.  Our field data indicate 

that this penetrative flow in the core occurred during the relatively earlier stages of 

decompression (see above) and therefore is probably slightly earlier than flow recorded 

in the amphibolite - subgreenschist facies rocks at the margins of the slab.  These 

interpretations are also compatible with the above channel flow / extrusion models.  

Assuming flow associated with our data is essentially synchronous in the upper and 

lower parts of the slab, our vorticity data from the MCTZ are incompatible with these 

models.  Our analyses, although limited, indicate that the MCTZ is characterized by the 

lowest average W
m
 values (i.e. highest pure shear components) in our transect across 

the slab.  The MCTZ lacks any convincing progressive increase in W
m
 values at deeper 

structural levels that might, as predicted for example by channel flow models, mirror 

the increase in W
m
 values at the top of the slab.  From a mechanics perspective, an 

increase in lithostatic pressure towards the base of the slab, as implied in gravity-driven 

collapse / spreading models for thrust belt evolution, provides a potential explanation 

for the highest pure shear component being recorded at the deepest structural levels (see 

Simpson & De Paor 1997; review by Merle 1998).

Results of our vorticity analyses from the Everest transect share some similarities 

with those from the Sutlej River section of the MCTZ where Grasemann et al. (1999) 

demonstrated a progressive downward decrease in W
m
 values towards the base of 

the GHS.  Grasemann et al. (1999) proposed that their vorticity data indicated a 

temporal (rather than spatial) change in flow regime associated with a decelerating 

strain path (Simpson & De Paor 1997) in which progressively more general shear 

replaced high temperature simple shear flow during cooling.  In the Everest transect, 

our microstructural data from the MCTZ demonstrate that low W
m
 values (indicating 

a general shear) are related to flow and foliation development that postdates peak 
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metamorphic conditions (see also Hubbard 1988, 1989). Evidence such as flow at higher 

temperatures in the structurally higher sections of the MCTZ, and at lower temperatures 

in the structurally deeper levels (e.g. chlorite wings on garnet porphyroclasts), suggest 

that penetrative flow may have progressed to deeper structural levels over time, as 

suggested for the Sutlej River section by Grasemann et al. (1999). 

Timing constraints on the kinematic evolution of the GHS are provided by a wealth 

of geochronologic data from the Everest region.  Mylonitic leucogranite sills parallel 

to the combined QD/LD system along the top of the slab suggest that ductile shearing 

lasted until c. 17 Ma after which brittle motion on the upper strand of the detachment 

system occurred until c. 16 Ma (Murphy and Harrison 1999; Searle et al. 2003).  Timing 

of amphibolite-grade metamorphism and early deformation (c. 500-550°C) on the MCTZ 

is constrained to c.21 Ma (Hubbard & Harrison 1989).  Monazite inclusions in garnets 

from the Everest section of the MCTZ, dated at c. 14 Ma by Catlos et al. (2002), provide 

a maximum age constraint for garnet growth (assuming they predate garnet growth) and 

hence flow associated with these W
m
 data.  Based on available isotopic age data, this 

phase of flow along the base of the GHS, which is associated with the lowest average W
m
 

values in the Everest transect, may be younger than the documented flow regimes at the 

top of the slab.

This interpretation does not exclude the possibility that earlier reverse-sense 

shearing on the MCTZ (possibly involving sub-simple shear as required for example 

by channel flow models) was synchronous with normal-sense shearing at the top of the 

slab.  Instead this interpretation suggests that the microstructural evidence for this earlier 

shearing may have been overprinted as the core of the channel locked up at c.16 Ma and 

flow was partitioned into the foreland to accommodate continued crustal shortening (see 

Godin et al. 2006b). 
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Conclusions

Structural analyses of rocks collected along the Everest transect provide the first 

quantitative information on how flow was partitioned within the Greater Himalayan Slab 

during extrusion and exhumation.  Results of vorticity analyses along the top of the slab 

indicate that the higher-grade, structurally deeper rocks, record general shear at close to 

peak metamorphic conditions, while the lower-grade, structurally higher rocks, record 

sub-simple shear.  Vorticity measurements in the core of the slab are problematic due to 

the high metamorphic grade they reached; however, the penetrative fabrics in the core 

most likely developed at mid-crustal depths during the early stages of decompression.  

The highest average pure shear components are recorded at the base of the slab, and 

are associated with deformation that postdates peak metamorphism.  We attribute the 

distribution of flow regimes to spatial and temporal partitioning of flow in which higher 

temperature samples record the early stages of channel flow/extrusion (general shear) 

at mid-crustal depths in the interior of the channel.  The structurally higher, lower 

temperature, samples at the top of the slab only record information on flow (sub-simple 

shear) that occurred along the upper margin of the channel at much higher crustal levels, 

probably during the later stages of exhumation.  Although flow paths in the upper and 

lower parts of the slab may have been similar during channel flow and extrusion, as 

required by the different models, microstructural evidence for earlier shearing at peak 

metamorphic conditions along the base of the slab was overprinted as the channel flow 

/ extrusion system locked up at c.16 Ma and the locus of deformation migrated towards 

the foreland in order to accommodate continued crustal shortening.
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CHAPTER 3

The Rigid Grain Net (RGN); An alternative method for estimating mean 
kinematic vorticity number (Wm)
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Abstract

The use of porphyroclasts rotating in a flowing matrix to estimate mean kinematic 

vorticity number (W
m
) is important for quantifying the relative contributions of pure 

and simple shear in penetratively deformed rocks.  The most common methods, broadly 

grouped into those that use tailed and tailless porphyroclasts, have been applied to 

many different tectonics settings; however attempts have not been made to unify the 

various methods.  Here, we propose the Rigid Grain Net (RGN) as an alternative 

graphical method for estimating W
m
.  The RGN contains hyperbolas that are the 

mathematical equivalents to the hyperbolic net used for the porphyroclast hyperbolic 

distribution (PHD) method.  We use the RGN to unify the most commonly used W
m
 

plots by comparing the distribution of theoretical and natural tailless porphyroclasts 

within a flowing matrix.  Test samples from the South Tibetan detachment, Tibet yield 

indistinguishable results when the RGN is compared with existing methods.  Because of 

its ease of use, ability for comparing natural data sets to theoretical curves, potential to 

standardize future investigations and ability to limit ambiguity in estimating W
m
, the RGN 

makes an important new contribution that advances the current methods for quantifying 

flow in shear zones.

Key words:  vorticity, PHD, South Tibetan detachment, porphyroclast, mylonite, shear 

zone, Gondasampa, Rongbuk Valley

Introduction

Attempts to use the aspect ratio and orientation of rigid objects rotating in a flowing 

matrix to characterize the relative contributions of pure and simple shear (vorticity) began 

with the pioneering work of Jeffery (1922) and Ghosh and Ramberg (1976).  Subsequent 

investigations contributed to these founding principles by applying the early theory to 

geologic samples (Passchier, 1987; Simpson and De Paor, 1993, 1997; Wallis, 1992, 
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foliation

simple shear

pure
shear

stable-sink
27°

1995; Wallis et al., 1993).  Rigid porphyroclast analyses are now commonly employed 

to characterize flow within shear zones in a variety of tectonic settings (e.g., Klepeis 

et al., 1999; Xypolias and Doustos, 2000; Holcombe and Little, 2001; Xypolias and 

Koukouvelas, 2001; Bailey and Eyster, 2003; Law et al., 2004; Jessup et al., 2006; 

Xypolias and Kokkalas, 2006).  

Models for the rotation of elliptical objects in a fluid demonstrate that during 

simple shear (mean kinematic vorticity number W
m 

= 1) rigid objects will rotate infinitely, 

regardless of their aspect ratio (R).  With increasing contributions of pure shear (0 < W
m
 < 

Figure 3.1. Rotation of two simplified elliptical porphyroclasts within a regime of general 
shear.  Porphyroclast on the left has an aspect ratio of 2 (B* = 0.6) and is in the stable-
sink orientation of θ = 27° and represents one of many possible original orientations that 
rotated forward to the stable-sink position.  The porphyroclast on the right is back rotated, 
due to the pure shear component, and has a long axis at a negative angle (θ) to the folia-
tion. 
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Nomenclature
W

m
  mean kinematic vorticity number

R  porphyroclast aspect ratio (long axis/short axis)
B*  shape factor of Bretherton (1962) [Eq. 2]
M

n
  short axis of the porphyroclast

M
x
  long axis of the porphyroclast

θ  angle between long axis and the foliation [Eq. 1]
X’

2
- X’

3
 plane normal to the rotational axis

X’
1
  rotation axis

β angle between the stable-sink and source sink in the X’
2
- X’

3
 

plane [Eq. 3 and 7] 
R

c
 critical threshold between grains that rotate infinitely and those 

that reach a stable-sink position.  
R

cmin
  minimum R

c
 as defined by Law et al. (2004)

R
cmax

  maximum R
c
 as defined by Law et al. (2004)

Table 3.1.  Critical threshold values
R Wm θ at Rc B* β cos (β)
1.1 0.1 42 0.1 84 0.1
1.21 0.2 39 0.2 78 0.2
1.3 0.3 36 0.3 73 0.3
1.5 0.4 33 0.4 66 0.4
1.7 0.5 30 0.5 60 0.5
2 0.6 27 0.6 53 0.6
2.5 0.7 23 0.7 46 0.7
3 0.8 18 0.8 37 0.8
4.2 0.9 13 0.9 26 0.9
R = aspect ratio (long axis/short axis)
Wm = mean kinematic vorticity number 
θ  = angle from foliation
Rc = critical threshold

1), porphyroclasts will either rotate with the simple shear component (forward) or against 

it (backward) until they reach a stable-sink orientation that is unique to R and W
m
 (Fig. 

3.1; Ghosh and Ramberg, 1976; Passchier, 1987; Simpson and De Paor, 1993, 1997). 

Three main analytical techniques (Passchier, 1987; Simpson and De Paor, 1993, 

1997; Wallis, 1995) use rigid porphyroclasts to estimate W
m
 in high strain zones, all of 

which rely on the same fundamental mathematical relationships between W
m
, R or shape 

factor (B*), and angle of porphyroclast long axis with respect to the macroscopic foliation 

(θ), to define a critical threshold (R
c
) below which they continuously rotate, and above 
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which they record a stable-sink orientation (Table 3.1; Fig. 3.2; Jeffery, 1922; Ghosh 

and Ramberg, 1976).  We refer to the Passchier (1987) and Wallis (1995) methods as the 

Passchier and Wallis plots respectively (Fig. 3A-B).  For the third approach, we use the 

name porphyroclast hyperbolic distribution (PHD) plot of Simpson and De Paor (Fig. 3D; 

1993; 1997).

Because these methods rely on the same founding principles of Jeffery (1922) 

and Bretherton (1962), they should yield similar W
m
 estimates.  However, prior to this 

investigation, no attempts were made to compare or unify the three techniques.  Without 

a standard method for estimating W
m
 by comparing natural datasets to the orientations of 

Figure 3.2.  Plot showing the 
relationship between mean ki-
nematic vorticity number (W

m
), 

shape factor (B*), and aspect 
ratio (R) at critical values. 
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porphyroclasts as predicted by Ghosh and Ramberg (1976), ambiguity was introduced 

into various adaptations of the three methods.  To help standardize vorticity analysis 

using rigid porphyroclast in a flowing matrix, ease plotting of data, and limit ambiguity 

in estimating W
m
, we build on the Passchier (1987) plot to create the Rigid Grain Net 

(RGN); a series of modified semi-hyperbolas that represent the stable configuration of 

porphyroclasts predicted for specific W
m
 values.  Since the relative importance of sigma-

and delta-type tails on these porphyroblasts has already received considerable attention 

(Passchier, 1987; Simpson and De Paor, 1993, 1997), and to make this comparison of 

techniques applicable to the most common types of porphyroclasts found in mylonitic 

rocks, we simplify our investigation to treating all data as tailless porphyroclasts.  Plots 

of theoretical and natural tailless porphyroclasts on the RGN, Passchier, Wallis and PHD 

plots unify the four methods for using rigid tailless porphyroclasts to estimate W
m
.  By 

providing a net representing the theoretical orientations of rigid porphyroclasts in a 

flowing matrix that can be imported into an Excel© chart, against which natural dataset 

can be compared, the RGN offers a less ambiguous, easier to use, alternative method for 

estimating W
m
 in high strain zones.

Review of techniques

During general shear, rigid grain analysis assumes that the orientation of porphyroclasts 

within a flowing matrix record a critical threshold (R
c
) between porphyroclasts that rotate 

indefinitely  (low aspect ratio), and therefore do not develop a preferred orientation, and 

those that reach a stable-sink orientation (higher aspect ratio; Fig. 3.1).  This unique 

combination of W
m
, R or B* and θ define the value of R

c
 between these two groups of 

rigid grains (Table 3.1; Figs. 3.2 and 3.3).  If a porphyroclast is axially-symmetric, then 

there is only one stable-sink position.  Alternatively, if the porphyroclast is axially non-

symmetric, then two stable-sink positions exist (Passchier, 1987).  Passchier (1987) 
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related W
m
 to B* and θ through the following equations:

θ = ½ sin-1 W
m
/B*{(1-W

m
2)1/2-(B*2-W

m
2)1/2}   (1)

B* = (M
x
2 – M

n
2)/(M

x
2 + M

n
2)    (2)

where:

M
n
 = short axis of clast   

M
x
 = long axis of clast   

Eq. (1) links B*, W
m
 and θ and will generate a hyperbolic curve in θ vs. B* space 

that represents the ideal distribution of grains for a particular W
m
.  The vertices of this 

hyperbola marks the unique R
c
 value where W

m
 = B*.  Assuming relatively high strain, a 

natural distribution of porphyroclasts should define a limb of this hyperbola for a range 

of B* values that is greater than B* at R
c
.  With relatively low strains, a misleading 

distribution of porphyroclasts has the potential to overestimate the simple shear 

component because high aspect ratio porphyroclasts have yet to rotate into their stable-

sink orientation (Passchier, 1987; Vissers, 1989; Bailey et al., in press).  Porphyroclasts 

with a B* < B* at R
c
 will rotate infinitely and should define a broad distribution with θ ± 

90°.  In contrast, porphyroclasts with a B* > B* at R
c
 are predicted to reach stable-sink 

orientations with a limited range in θ values (Fig. 3.3A).  Whether a porphyroclast will 

rotate forward or backward to a stable-sink position depends on the initial θ  (i.e., prior 

to the onset of deformation) at a specific B* and W
m
.  When treating all porphyroclasts as 

tailless, R
c
 should be defined by the distribution of both the orientation and either B*or R, 

as well as an abrupt change in range of θ values (Figs. 3.3A and B).

Passchier (1987) proposed the following equation for the two possible stable-sink 

orientations for axially non symmetric objects in the X’
2
- X’

3
 plane:

cos β = W
m
/B*       (3)

where:

 β = angle between the source and sink in the X’
2
- X’

3
 plane

X’
2
- X’

3
 = plane normal to the rotational axis (X’

1
)
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The long axis of the porphyroclast is predicted to rotate towards the two stable-

sink positions when:

W
m
 < B*       (4)

For example, assuming a W
m
 of 0.6 where B* = W

m
, then using Eq. (3), β = 

53.13°, the stable-sink position for a porphyroclast with R = 2 has a θ = 26.56° (Table 

3.1; Fig. 3.2).  Passchier (1987) predicts that when W
m
 < B* (i.e., the aspect ratio of the 

porphyroclasts is greater than when W
m 

= B* at R
c
), two-stable sink positions for axially 

non-symmetric objects exist.  The positive/negative angles from the foliation for tailless 

porphyroclasts long axes cannot uniquely define their rotational history (i.e., forward vs. 

back-rotated sigma and delta porphyroclasts of Passchier 1987; Simpson and De Paor, 

1993).       

Although the distribution of porphyroclasts on the original Passchier plots can be 

informative, particularly for the highest quality datasets (Fig. 3.3A), without a reference 

frame for comparing complex natural data with the theoretical values established by 

Eq. (1), defining R
c
 will remain ambiguous.  Passchier (1987) attributes the deviation 

of natural samples from orientations predicted by theory to: 1) variation of non-axially 

symmetric porphyroclasts between the two possible stable-sink positions, 2) changes in 

B* of porphyroclasts (i.e., shape change) during progressive deformation attributed to 

recrystallization without instant reorientation of the object, 3) variation in the frame of 

reference (e.g., recrystallized tails or foliation).  

Wallis (1995) used equations from Passchier (1987) to create the Wallis plot that 

uses tailless porphyroclasts to define R
c
 and therefore W

m
.  The Wallis plot still uses θ on 

the Y-axis, but replaces B* with the more intuitive porphyroclast aspect ratio (R = long 

axis/short axis) on the X-axis (Fig. 3.3B; Wallis, 1992, 1995).  W
m
 is calculated from 

the R
c
 values separating porphyroclasts that reach a stable-sink orientation (θ < θ at R

c
) 

from those that rotate continuously (θ > θ at R
c
).  Although using R is more intuitive, W

m
 

estimates cannot be determined directly from the plots, as with the Passchier plot, and 
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must be calculated using the following equation:

W
m
 = (R

c
2 – 1)/(R

c
2 + 1)    (5)

Wallis et al. (1993)

Where R
c
 = critical aspect ratio

The distribution of porphyroclasts in natural systems often defines a gradual 

transition between these two populations using the Wallis plot, instead of an abrupt 

change between continuously rotating (random orientation) porphyroclasts and stable-to 

semi-stable porphyroclasts that define R
c
.  In response, researchers modified the original 

Wallis plot by creating an enveloping surface to better-define the grain distribution (Fig. 

3.3B), and use a range in possible W
m
 values (R

cmin
 and R

cmax
; Fig. 3.3B; Law et al., 2004; 

Jessup et al., 2006).  Xypolias and Kokkalas (2006) also plot the best-fit curve using Eq. 

(1) for a specific W
m
 as a comparison with their natural data.  As with the Passchier plot, 

ambiguity exists without an external reference frame created by theoretical curves that 

help justify which porphyroclasts are used to define R
c
. 

The porphyroclast hyperbolic distribution (PHD) method estimates W
m
 by using 

R and the angle between the pole to foliation and long axis of tailed porphyroclasts (Fig. 

3.3C), plotted using the hyperbolic net (HN; De Paor, 1983; Simpson and De Paor, 1993; 

1997).  Each hyperbola of the HN represents the theoretically predicted orientation of 

porphyroclasts for a particular R and W
m
 as plotted in polar coordinates.  The opening 

angle of each hyperbola = θ.  The vertex of each hyperbola defines R
c
, and θ at R

c
, for 

each W
m
 value.  This relationship between stable-sink orientation, as defined by Passchier 

(1987; Cartesian coordinates) in Eq. (1), and the hyperbolic net (HN; De Paor, 1983; 

polar coordinates) is established in Eq. (11) of Simpson and De Paor (1993):

B* = W
m
/cos (2θ)     (6)

As with Passchier (1987), when B* = W
m
 porphyroclasts reach their stable-

sink orientation at the minimum angle from the foliation, R
c
 is defined as the vertices 

of the hyperbola.  One limb of the hyperbola represents the stable-sink orientation for 
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porphyroclasts clasts while the other is the metastable position (i.e., the source-sink 

position of Passchier, 1987; Fig. 3.3C).  At θ > the metastable orientation, porphyroclasts 

will rotate forward until they define another semi-hyperbolic cluster on the concave side 

of the same hyperbola.  Assuming significant shear, back-rotated clasts with variable 

aspect ratios, plotted on the HN, should define a semi-hyperbolic cluster representing the 

stable-sink orientation.  The linear cluster is then rotated to find the best-fit hyperbola 

whose limbs represent the two eigenvectors of flow, one of which is asymptotic to the 

foliation (i.e., the source-sink and stable-sink positions of Passchier, 1987).  The vertex 

of this hyperbola separates the low aspect ratio porphyroclasts with random orientation 

Figure 3. 4. The rigid grain net (RGN) using semi-hyperbolas.  Location A is an example 
of a semi-hyperbola; location B highlights the vertices curve; location C is an example of 
a R

c
 value when W

m
 = B*; location D points to one of a series of aspect ratio (R) values 

included on the RGN to demonstrate its relationship with the less intuitive shape factor 
(B*); location E is a W

m
 value for a semi-hyperbola.  See text for details.
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(i.e., infinitely rotating), from higher aspect ratio porphyroclasts with a narrow range of 

orientations (Fig. 3.3C). 

The Rigid Grain Net (RGN)

Prior to this investigation, the relationship between the PHD, Wallis and Passchier plots 

was largely unaddressed, particularly using only tailless porphyroclasts.  To explore this 

further, we propose the RGN as an alternative method for estimating W
m
.  To create the 

RGN, we modified the Passchier plot and then tested the compatibility of results obtained 

from the RGN, Wallis and PHD plot using theoretical and natural datasets of tailless 

porphyroclasts.  Eq. (1) was used to calculate semi-hyperbolas for a range of W
m
 values 

that express the relationship between θ and B* (Fig. 3.4, location A).  The second set 

of curves represent the possible R
c
 (vertices curves) values for when W

m
 = B* (Fig. 3.4, 

location B; Table 3.1).  Each semi-hyperbola was calculated for a particular W
m
 and a 

series of B* values.  We use the shape factor (B*, Eq. 2) as defined by Bretherton (1962) 

and subsequently employed by Passchier (1987) because it enables W
m
 values to be 

obtained directly from the RGN.

For the RGN, positive and negative semi-hyperbolas are plotted at 0.025 

increments for a range in W
m
 (0.1 – 1.0) by solving for θ using Eq. (1) (θ = θ at R

c
, 

when B* = W
m
).  For a particular shape factor, when B* = W

m
 and θ > θ at R

c
, the semi-

hyperbolas transition into vertical lines to define the maximum B* value below which 

grains begin to rotate freely (Fig.3. 4, location C; Passchier, 1987).  To highlight the 

continuity in R
c
 values for the range in W

m
 values represented by the RGN, a second 

curve (vertices curve) links the R
c
 values on each hyperbola (Fig. 3.4, location B).  To 

relate the more intuitive aspect ratio (R) of the Wallis plot to B* values, they are placed 

below the B* values on the x-axis of the RGN (Fig. 3.4, location D).  Together the semi-

hyperbolas and R
c
 curves for positive and negative θ values define the RGN against 

which natural data sets can be compared (Fig. 3.4). 
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Hypothetical porphyroclasts

Figure 3.5. A) Half of the hyperbolic net (HN) simplified to graphically demonstrate the 
relationship between one hyperbola (W

m
 = 0.60) and the vertices curve for that hyperbola.  

The vertices curve is drawn using the vertices of several hyperbolas (dashed) for a range 
in W

m
 values greater than the W

m
 for the sample (0.60).  Gray circles with letters (a-i) on 

the hyperbola for W
m
 = 0.60 are shown to compare how tthe HN and RGN (Fig. 3.5B). 

(continued next page)  
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To relate hyperbolas on the HN and the RGN, we plot the full hyperbolas on 

the RGN, highlight the critical curves used to define a W
m
 = 0.6, and plot a hypothetical 

distribution of porphyroclasts (Fig. 3.5).  The two hyperbolas that are included on the 

simplified HN are highlighted in black on the RGN (W
m
= 0.6) for positive and negative 

θ (Figs. 3.5A and B).  Clasts whose initial orientation plots within any of the stability 

fields represented by the hyperbolas will, given the slightest perturbation, rotate towards 

a stable-sink position (Ghosh and Ramberg, 1976).  If axial symmetric, these grains 

will reach a single stable-sink position whereas axial non-symmetric porphyroclasts 

(whose B* > W
m
) will potentially reach two stable-sink positions (Eqs. 3 and 4).  For 

porphyroclasts that plot on the metastable limb (locations a-d of Figs. 3.5A and B) of the 

negative hyperbola, they will respond to any component of pure shear by back rotating 

until they reach a stable-sink position, as dictated by their R and W
m
, to define a semi-

hyperbolic linear cluster (locations e-i, Figs. 3.5A and B).  Porphyroclasts with original 

orientations outside of the metastable limb of the hyperbola will forward rotate, until they 

reach the convex side of the stable limb of the hyperbola.  Forward rotating grains that 

accumulate between the two stable limbs of the negative and positive hyperbolas have an 

R > R at R
c
 (Eq. 3 and 4).  

Fields of the HN and RGN plots that represent the maximum aspect ratio for 

porphyroclasts that are predicted to rotate forward infinitely, and thereby have a complete 

range in θ between ± 90°, are represented by a circle of constant R for all orientations 

that is tangential to the vertex of each hyperbola and plotted on the center of the HN 

Figure 3.5. cont. The circle that defines the highest aspect ratio (R = 2) below which por-
phyroclasts are predicted to rotate infinitely is also included.  B) The RGN with complete 
hyperbolas.  Highlighted in black are the positive and negative hyperbolas that corre-
spond to a W

m
 = 0.60, as well as the section of the vertices curve for B* > B* at R

c
.  A 

series of gray circles represent equivalent points on the RGN and HN.  C) The same plot 
as (A) with an overlay of different types of hypothetical porphyroclasts in their predicted 
distribution; gray squares are infinitely rotating, black crosses are limited rotation, gray 
circles are stable-to metastable-sink positions.  D) The same plot as (B) with hypothetical 
porphyroclasts distributed in various sections of the RGN.  
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50 microns

fld

m

qtz

fld

(i.e., when B* < W
m
; Figs. 3.3C, 3.5A and C).  On the RGN, this area includes all of 

the potential range in B* between 0 and B* at R
c
 (i.e., to the left of the apex of the 

hyperbolas; Figs. 3.5B and D).  An additional section of the RGN is highlighted on 

the HN that defines porphyroclasts that will rotate to the vertices curve for R
c
 values ≥ 

the “true” R
c 
for the sample.  On the HN, this curve is defined by linking the R

c
 value 

from each potential hyperbola greater than the “true” R
c
 for this sample to generate 

a small section of the vertices curve as shown on the RGN (Figs. 3.5A and C).  This 

important clarification shows that these porphyroclasts must be considered as stable-sink 

orientations when choosing the best-fit hyperbola.  Because the hyperbolas on the HN 

and RGN with full-hyperbolas are mathematical equivalents, an ideal dataset of tailless or 

Figure 3.6.  Photomicrograph with crossed polars of a typical section of sample G05-01 
(collected at an altitude of 5695 m).  Section cut perpendicular to foliation and parallel 
to lineation.  Abbreviations used for various phases are: m, white mica; fld, feldspar; qtz, 
quartz.  Although representative of the types of porphyroclasts in the thin section, because 
they are in such close proximity to each other, these two porphyroclasts are unsuited for 
the RGN.  Image taken by M.J. Jessup.
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tailed porphyroclasts (i.e., R = 2.0 and W
m
 = 0.60) are predicted to define this hyperbola 

on both plots.  According to Passchier (1987), all grains with the slightest B* above B* 

at R
c
 will reach a stable-sink position (crosses of Figs. 3.5C and D) whereas those below 

will rotate infinitely and therefore could potentially reach θ = ± 90° (gray squares of Figs. 

3.5C and D).  

A major benefit to using the RGN is that data can be entered into an Excel© 

worksheet, as they are obtained on the microscope, and plotted directly on a RGN that 

is imported as a background to an Excel© chart.  This enables the user to immediately 

monitor how the distribution of porphyroclasts is developing during data acquisition.  

Each measured porphyroclasts can be compared to the theoretically predicted curves 

on the RGN.  As the plot evolves, the porphyroclasts that define R
c
 should become 

obvious.  With increased use, the RGN may provide a means to calibrate the results of 

future investigations (see appendix for a reproducible version of the RGN and the data 

repository for a JPEG© image of the RGN for use on Excel© charts and an Excel© 

worksheet).

A Natural Test: The South Tibetan detachment, Tibet

Ultra-mylonitic leucogranite samples from the South Tibetan detachment (STD), exposed 

near Gondasampa and Rongbuk Valley, Tibet, are particularly well-suited for testing the 

hypotheses presented above as well as for demonstrating the utility of the RGN.  Samples 

are from within the upper 30 m of the north-dipping ductile shear zone that marks 

the transition from the metamorphic core of the Greater Himalayan Slab to overlying 

Figure 3.7.  Next page. Samples G05-01 (A; collected at an altitude of 5695 m) and G05-
03 (B; collected at an altitude of 5765 m) from the South Tibetan detachment exposed 
near Gondasampa, Tibet.  The Wallis plot (left), PHD plot (center), and RGN (right) are 
shown for each sample to demonstrate relationships between the three methods.  Notice 
that all porphyroclasts are treated as tailless.  See text for details.
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unmetamorphosed Cambro-Ordovician limestone.  Similar mylonitic leucogranites in the 

area are dated ~17 Ma by Murphy and Harrison (1999) who suggest that this provides a 

maximum age for ductile fabric development in Rongbuk Valley.  Oriented samples were 

cut parallel to the stretching lineation and perpendicular to the foliation.  When possible, 

rigid porphyroclasts from multiple thin sections were used.  All samples are characterized 

by feldspar porphyroclasts (lacking evidence for internal plastic deformation) that are 

widely separated from each other within a foliated matrix of dynamically recrystallized 

quartz grains (Fig. 3.6).  Elongate tails of recrystallized quartz surround many of the 

rigid feldspar porphyroclasts.  Although many of these porphyroclasts have sigma-and 

delta-type tails, in order to clarify this comparison between different rigid grain methods 

for defining W
m
, they are treated as tailless.  Matrix quartz grains contain bulging grain 

boundaries and rims of strain-free subgrains that suggest a combination of grain boundary 

migration and subgrain rotation recystallization accommodated deformation at conditions 

intermediate between Regime 2 and 3 of Hirth and Tullis (1992) and temperatures of 

~490-530°C (Stipp et al., 2002).  Previous petrofabric investigations in Rongbuk Valley, 

demonstrated that deformation was characterized by plane strain deformation and 

supported monoclinic shear (Law et al., 2004; Jessup et al., 2006). 

The choice of rigid porphyroclasts was highly selective, ignoring all but the most 

appropriate grains for estimating W
m
 (Simpson and De Paor, 1993; 1997).  Two samples 

(G05-01, and G05-03) were selected to test the RGN and how it relates to the PHD 

and Wallis plots (Fig. 3.7; Table 2).  PHD plots contain hyperbolas in the positive and 

negative fields as well as sections of the vertices curves.  Because we are treating all these 

porphyroclasts as tailless, it is important to clarify that positive and negative θ values 

cannot uniquely determine whether porphyroclasts followed a forward-or back-rotated 

path in the sense of Passchier (1987) and Simpson and De Paor (1993; 1997).    

Two thin sections of sample G05-01 contain 175 porphyroclasts, with a range 

in aspect ratios inclined at positive and negative θ values, which are appropriate for 
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rigid grain analysis (Fig. 3.7A).  On the Wallis plot, these grains define an upper and 

lower R
c
 of 2.0 and 1.75 (W

m
 = 0.60-0.51), respectively.  We interpret the porphyroclast 

with anomalously high θ and R values as an outlier.  Using the PHD method, 

tailless porphyroclasts were plotted on the HN.  To distinguish the R
c 
value between 

porphyroclasts that rotated infinitely and those that reached a stable-sink position, 

excluding the obvious outlier, we choose two circles (R = 1.75-2.0) on the HN that 

envelopes porphyroclast that reach ± 90°.  The distribution of porphyroclasts with 

negative θ values defines a slightly higher R
c
 (R = 2) than for positive (R

c 
= 1.75) values.  

Positive and negative hyperbolas were then chosen that envelope the majority of the 

data and touch the R
c 
value (circle R = 2.0) of the infinitely rotating grains.  Plotting the 

vertices curve for this hyperbola ensures that the full range in stable-sink orientation is 

represented.  Several outliers are present outside of the vertices curve in the positive and 

negative fields.  Using the enveloping hyperbola with an opening angle of 53°yields a W
m
 

= 0.60 that agrees with the limited rotating and infinitely rotating porphyroclasts.  The 

average orientation (~28°) of shear bands is also shown on the PHD plot.  

The RGN demonstrates how the distribution of tailless porphyroclasts in sample 

G05-01 compares with the predicted transitions to define R
c
 (Fig. 3.7A).  B*, as defined 

by positively inclined porphyroclasts, yields a W
m
 = 0.57 whereas the negatively inclined 

porphyroclasts define a W
m
 = 0.60.  A cluster of positively oriented porphyroclasts plots 

slightly above the vertices curve on the RGN.  We attribute this to either porphyroclasts 

rotating towards the stable-sink position or as an error of ± 3° in defining the foliation 

for these measurements.  Other potential contributors to this error have previously been 

outlined by Passchier (1987).  Porphyroclasts with B* > 0.6 and θ < θ at R
c
 define a 

lateral cluster close to the vertices curve.  Porphyroclasts continue to reach, but remain 

under, the vertices curve until B* < W
m
 at which point porphyroclasts are no longer in a 

stable-sink position and begin to rotate infinitely (Fig. 3.7A). 

Sample G05-03 (n = 178) displays a well-defined R
c
 on the Wallis plot that yields 
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a W
m
 estimate of 0.67 (Fig. 3.7B).  Rather than relying on three outliers to define R

c
 and 

thereby W
m
, as with G05-01, we prefer to rely on the majority of tailless porphyroclasts 

to define R
c
.  Tailless porphyroclasts are plotted on the HN using the same methods as 

described in detail for sample G05-01.  Two circles define the upper-and lower-limits 

to the infinitely rotating grains (R
c
 = 1.8 to 2.25).  Two hyperbolas and their vertices 

curves enclose the remaining porphyroclasts to define a W
m
 = 0.67.   When plotted on 

the RGN, porphyroclasts from sample G05-03 define a range in W
m
 values between ~ 

0.65 (defined by grains in the negative field) and ~ 0.70 (defined by grains in the positive 

field) that agrees with the Wallis plot and the PHD method (Fig. 3.7B).  θ and R values 

of the majority of tailless porphyroclasts, instead of the three outlying points, are used to 

define R
c
.  The compatibility between W

m
 estimates generated for samples, using tailless 

porphyroclasts, demonstrate that the RGN unifies the Wallis and PHD methods (Fig. 3.7).

Two comparisons are made to demonstrate how the RGN limits ambiguity in 

estimating W
m
.  The first contrasts the porphyroclast distribution from sample R05-

08 on a Wallis plot and the RGN (Fig. 3.8A).  The second plots the porphyroclast 

distribution defined by Passchier’s (1987) dataset from the St. Barthelemy Massif using 

both the Passchier plot and the RGN (Fig. 3.8B).  The sample number in R05-08 is 

limited (n = 81) due to the large porphyroclast size.  This gradation in values is more 

typical of previously published Wallis plots (e.g., Xypolias and Doutos, 2000; Xypolias 

and Koukouvelas, 2001; Law et al., 2004; Jessup et al., 2006) than the relatively well-

defined R
c
 values in the Wallis plots for samples G05-01 & 03 (Fig. 3.7).  Without an 

understanding of which porphyroclasts are predicted to define R
c
,
 
the values estimated 

by different interpretations of this Wallis plot could range from R =1.75 to 3.0, resulting 

in W
m
 estimates of 0.53 – 0.80 (Fig. 3.8A).   When plotted using the RGN, the relative 

importance of porphyroclasts can be evaluated.  For example, at higher B* values the 

majority of porphyroclasts fall within the vertices curves in the positive and negative 

fields.  One outlier in the negative field may be significant, but since it is a single analysis 
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we caution against using it to define W
m
.  Instead, we use the transition defined by 

porphyroclasts in the positive and negative fields that correspond to a range of W
m
 = 0.60 

- 0.675.  This comparison demonstrates that the RGN reduces the potential range in R
c
 

values, as defined by the Wallis plot (R
c
 = 1.75-3.0), to 0.60-0.675 and also helps clarify 

which porphyroclasts should be used to define R
c
.

Using the distribution of porphyroclasts with delta-or sigma-type tails on the 

original Passchier plot, Passchier (1987) estimated a range of W
m
 = 0.50-0.80 and an 

inferred cutoff point of W
m
 = 0.60 for a quartz mylonite from the St. Barthelemy Massif, 

France (Fig. 3.8B).  When plotted on the RGN, these same data define a transition 

above the vertices curve at W
m
 = 0.65 in the positive field and W

m
 = 0.55 in the negative 

field.   Two outliers that plot above the vertices curves to define higher W
m
 estimates are 

excluded in order to maintain consistency with the earlier interpretations and emphasize 

the use the majority data to constrain R
c
.  The RGN also demonstrates that although a 

single porphyroclast defines a W
m
 = 0.48, it is lower than the majority of grains that define 

a W
m
 = 0.55-0.65.  This comparison highlights how the modified version of the Passchier 

plot, that forms the basis of the RGN, can help limit ambiguity in estimating W
m
. 

As suggested by results from the four methods applied to the four samples 

discussed above, Wallis, PHD, Passchier and RGN plots yield consistent W
m
 estimates.  

Tailless porphyroclasts can define W
m
 on the HN, as demonstrated by using two 

hyperbolas in conjunction with a section of the vertices curves and a circle that envelope 

the infinitely rotating grains.  The same results, however, are more easily plotted and 

less ambiguously interpreted using the RGN.  The range in W
m
 estimated by the PHD, 

RGN and Wallis plots from the three natural test samples are within the range of those 

previously obtained using the Wallis and PHD plots in Rongbuk Valley, Tibet (Law et al., 

2004; Jessup et al., 2006).

We limit this approach to the idealized models and a simple comparison between 

theoretical and natural data using four different plots (Figs. 3.7 and 3.8), to clearly 
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present the RGN as an alternative method to estimate W
m
.   However, many exceptions to 

these idealized parameters do exist i.e., plane strain vs. non-plane strain and monoclinic 

vs. triclinic shear (Giorgis and Tikoff, 2004; Bailey et al., in press).  Additionally, the 

sample must meet the five main requirements defined by Passchier (1987): 1) reasonably 

homogeneous deformation on the scale of the sample, 2) significant difference in grain 

size between the rigid porphyroclasts and the matrix, 3) high finite strain to rotate objects 

towards stable-sink positions, 4) porphyroclast shape that is close to orthorhombic, and 

5) significant number of porphyroclasts with a range in aspect ratios and orientations.  We 

also caution against over interpretation of W
m
 estimates.  Future investigations may find 

the RGN provides additional information necessary to tackle more complex problems 

such as triclinic shear and the distribution of tailed vs. tailless porphyroclasts.

Conclusions

By building on the original work of Passchier (1987), we have created the RGN 

as an alternative method to estimate W
m
 and thereby unify rigid porphyroclast vorticity 

techniques that were previously proposed by Passchier (1987; Passchier plot), Simpson 

and De Paor  (1993, 1997; PHD plot); Wallis (1995; Wallis plot).  The RGN provides 

a series of modified semi-hyperbolas that define the predicted orientation of rotating 

porphyroclasts against which natural, more complex, data can be compared: a major 

advantage over existing methods.  Because the same fundamental equations are used 

to construct the hyperbolas of the RGN and HN, they provide the same theoretical 

relationships against which natural data can be compared.  To test this hypothesis, we 

used tailless porphyroclasts to constrain the transition between the stable-sink position 

and infinitely rotating porphyroclasts that define R
c
 and associated W

m
.  A comparison 

of W
m
 results from four test samples, using the Passchier, Wallis, PHD and RGN plots, 

demonstrates that the four methods yield internally consistent W
m
 estimates.  By unifying 

these methods using tailless porphyroclasts, we confirm that tailless porphyroclasts yield 

W
m
 estimates that are at least as rigorous as those obtained using methods that rely on 
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tailed porphyroclast i.e., the PHD method and Passchier plot.  Through comparisons 

between how the distribution of less-than-ideal data from sample R05-03 defines W
m
 

using the Wallis plot versus the RGN and between the Passchier plot and the RGN, we 

demonstrate that contrasting porphyroclast distributions with the orientations predicted 

by the RGN can help limit ambiguity in estimating W
m
. 

Another benefit of the RGN is that data from porphyroclasts can be entered 

into an Excel© worksheet and plotted directly on the RGN which can be imported as a 

background to an Excel© chart.  This enables immediate feedback on the significance of 

each porphyroclast.  The W
m
 curves on the RGN offer an easier means to define R

c
 within 

a sample and should help refine and standardize the results of future investigations.  

Because of its ease of use, ability to enhance and justify the choice of R
c
, and potential 

to calibrate the presentation of various investigations, we offer the RGN as an alternative 

approach to estimating W
m
 in high strain zones.
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Abstract

The metamorphic core of the Himalayas, the Greater Himalayan Sequence (GHS), is 

bounded by two north-dipping shear zones, the Main Central Thrust zone (MCTZ) 

below and South Tibetan Detachment system (STDS) above.  In the Mt. Everest region, 

the STDS includes an upper brittle Qomolangma detachment (QD) and lower ductile 

Lhotse detachment (LD) that merge towards the north.  Previous investigations proposed 

that following an abrupt upward increase in metamorphic grade through the MCTZ, 

metamorphic temperatures remained approximately isothermal structurally up-section 

towards the LD, and that the overlying Everest Series reached only greenschist facies.  

Detailed macro-and micro-structural analysis, U-Th-Pb geochronology and P-T estimates 

shed light on this critical transition.  A gradation from garnets with diffusion profiles 

to those with growth zoning occurs across the LD.  These samples record a decrease 

in temperature from 740 to 590°C and an increase in pressure from 4 - 6 kbar towards 

structurally higher positions.  We interpret this as the result of complex juxtaposition 

of Everest Series with the underlying GHS during exhumation along the LD-QD 

system.  A maximum age limit of 24.1 ± 1.2 Ma for movement on the LD is provided 

by the crystallization age of the Nuptse granite, a body that post-dates solid-state fabric 

development.  Microstructural evidence suggests that deformation progressed from a 

distributed ductile shear zone into a discrete brittle detachment during the final stages of 

exhumation. When combined with existing thermobarometric data from the core of the 

GHS and MCTZ these results form the basis for a new model for the thermal evolution of 

the GHS exposed in the Mt Everest region, including an improved definition of the LD.
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Introduction

The highest peaks and greatest relief in the Himalayas occur within the surface 

exposures of the 5-30 km thick metamorphic and anatectic core of the orogen known 

as the Greater Himalayan Sequence (GHS; Figs. 4.1-4.3).  The GHS is bounded by a 

low-angle north-dipping normal fault above (South Tibetan detachment system; STDS) 

and a thrust system below (Main Central thrust zone; MCTZ).  Assuming simultaneous 

movement on the MCTZ and STDS, channel flow and extrusion models propose that 

between ~ 33 and 16 Ma, gravity-driven southward extrusion of the GHS took place 

between the Tibetan plateau and the foreland of the Himalaya (Grujic et al., 1996, 2002; 

Hodges et al., 1998, 2001; Beaumont et al., 2001; 2006).  The thermal structure of the 

GHS, including the inverted metamorphic sequence within the MCTZ, is often attributed 

to one of two processes; synmetamorphic ductile shearing (Jamieson et al., 1996, 2002) 

or as deformation and inversion of originally horizontal thermal gradients (Searle and 

Rex, 1989; Grujic et al., 1996; Grasemann et al., 1999).  Both of these interpretations 

require as input the accurate documentation of the pressure-temperature-time-deformation 

(P-T-t-D) evolution during extrusion and exhumation of the GHS (Grujic et al., 1996; 

Grasemann et al., 1999; Vannay & Grasemann, 2001; Vannay et al., 2004). 

Assumed by extrusion models is a general thermal profile for the GHS whereby 

metamorphic temperature increases up structural section to the high-grade core and then 

decrease towards structurally highest positions at the top of the GHS (Searle and Rex, 

1989; Grujic et al., 1996; Hubbard, 1996; Carosi et al., 1999; Grasemann et al., 1999).  

Inverted metamorphic sequences at the base of the GHS are ubiquitous along the central 

Himalayas and have received considerable attention (Le Fort, 1975; Swapp and Hollister, 

1991; Hubbard, 1988, 1996; Macfarlane, 1995; Harrison et al., 1997; Grasemann and 

Vannay, 1999; Walker et al., 1999; Goscombe and Hand, 2000; Catlos et al., 2001, 

2002, 2004; Daniel et al., 2004; Kohn et al., 2005; Goscombe et al. 2006).  Successful 

documentation of the decrease in metamorphic grade at the top of the slab, however, 
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is limited to Zanskar, India where right way-up isograds have been mapped along the 

Zanskar Shear zone (e.g., STDS equivalent; Searle and Rex, 1989; Dezes, 1999; Searle et 

al., 1999b; Walker et al., 1999; Stephenson et al., 2000; Walker et al., 2001).  

The thermal evolution of the Himalayas is often discussed in terms of an early 

Barrovian event (M1 or Eohimalayan) that was followed by a high temperature, low 

pressure event associated with decompression, migmatization and emplacement of 

leucogranite injection complexes and large sills and dikes (M2 or Neohimalayan; Hodges, 

2000 and references therein).  The pervasive nature of the high temperature M2 event 

often results in overprinting of the record for early fabric development and associated 

(M1) prograde compositional zoning in garnets.  As a result, many models for the 

evolution of the GHS reflect the later, pervasive Neohimalayan event instead of a more 

complete P-T-t-D path.  Another significant goal arising from a more complete thermal 

profile through the slab, where the progression in deformation and metamorphism can be 

characterized, is to determine if the current profile is the result of the folding of isograds 

from a single metamorphic event, or the juxtaposition of two different metamorphic 

histories, or some combination of both (i.e., Searle and Rex, 1989; Jamieson et al., 1996).  

The final motivation behind this investigation is to constrain deformation mechanisms 

responsible for exhumation of the GHS and how the interplay between deformation and 

metamorphism generated the apparently simple P-T-t profile through the GHS. 

Characterizing the upper section of the GHS holds several implications for the 

tectonic evolution of the Mt Everest region and the remainder of the Himalayan orogen.  

This paper integrates field mapping, thermobarometry, THERMOCALC modeling, 

microstructural analyses and U-Th-Pb geochronology, to characterize the structurally 

highest sections of the GHS.  Results from the top of the slab are compared with previous 

investigations that focused on the base and core of the GHS and a revised model for the 

thermal evolution of the GHS, exposed in the Everest region of Nepal-Tibet, is proposed.
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Geological Setting

 The impressive topographic relief centered on the Mount Everest-Lhotse-Nuptse 

massif, provides a window into mid-crustal processes responsible for the present thermal 

structure of the GHS (Figs. 4.2 and 4.3).  Rock types commonly found in the GHS 

include calc-silicates, quartzites, pelitic schists, and augen gneisses that are variably 

migmatized and injected by numerous leucogranite sills and dike complexes (Searle 

1999b, Searle et al., 2003; Viskupic et al., 2005).  To provide context for the results 

from this investigation, we synthesize the previously published geochronologic and 

geothermobarometric research conducted in the three main sections of the Everest region, 

the MCTZ, the GHS, and the STDS.  Our review of the structural evolution of the Everest 

transect will be limited to the upper most section of the GHS; for a more complete 

treatment see Carosi et al. (1999), Searle et al. (2003) and Jessup et al. (2006).  

Main Central Thrust Zone

The north-dipping MCTZ marks the base of the GHS and juxtaposes gneisses of 

the GHS with the Lesser Himalayan Sequence (LHS) below (Fig. 4.1).  In the Dudh Kosi 

drainage, south of Everest, the MCTZ is a ~5 km wide zone of pelitic schists, marbles, 

and quartzites that is bounded by the Barun gneiss of the GHS above and the Okandunga 

gneiss of the LHS below (Figs. 4.2 and 4.3; Hubbard, 1989; Pognante and Benna, 1993).   

A variety of shear sense indicators including S-C fabrics and asymmetric sigma-type 

porphyroclasts tails consistently record top-to-the-south sense of shear.  The sequential 

appearance of index minerals, from the base of the MCTZ to the core of the GHS, places 

qualitative constraints on an inverted sequence of metamorphic isograds (Hubbard, 

1989).  Subsequent geothermobarometric calculations (using the calibration of Ferry & 

Spear, 1978) by Hubbard (1989) quantified the increase in metamorphic grade towards 

higher structural positions and also demonstrated that these samples recorded a pressure 

gradient of 0.28 kbar/km, which Hubbard (1996) attributed to syn-metamorphic thrusting.

Based on a zone of distributed shear, index minerals (Grt, St, Ky, Sil) that pre-
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date mylonite formation (Fig. 4.3a and b) and metamorphic isograds that are sub-parallel 

to shear fabric (Fig. 4.3), Hubbard (1996) proposed that the inverted isograds were 

generated during ductile shearing that was accommodated by crystal-plastic processes 

(e.g., dislocation glide and creep, diffusion creep and recrystallization) during non-

coaxial shear of originally right-way-up metamorphic isograds.  These predictions agree 

with Jessup et al. (2006) who also demonstrated that mylonitic fabrics in the MCTZ post-

date kyanite (Fig. 4.3a) and garnet (Fig. 4.3b) porphyroblast growth and that the vorticity 

of this flow ranged from W
m
 = 0.67-0.72 (where simple shear, W

m
 = 1; pure shear, W

m
 

= 0; and equal contributions of both, W
m
 = 0.71).  Assumed in this model (Hubbard, 

1996 see her Fig. 3) is a section of right-way-up isograds at the top of the slab that was 

undocumented at the time.

Catlos et al. (2002) conducted additional thermobarometric calculations on three 

samples from the Khumbu MCTZ (Figs. 4.2 and 4.3; samples ET33, 45 and 52).  Point 

transects across garnets provided chemical data that justified the garnet analysis used for 

thermobarometric calculations.  Garnet zoning profiles that typify prograde garnet growth 

(decrease in X
sps

 from ~0.15 in the core to ~0.04 on the rim) were sampled from the 

lowest structural position that was reached by their investigation and yield temperature 

estimates of ~550°C, which agree with the Hubbard (1989) results (Figs. 4.3 and 4.4).  

Garnet profiles from other samples collected towards the upper limit to the 5 km wide 

MCTZ record an increase in X
sps

 from ~0.04 in the core to 0.08 at the rim and show 

Figure 4.2.  Previous page.  Simplified geologic map of the Mount Everest.  Topo-
graphic base map (200 m contour intervals) and location map were created using the 
USGS GTOPO30 digital elevation model.  Projected location of STDS in Tibet are 
based on Landsat 7 images.  All structural data is original to this work except in the 
lower MCTZ, which are from Hubbard (1989), and the data in Rongbuk valley, which 
are from Burchfiel et al. (1992) and Murphy and Harrison (1999).  Dashed line marks 
routes used during this investigation to access samples and map.  Major contacts build 
on Lombardo et al. (1993) and Searle (2003).  Samples collected by: Hubbard (1989), 
85H7B-86H23C; Catlos (2002), ET19, ET33, ET45 and ET52; Searle et al. (2003), 
E100-E214; Hodges, et al. (1992), R-74; this study, ET51-ET74, L1-L13.
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evidence for alteration due to retrograde net transfer reactions (Fig. 4.3; Kohn and Spear, 

2001; Catlos et al., 2002).  Catlos et al. (2002) proposed that this transition between end-

member garnet zoning profiles (samples ET45 and ET52) defines the MCTZ.  

Simpson (2002) and Searle et al. (2003) reprocessed the mineral chemical 

data from the Hubbard (1989) samples using both modern calibrations for 

geothermobarometry (Holdaway, 2000) as well as using THERMOCALC to estimate 

pressure conditions (Fig. 4.4).  Their results confirm the increase in metamorphic 

temperatures of 450-620°C, yet yield fairly constant pressure estimates of ~7.5 kbars 

across the MCTZ.  Although the reprocessed mineral chemical data are an improvement 

on the original results, they rely on the original averaged rim composition data from 

Hubbard (1989) acquired without compositional maps of the garnets - a necessary step to 

ensure that the analyses were appropriate for making these calculations (i.e., evidence for 

retrograde net transfer reactions was not accounted for) and therefore should be used with 

caution (Kohn & Spear, 2001).  

Timing constraints for movement along the MCTZ in the Everest region are 

based on 40Ar/39Ar thermochronology and in situ ion microprobe U-Th-Pb geochronology 

within the MCTZ (Hubbard and Harrison, 1989; Catlos et al., 2001, 2002, 2004).  

Assuming that deformation temperatures were lower than the closure temperature of 

hornblende, Hubbard and Harrison (1989) proposed that the ~21 Ma 40Ar/39Ar age from 

a sheared amphibolitic lens provided a maximum age for movement along that section of 

the MCTZ.  Catlos et al. (2002) dated a series of monazite grains that were included in 

Figure 4.3.  Previous page.  Simplified geologic cross section of the Mount Everest tran-
sect including the   approximate sample locations are from Hubbard+ (1989), Hodges H 
et al. (1992), Catlos* et al. (2002), Searle° et al. (2003) and this study are shown as stars.  
Insets a-h are photomicrographs taken with crossed polars of representative microstruc-
tures for various sections of the Mt. Everest transect (plunge and trend of lineation shown 
for in situ samples).  Analytical transects across garnets from Catlos et al. (2002; ET45, 
ET33, ET52), Simpson (2002; E210), and this investigation (ET81b, ET54, ET68A) 
depict garnet zoning that is present in different structural positions within the Everest 
region.  Images taken by M.J. Jessup. 
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Jessup et al. Figure 4
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garnet and matrix phases.  Matrix monazite grains yielded ages that range between 24-29 

Ma, which Catlos et al. (2002) interpreted as evidence for early movement on the MCTZ.  

Additional ages obtained by Catlos et al. (2002) within the MCTZ and lower section of 

the GHS range from 10.3 ± 0.8 to 14.5 ± 0.1, which these workers attributed to record 

subsequent movement on the MCTZ.

Figure 4.4.  Synthesis of data located south of the summit of Everest.  Pressure data are 
from this study (open circles; ET-52 shown as light gray, unreliable data), Searle et al. 
(2003; solid squares), and Hubbard (reprocessed; 1989; open diamonds). Temperature 
estimates are from this study (solid circle; ET-81b shown as light gray, sample projected 
~20 km into cross section), Hubbard (reprocessed; 1989; open triangle), and Searle et al. 
(2003; open squares).  Occurrence of index minerals is based on data from this investiga-
tion and Hubbard (1989).  Vorticity results and microstructural summary are from Jessup 
et al. (2006). Concept of data presentation after Goscombe et al. (2006).  See Table 4.1 
for the sequence of samples.    
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Greater Himalayan Sequence 

Between the upper contact of the MCTZ and the base of the LD occurs a series 

of metasedimentary rocks and orthogneiss that are variably migmatized and constitute 

the GHS (Figs. 4.2 and 4.3).  Restoration of the GHS shows that these gneisses are 

metamorphosed Proterozoic – Cambrian sedimentary rocks that were intruded by a series 

of Cambro-Ordovician granite – orthogneiss (Searle et al. 2006; fig. 5).  To emphasize 

the metamorphic and microstructural evolution of the GHS and bounding shear zones, 

we treat the GHS as an undivided unit.  Microstructures in the core of the GHS are 

Table 4.1.  P-T-estimates

Sample distance (km) Grt-Bt T (C°) T (C°) sd (T) P (kbar) sd(P) corr n XH2O

86H26E* -7.75 458+ - - - - - - -

85H20D* 7 539 - - - - - - -

85H20G* 5.25 554 - - - - - - -

85H21D* 4.75 608 566 84 7.6 1.8 0.116 5 -

85H21E* 4.5 634 627 100 7.4 2 0.114 5 -

85H21G* 2.75 600 596 22 7.8 1.3 0.822 6 0.5

85H21J* 2.25 618 614 22 7.1 1.2 0.819 6 0.6

85H22D* 1.5 583 587 35 6 1.5 0.91 6 0.4

85H22E* 0 656 646 29 6 1.2 0.917 6 0.8

E213# 1 673 669 40 6 1.4 0.319 4 -

86H15A* 1.5 666 632 31 7.8 1.1 0.785 5 1

85H7B* 2.2 621 617 100 4.6 1.7 0.676 3 -

85H23* 4 571 508 85 4.7 1.6 0.729 3 -

E212# 6 719 718 46 5.7 1.4 0.349 4 -

86H24A* 7.25 687+ - - - - - - -

85H5A* 8.1 644 672 121 5.3 1.9 0.734 3 -

E210# 9 709 718 43 5.8 1.5 0.335 4 -

E209# 10.1 745 -

86H23C* 15 561 -

E204# 17 683 685 44 4.4 1.7 0.356 4 0.25

E198# 18.5 690 694 44 5 1.7 0.315 4 0.3

86H21G* 22 665 683 122 5 2 0.684 3 -

E187# 28.5 665 671 37 3.9 1.2 0.957 7 0.8

ET-81b 31 783 (4) - - - - - - -

86H19C* 35 650 -

86H19E* 36 679 717 129 5.1 1.9 0.715 3 -

E100# 39 685 -

ET-52 40 649 (6) 648 37 6.6 1.1 0.726 6 0.45

E137# 41 664 651 41 4.9 0.4 0.315 4 0.4

ET-51 41.25 663 (6) - - - - - - -

ET-54 42 653 (6) - - - - - - -

ET-57 42 681 (5) 685 39 5.1 1.2 0.719 6 0.95

ET-68A 44 632 (4) 633 34 4.3 0.6 0.884 9 0.65

ET-70E 44 651 (6) 653 35 6.2 1.2 0.737 4 0.5

L-8 44 608 (6) 610 31 6.2 1 0.765 6 0.7

L-13 44 584 (4) - - - - - - -

*average rim compositon of Hubbard (1989)
#Searle et al. (2003)

Searle et al. (2003) samples E214, E196, E127, 134, and E137 were are excluded from this compilation.

garnet-biotite thermomter used to calulate temperature using calibration 5AV of Holdaway (2000) at the pressure shown in parentheses
+Because of incomplete analysis temperatures were calculated using the thermometer of Bhattacharya (1992; HM calibartation)
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characterized by quartz that reached Regime 3 recrystallization conditions as defined 

by Hirth and Tullis (1992), the onset of ductility within feldspar, and annealed fabrics 

(Fig. 4.3c).  Several phases of folding and an early (S1) fabric included in feldspar 

grains suggest that a minimum of two fabric forming events created the dominant (S2) 

fabric preserved throughout the core of the GHS (Fig. 4.3c).  Leucogranite sills and 

dike complexes increase in abundance towards progressively higher structural positions 

culminating in massive leucogranite bodies including the Everest, Makalu, and Nuptse 

leucogranites (Carosi et al., 1999; Searle, 1999b; Simpson et al., 2000; Searle et al., 2003; 

Viskupic et al., 2005).  Emplacement mechanisms for these granites call upon increased 

magmatic pressure that drives forceful injection along pre-existing foliation (Weinberg 

and Searle, 1999; Searle, 1999b). 

Pognante and Benna (1993) proposed a polyphase thermal evolution for the 

Khumbu region that involved three major events with M1 (550-680ºC, 8-10 kbars) 

related to subduction and early crustal thickening.  Rocks from the lower and middle 

levels of the slab record an evolution from an M1 kyanite-bearing stage (only preserved 

in the lower most section of the MCTZ) to an M2 K-feldspar + sillimanite (muscovite 

absent) event associated with migmatization (650-750ºC, 4-7 kbar).  Using cordierite 

growth during the break down of sillimanite and garnet they defined a third thermal pulse 

M3 (600-700ºC, 2-4 kbar), a high temperature low-medium pressure event associated 

with migmatization and leucogranite emplacement.  As with the Hubbard (1989) results 

from the MCTZ, caution should be exercised when interpreting these P-T estimates 

as many of them are based on pairs of single point analyses that were selected without 

compositional maps or complete point transects (Kohn & Spear, 2001).  

Simpson et al. (2000) used the U-Pb method to date monazite separated from 

two samples from the (core / upper section of) from the GHS, one collected near Pumo 

Ri base camp (E139) and the other on the ridge just west of Kala Pattar (E137; Figs. 4.2 

and 4.3).  One sample yielded a U-Pb metamorphic monazite age of 32.2 ± 0.4 Ma for a 
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sample that contained garnet + biotite + sillimanite + cordierite + quartz + plagioclase + 

K-feldspar with a kyanite inclusion in a single garnet.  This monazite age is interpreted as 

the age of peak Barrovian metamorphism, however the only index mineral unique to M1 

is the kyanite inclusion, and therefore we prefer to treat this constraint as a minimum age 

for the M1 event.  The second sample of granitic augen gneiss contained the assemblage 

K-feldspar + plagioclase + biotite + sillimanite + cordierite + muscovite and yielded an 

age of 22.7 ± 0.2 Ma and is interpreted as the age of the high temperature, low pressure 

M2 event (620°C, 4 kbar). 

Searle et al. (2003) analyzed a series of garnet bearing samples, including those 

of Hubbard (1989) from Lukla (just above the upper contact of the MCTZ) to the summit 

of Kala Pattar (sample E127) on the flanks of Pumo Ri in the upper-core of the GHS 

(Figs. 4.2-4.4).  Using compositional maps to characterize the compositional zoning in 

each garnet and a combination of geothermobarometry (Holdaway, 2000) for estimating 

temperatures and THERMOCALC to estimate pressures, they determined that following 

the increase in temperatures (450- 670°C) across the MCTZ (as previously discussed), 

temperatures only increase from 620-730°C to the top of the slab marked by the STDS.  

Pressure estimates, in contrast, range from 7-8 kbars along the MCTZ through 5 kbars 

in the core to 3 kbars along the upper section of the GHS at Kala Pattar (Figs. 4.2-

4.4).  Importantly, Kala Patar represents structurally lower conditions than the proposed 

location of the LD.  Linear regression is used to estimate an average pressure gradient of 

0.20 ± 0.09 kbar km-1 from the MCTZ through the GHS (Searle et al., 2003).  

Based on U-Pb monazite and xenotime geochronology, Viskupic et al. (2005) 

proposed that Neohimalayan anatexis was a protracted event (~26-18 Ma), that crustal 

melting may have begun as early as ~ 25-26 Ma, and that melt migration occurred at ~ 

21-22 Ma. 40Ar/39Ar thermochronology using amphibole and biotite yielded cooling ages 

of 22 Ma (below ~530°C) and 19 Ma (below ~380°C), respectively.  Post-deformational 

dikes, however, record evidence for additional melt production between ~ 17.9 and 
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18.3 Ma.  Viskupic et al. (2005) related 26-23 Ma crystallization ages to either: 1) 

decompression melting related to movement on the STDS, suggesting that the earliest 

melting occurred ~ 3 m.y. prior to the oldest leucogranites dated along the STDS; or 2) 

early anatexis that weakened the crust and focused deformation along the STDS.

South Tibetan Detachment System

As exposed on the Everest massif, the STDS contains two north-dipping 

detachments; the upper brittle QD and lower ductile LD (Searle 1999).  Because the 

LD is proposed to dip less steeply than the QD, these two detachments merge into one 

composite structure in the northern limits of the Rongbuk valley, Tibet (Figs. 4.2 and 

4.3).  Between the two, lies a wedge of Everest Series schists (i.e., North Col formation), 

which Searle et al. (2003) described as biotite ± garnet grade, middle-to upper-greenschist 

facies pelites.  Searle (1999a) proposed that an abrupt change from upper amphibolite 

sillimanite-gneiss, characteristic of the core of the GHS, to lower greenschist facies pelite 

of the Everest Series occurs across the LD.  The type-locality for the LD is, unfortunately, 

exposed on inaccessible sections of the Everest-Lhotse-Nuptse massif.  The location of 

the QD, immediately below the summit rocks, is confirmed by an abrupt transition in 

recrystallized grain size of calcite in slightly deformed Tethyan limestone (summit of 

Everest; 8850m; Fig. 4.3g) and the calc-silicate band (Yellow Band) below (Jessup et al. 

2006).  Additional calc-silicates located just below the South Col preserve a moderate 

LPO and Type I and Type II deformation twins suggesting deformation temperatures 

≥ ~300ºC (Fig. 4.3f; Ferril et al, 2004).  Previous attempts to estimate P-T conditions 

of the upper section of the GHS exposed in Rongbuk valley, where the LD and QD are 

well exposed and relatively accessible, have been thwarted by the lack of garnet bearing 

assemblages.  A single P-T estimate from the mouth of Hermit’s gorge in Rongbuk 

valley yields 630°C and 4.6 kbars (Figs. 4.2 and 4.3; Hodges et al., 1992; sample R-

74).  Deformation temperatures, as defined by the quartz c-axis thermometer (Law et al., 

2004), increase from 450°C just below the QD (talus from above Rongbuk Monastery) 
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to 625°C at distances of ~ 600 m below the LD (Law et al., 2004).  Timing constraints 

for granite emplacement and movement on the QD-LD system are provided by three 

geochronological investigations that focused on samples from Rongbuk valley.  Hodges 

et al. (1992) originally proposed that mylonite formation along the detachment occurred 

between 22 and 19 Ma.  Based on subsequent re-mapping and sampling of the same side 

valley to Rongbuk valley (Rongbuk Monastery) and a series of U-Th-Pb monazite ages 

on foliation parallel (16.2 ± 0.8 Ma) and crosscutting dikes (16.4 ± 0.6 Ma & 16.8 ± 0.8 

Ma), Murphy and Harrison (1999) proposed that ductile deformation occurred ~17 Ma 
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and argued that the deformed leucogranites provide only a maximum age for movement 

on the detachment.  Additional U-Pb ages of monazite separates from a mylonitic 

leucogranite sill in Rongbuk valley further constrain mylonitic deformation at 16.0 ± 0.2 

Ma (Searle et al. 2003).  

Petrography

Systematic mapping and sampling along the lower ramparts of the Nuptse-Lhotse wall 

over three field seasons (2003-2004) provide significant insights into the upper-section 

of the GHS and link previous investigations focused along the top (STDS), middle 

(GHS), and bottom (MCTZ) of the GHS.  Petrographic and microstructural observations 

discussed in this section provide the foundation for the quantitative thermobarometric 

analyses that follow (Table 4.1).  We divided this section into three parts; Nuptse-Lhotse 

wall float samples and the Lhotse detachment transition zone.  

Figure 4.5. Previous page. a) Photomicrograph with crossed polars of float sample L-10 
that depicts the earliest fabric development.  Muscovite defines an early fabric that we 
interpret as compositional layering (S0) while biotite defines a new axial planar foliation 
S2.  b) Photomicrograph of float sample L-7 that shows a staurolite porphyroblast with S1 
inclusion trails that are defined by quartz and opaques as well as a matrix of crenulated 
muscovite. c) Entire thin section scan of sample ET-68a that shows the relative timing of 
porphyroblasts growth and fabric development.  Compositional layering (S0) is isoclinal-
ly folded by and F1 folds creating an axial planar S1 foliation.  Staurolite porphyroclasts 
contain S1 inclusion trails.  F2 crenulation folds deform the hinge zone of the F1 folds 
and the matrix muscovite and biotite.  Crenulation folds rotate the staurolite and garnet 
porphyroblasts.  Biotite also defines the axial plane to some of these folds (S2).  Cordier-
ite porphyroblasts overgrow the F2 crenulation folds.  Thin section is cut perpendicular 
to the F2 fold hinges. d) Photomicrograph taken with crossed polars of a thin section cut 
perpendicular to the S2 foliation and parallel to the stretching lineation.  Staurolite por-
phyroblasts with S1 inclusion trails are oriented at a high angle to the matrix foliation that 
is defined by muscovite and biotite.  e) Photomicrograph with crossed polars.  Thin sec-
tion cut perpendicular to the S2 foliation and parallel to the lineation.  Staurolite porphy-
roblast is broken by extensional shear bands.  f) Photomicrograph with crossed polars of 
staurolite porphyroclasts with cordierite overgrowths.  Images taken by M.J. Jessup.  
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Nuptse-Lhotse wall float samples 

The ~2.5 km tall Nuptse-Lhotse wall is inaccessible to all but the most elite 

Himalayan alpinists (Babanov, 2004), yet the information it holds is critical to 

understanding both the structural and thermal evolution recorded at the top of the GHS.  

This description is based on ~25 float samples collected along the upper-most reaches 

of the three prominent glaciers (Lhotse Shar, Lhotse, and Nuptse-Lhotse) that source 

at the base of this wall (Fig. 4.2).  By mapping all the accessible ridges and valleys and 

tracing float towards progressively higher structural levels, we confirmed that, although 

as float it occurs in abundance, no outcrop of staurolite schist exists on these lower 

ramparts.  Pelitic float samples contain staurolite + garnet + muscovite + biotite + quartz 

+ plagioclase + chlorite + opaques ± cordierite ± andalusite. 

Aligned biotite and muscovite laths define a foliation (S1) that forms the axial 

planar foliation to folded compositional layering defined by graded beds (Fig 4.5a).  

Muscovite and less abundant biotite were crenulated (F2) and larger biotite laths grew 

parallel to the axial plane (S2) of the crenulation cleavage.  Fine grained muscovite 

and less common biotite grains define (S1) and are delicately draped around the (F2) 

crenulation folds (Fig. 4.5b), whereas large biotite porphyroblasts are more irregularly 

folded.  Large biotite porphyroblasts occur at high angles to the hinge of the F2 

crenulation to form an axial planar (S2) foliation during crenulation development (Fig. 

4.5c).  Quartz-rich layers are also folded, yet the amplitude of these folds is less than 

within the pelitic layers.  Interlayered quartz-rich layers contain predominantly fine-

grained muscovite and biotite.  

Garnet porphyroblasts are euhedral to subhedral and contain quartz, tourmaline, 

and opaque inclusions.  When viewed perpendicular to the crenulation fold axis/extension 

lineation some garnets preserve sigmoidal inclusion trails.  Euhedral garnet and staurolite 

intergrowths are common and suggest they formed through a reaction such as:

Grt + Chl + Ms  = St + Bt + H
2
O   1)
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Poikiloblastic staurolite porphyroblasts contain either straight or slightly warped 

(S1) inclusion trails defined by quartz and oxides in a matrix of muscovite, chlorite, and 

quartz (Figs. 4.3e, 4.5b and d).  In thin sections cut perpendicular to F2 crenulations, 

staurolite porphyroblasts are rotated and the S1 inclusions trails are deflected along their 

margins (Fig. 4.5d).  We interpret this relationship as evidence for staurolite growth 

following the development of S1 and progressing into the initial stages of crenulation 

development (D2).  Staurolite porphyroblasts with inclusion trails are also offset by 

conjugate sets of extensional shear bands (Fig. 4.5e).  Chlorite is common along brittle 

fractures cutting both staurolite and garnet porphyroblasts suggesting some component of 

retrogression under brittle conditions. 

Cordierite, in contrast, form amorphous poikiloblastic overgrowths that encase the 

crenulations (F2) suggesting that deformation associated with crenulation development 

(D2) formed prior to the cordierite porphyroblast overgrowths (Fig. 4.5f).  Cordierite 

records a later, higher temperature-low pressure metamorphic event (M2).  Andalusite is 

present in a single thin section from the Nuptse-Lhotse wall.  We interpret the muscovite 

+ biotite + staurolite + cordierite ± andalusite as a disequilibrium texture that involves at 

least two phases of metamorphism in which an early staurolite-bearing, higher pressure 

assemblage is overprinted by a lower pressure cordierite-bearing assemblage during 

isothermal decompression as proposed by Pattison et al. (1999) through the reactions:

St + Ms + Chl + Qtz = Crd + Bt + H
2
O     2)

Ms + St + Qtz = And + Bt + H
2
O      3)

And + Bt + Qtz + H
2
O = Ms + Crd      4) 

The lack of kyanite in these rocks suggests that either the maximum pressure did 

not exceed ~ 6.5 kbar or the bulk rock composition was inappropriate for the production 

of kyanite.  However, the presence of andalusite indicates that the samples are aluminous 

enough to produce the low pressure Al
2
SiO5

5
 polymorph and therefore we prefer 

the former interpretation; i.e., that these rocks did not exceed the ~6.5 kbar pressure 
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necessary to produce kyanite (Spear, 1995). 

Quartz grains in the Lhotse wall float samples appear to be strain-free and triple 

junctions between grains are common. Vein quartz contains bulging grain boundaries and 

isolated strain-free subgrains suggesting deformation conditions in Regime 2-3 (Hirth 

and Tullis, 1992) and temperatures of 500-525ºC (Stipp et al., 2002):  significantly lower 

temperatures than at deeper structural positions.  Linearly distributed fluid inclusions 

mark abandoned grain boundaries and provide further evidence for a mix of grain 

boundary migration and the onset of grain boundary rotation (Hirth and Tullis, 1992).

We propose three deformational and two metamorphic events to describe the 

observed microstructural evolution of these float samples from the Nuptse-Lhotse wall, 

all of which are preserved in a single thin section (Fig. 4.5b): 1) early fabric development 

(S1) created by isoclinal folding (F1) of compositional layering (S0), 2) staurolite and 

garnet (M1) overgrow S1, 3) D2 crenulation (growth of biotite along S2), 4) shearing 

along the crenulation fold axes that rotated staurolite and garnet porphyroblasts, 5) 

cordierite porphyroblasts (M2) mark decompression that post-date fabric development. 

Lhotse Detachment Transition Zone

Another set of oriented samples was collected at the highest accessible point 

(~5600 m) at the base of the Nuptse/Lhotse ridge (Figs. 4.2 and 4.3).  Several garnet 

+ biotite + plagioclase + muscovite (no Al
s
SiO

5
) bearing samples (ET-51 to 57) were 

collected at this structural level.  Aligned biotite and muscovite interlayered with quartz-

rich domains define a pervasive (S2) foliation (Fig. 4.3d).  Garnets are sub- to anhedral 

with internal zoning defined by inclusion-rich cores and inclusion free rims.  Inclusion 

trails (S1) in garnet are common and often at a high angle to the pervasive matrix fabric 

(S2) suggesting they, like the staurolite + garnet porphyroblasts in float samples from 

structurally higher positions, grew prior to the main fabric development (Fig. 4.A1).  We 

interpret this as evidence for an early stage of deformation that created an initial foliation 

(S1) that was overprinted by the S2 foliation and therefore the P-T conditions recorded 
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by these samples pre-date S2 fabric development.  All samples, except for ET-53, lack 

sillimanite, while ET-53 lacks garnet.  Sillimanite is in the form of fibrolite tangles or 

intergrowths with biotite and muscovite, typical of the sillimanite-in reaction:

St + Chl = Bt + Sil + H
2
O        5)

Quartz rich domains are fine-grained with near complete annealing recorded 

by the development of polygonal grain boundaries.  Areas without polygonal grain 

boundaries contain many fine-grained strain free grains with slightly bulging grain 

boundaries.  Common triple-junctions between nearly polygonal quartz grain boundaries, 

frequently inhibited by phylosillicates, suggests annealing has created a matrix of semi-

polygonal strain-free grains by reducing the free-energy of the system through grain 

boundary area reduction (Passchier and Trouw, 2005).  Elongate quartz and feldspar 

grains that are parallel to the S2 foliation are the result of muscovite and biotite pinning 

grain boundary migration (Fig. 4.3d). 

A second variety of schist is present along the ridge between the Nuptse and 

Nuptse-Lhotse glaciers and contains the assemblage garnet + biotite + muscovite + 

quartz + plagioclase + tourmaline (Figs. 4.2 and 4.3).  Aligned tourmaline and muscovite 

and biotite define a pervasive foliation.   Microboudinage of tourmaline confirms that 

extension occurred parallel to the strong mineral lineation.  Garnets from this location 

(ET-57) are inclusion-free subhedral porphyroblasts with muscovite and biotite tails (Fig. 

4.A1c).   Patches of amoeboidal grain boundaries in quartz-rich domains with strain-free 

subgrain formation suggest deformation temperatures characteristic of lower Regime 

3 recrystallization conditions (Hirth and Tullis, 1992), whereas the majority of the thin 

section is dominated by annealed grain boundaries.  Phyllosilicates, where present, pin 

the migration of quartz grains through the lattice resulting in elongate polygonal grain 

boundaries (Fig. 4.3d).  
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Core of the Greater Himalayan Sequence

Samples collected along the lower ridges leading up to the base of the Nuptse-

Lhotse wall, and those structurally below, record a set of metamorphic reactions and 

microstructures that differ from those collected at the base of the wall (transition zone) 

and from float (Figs 4.2 and 4.3).  Representative samples from this structural level have 

been described in detail by previous investigations (Pognante & Benna, 1996; Simpson, 

2000; Searle et al. 2003) and are only reviewed briefly here.  Polygonal quartz and 

feldspar intergrowths are common.  Grain boundaries between quartz and feldspar are 

cuspate-lobate suggesting deformation at high-grade conditions (Passchier and Trouw, 

2005).  Aligned biotite defines the (S2) foliation.  Fibrolitic sillimanite is common 

as either pods or fibrous zones interlayered with the biotite.  When present, garnet is 

often sub-to-anhedral with quartz and cordierite embayments (Fig. 4.6b).  Muscovite 

becomes progressively less abundant towards deeper structural positions within the slab.  

Sillimanite pods are common on the ridge just above Dingboche village.  Here, they are 

folded by F2 crenulation folds and are elongate parallel to the fold axes.  Sample ET-

81b contains garnet + biotite + anthophyllite + graphite + cordierite + rutile + apatite + 

staurolite + quartz + plagioclase (Renjo La) and although it was collected ~20 km east 

of the Everest-Lhotse massif, it is representative of the GHS.  We interpret the presence 

of cordierite + anthophyllite as evidence for premetamorphic alteration by hydrothermal 

fluids that removed Ca (Spear, 1995).  Staurolite  (M1) inclusions define an inclusion-

rich concentric ring within the garnet (Fig. 4.6b).   Matrix chlorite displays purple and 

gray birefringence and forms embayments into garnets.  Graphite is interlayered with 

biotite. Sericitic alteration of feldspar is common.  Quartz puddles in feldspar and lobate 

grain boundaries between quartz and feldspar suggests high deformation temperatures 

(Passchier and Trouw, 2005).  Undulose extinction is present in quartz grains while 

irregular bulging grain boundaries suggest Regime 3 recrystallization conditions (Hirth 

and Tullis, 1992).  The presence of only a few polygonal grain boundary junctions 
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Table 4.3. Representative garnet analyses.

Sample ET-70E ET-81b L-8 L-13

rim core rim near rim core rim near rim core rim core

SiO2 38.11 37.70 38.62 39.47 39.39 38.12 37.81 38.03 37.60 38.00

TiO2 0.09 0.09 0.00 0.00 0.21 0.04 0.07 0.04 0.00 0.06

Al2O3 21.58 21.88 22.02 22.46 22.53 21.42 20.44 21.01 21.06 21.45

FeO 35.31 32.43 34.77 30.71 30.52 26.26 24.34 22.42 31.55 34.70

MnO 3.76 6.82 0.49 0.26 0.32 10.51 9.32 13.05 6.25 3.48

MgO 2.56 1.72 5.63 8.46 8.58 2.28 2.28 1.70 1.76 2.18

CaO 1.77 2.51 0.50 0.47 0.46 2.20 3.94 3.64 2.19 1.84

Total 103.17 103.16 102.03 101.82 102.00 100.83 98.20 99.88 100.40 101.71

Cations per 12 oxygens

Si 2.99 2.97 3.00 3.00 2.99 3.03 3.07 3.05 3.03 3.02

Ti 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00

Al 2.00 2.03 2.01 2.01 2.02 2.01 1.96 1.99 2.00 2.01

Fe 2.32 2.14 2.26 1.95 1.94 1.75 1.66 1.50 2.12 2.30

Mn 0.25 0.45 0.03 0.02 0.02 0.71 0.64 0.89 0.43 0.23

Mg 0.30 0.20 0.65 0.96 0.97 0.27 0.26 0.20 0.21 0.26

Ca 0.15 0.21 0.04 0.04 0.04 0.19 0.34 0.31 0.19 0.16

Total 8.01 8.01 7.99 7.99 7.99 7.96 7.94 7.95 7.97 7.98

Xalm 0.77 0.71 0.76 0.66 0.65 0.60 0.57 0.52 0.72 0.78

Xpyr 0.10 0.07 0.22 0.32 0.33 0.09 0.09 0.07 0.07 0.09

Xsps 0.08 0.15 0.01 0.01 0.01 0.24 0.22 0.31 0.14 0.08

Xgrs 0.05 0.07 0.01 0.01 0.01 0.06 0.12 0.11 0.06 0.05

Fe/(Fe+Mg) 0.89 0.91 0.78 0.67 0.67 0.87 0.86 0.88 0.91 0.90

suggests little grain boundary area reduction occurred.   We interpret staurolite inclusions 

in the garnets as a record of (M1) while the remaining phases in the thin section represent 

a later (M2) high temperature-low pressure event.

Methods

Ten samples were selected for detailed thermobarometric analyses to further 

constrain the thermal evolution of the upper section of the GHS exposed in the Everest-

Lhotse-Nuptse massif.  Electron microprobe analyses were conducted at the Department 

of Geosciences, Virginia Tech using a beam current of 20nA and an acceleration voltage 

of 15 kV.  Our method involved three main stages; 1) backscatter electron (BSE) images 

were taken of phases selected for probe analyses, 2) compositional maps of Fe, Mg, Ca, 

and Mg were made for select garnet porphyroblasts, 3) point analyses and/or transects 

were conducted across garnet, biotite, muscovite, plagioclase, cordierite, and staurolite.  

Compositional maps of garnets from representative samples were created to characterize 



126

internal zoning and determine which areas are appropriate for thermobarometric 

calculations. 

To quantify pressure and temperature estimates we combined 

geothermobarometry with the computer program THERMOCALC (version 3.25; 

employing the thermodynamic data set of Holland and Powell, 1998) and followed the 

methods previously employed in the Everest area by Searle et al. (2003).  Activities 

of phases were calculated using the program AX.  Since THERMOCALC is unable to 

calculate the Fe-Mg exchange reaction, to estimate temperature, we use the garnet-biotite 

exchange thermometer of Holdaway (2000) in combination with THERMOCALC for 

average P-T calculations.  An initial temperature estimate was made using the garnet-

biotite exchange reaction at a range in P (Table 4.2).  THERMOCALC was then run 

in average P-T mode to calculate P-T estimates.  The XCO
2
 content was changed in 

increments until the range in T overlapped the temperature estimates from the garnet-

biotite thermometer.  Through this method we were able to choose the most appropriate 

THERMOCALC results as well as determine the XCO
2
 content.  

Many thermobarometric investigations in the Himalaya have used the rim 

composition of phases (e.g., Hodges et al. 1988a; Hubbard, 1989; Macfarlane, 1995; 

Vannay and Hodges, 1996) resulting in P-T profiles that apparently record isothermal 

Table 4.4.  Representative cordierite analyses.

Sample ET-81b ET-68A

SiO2 49.45 48.31
TiO2 0.00 0.01
Al2O3 32.74 34.10
FeO 5.36 6.70
MnO 0.03 0.81
MgO 8.82 8.95
CaO 0.05 0.00
NaO 0.24 0.46

KO 0.00 0.00

Total 96.68 99.34

Cations per 18 oxygens

Si 5.09 4.91

Ti 0.00 0.00

Al 3.98 4.09

Fe 0.46 0.57

Mn 0.00 0.07

Mg 1.35 1.36

Ca 0.01 0.00

Na 0.05 0.09

K 0.00 0.00

Total 10.89 11.00

Fe/(Fe+Mg) 0.25 0.30
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Table 4.5. Representative biotite & muscovite analyses.

Sample ET-51 bt ET-52 bt ET-52 ms ET-54 bt ET-57 bt ET-57 ms ET-68A bt ET-68A ms ET-70E bt ET-70E ms ET-81b bt L-8 L-8 ms L-13 bt

ave. matrix ave. matrix ave. matrix ave. matrix ave. matrix ave. matrix ave matrix ave matrix ave. matrix ave. matrix ave. matrix ave. bt ave. matrix ave. matrix

SiO2 34.74 35.78 45.59 36.49 34.14 45.34 36.77 45.33 33.79 45.20 37.30 36.34 46.15 35.83

TiO2 2.87 2.08 0.81 2.32 2.94 0.87 1.56 0.44 1.79 0.39 3.21 1.50 0.40 1.45

Al2O3 19.39 19.78 34.80 18.34 20.35 36.40 19.82 35.49 19.70 35.72 16.53 19.47 35.03 19.95

FeO 23.50 19.52 2.90 18.55 21.52 1.48 17.76 2.67 23.00 2.64 17.05 17.97 2.92 21.62

MnO 0.49 0.43 0.01 0.40 0.65 0.02 0.27 0.03 0.16 0.01 0.02 0.31 0.01 0.11

MgO 5.91 9.02 0.69 10.85 7.29 0.66 11.66 0.64 8.34 0.58 12.94 11.30 0.86 8.71

CaO 0.00 0.04 0.04 0.01 0.02 0.03 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00

Na2O 0.18 0.29 0.66 0.19 0.13 0.62 0.34 1.00 0.24 1.05 0.33 0.26 1.01 0.34

K2O 8.31 8.37 9.53 8.30 9.52 10.26 9.13 9.74 9.10 9.48 8.21 9.36 9.83 9.56

F 0.19 0.20 0.05 0.23 0.26 0.08 0.28 0.06 0.29 0.07 0.21 0.36 0.06 0.35

Total 95.58 95.52 95.08 95.68 96.83 95.77 97.61 95.41 96.41 95.14 95.81 96.87 96.28 97.94

Cations per 11 oxygens

Si 2.69 2.71 3.06 2.75 2.61 3.01 2.72 3.03 2.61 3.03 2.79 2.72 3.06 2.70

Ti 0.17 0.12 0.04 0.13 0.17 0.04 0.09 0.02 0.10 0.02 0.18 0.08 0.02 0.08

Al 1.77 1.77 2.75 1.63 1.84 2.85 1.73 2.80 1.80 2.82 1.45 1.72 2.74 1.77

Fe 1.52 1.24 0.16 1.17 1.38 0.08 1.10 0.15 1.49 0.15 1.06 1.13 0.16 1.36

Mn 0.03 0.03 0.00 0.03 0.04 0.00 0.02 0.00 0.01 0.00 0.00 0.02 0.00 0.01

Mg 0.68 1.02 0.07 1.22 0.83 0.07 1.28 0.06 0.96 0.06 1.44 1.26 0.08 0.98

Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Na 0.03 0.04 0.09 0.03 0.02 0.08 0.05 0.13 0.04 0.14 0.05 0.04 0.13 0.05

K 0.82 0.81 0.82 0.80 0.93 0.87 0.86 0.83 0.90 0.81 0.78 0.89 0.83 0.92

Total 7.72 7.75 6.99 7.76 7.82 7.01 7.84 7.03 7.91 7.02 7.76 7.87 7.04 7.88

Fe/(Fe+Mg) 0.68 0.54 0.61 0.46 0.60 0.42 0.47 0.58

Table 4.5. Representative biotite & muscovite analyses.

Sample ET-51 bt ET-52 bt ET-52 ms ET-54 bt ET-57 bt ET-57 ms ET-68A bt ET-68A ms ET-70E bt ET-70E ms ET-81b bt L-8 L-8 ms L-13 bt

ave. matrix ave. matrix ave. matrix ave. matrix ave. matrix ave. matrix ave matrix ave matrix ave. matrix ave. matrix ave. matrix ave. bt ave. matrix ave. matrix

SiO2 34.74 35.78 45.59 36.49 34.14 45.34 36.77 45.33 33.79 45.20 37.30 36.34 46.15 35.83

TiO2 2.87 2.08 0.81 2.32 2.94 0.87 1.56 0.44 1.79 0.39 3.21 1.50 0.40 1.45

Al2O3 19.39 19.78 34.80 18.34 20.35 36.40 19.82 35.49 19.70 35.72 16.53 19.47 35.03 19.95

FeO 23.50 19.52 2.90 18.55 21.52 1.48 17.76 2.67 23.00 2.64 17.05 17.97 2.92 21.62

MnO 0.49 0.43 0.01 0.40 0.65 0.02 0.27 0.03 0.16 0.01 0.02 0.31 0.01 0.11

MgO 5.91 9.02 0.69 10.85 7.29 0.66 11.66 0.64 8.34 0.58 12.94 11.30 0.86 8.71

CaO 0.00 0.04 0.04 0.01 0.02 0.03 0.00 0.00 0.00 0.00 0.02 0.01 0.00 0.00

Na2O 0.18 0.29 0.66 0.19 0.13 0.62 0.34 1.00 0.24 1.05 0.33 0.26 1.01 0.34

K2O 8.31 8.37 9.53 8.30 9.52 10.26 9.13 9.74 9.10 9.48 8.21 9.36 9.83 9.56

F 0.19 0.20 0.05 0.23 0.26 0.08 0.28 0.06 0.29 0.07 0.21 0.36 0.06 0.35

Total 95.58 95.52 95.08 95.68 96.83 95.77 97.61 95.41 96.41 95.14 95.81 96.87 96.28 97.94

Cations per 11 oxygens

Si 2.69 2.71 3.06 2.75 2.61 3.01 2.72 3.03 2.61 3.03 2.79 2.72 3.06 2.70

Ti 0.17 0.12 0.04 0.13 0.17 0.04 0.09 0.02 0.10 0.02 0.18 0.08 0.02 0.08

Al 1.77 1.77 2.75 1.63 1.84 2.85 1.73 2.80 1.80 2.82 1.45 1.72 2.74 1.77

Fe 1.52 1.24 0.16 1.17 1.38 0.08 1.10 0.15 1.49 0.15 1.06 1.13 0.16 1.36

Mn 0.03 0.03 0.00 0.03 0.04 0.00 0.02 0.00 0.01 0.00 0.00 0.02 0.00 0.01

Mg 0.68 1.02 0.07 1.22 0.83 0.07 1.28 0.06 0.96 0.06 1.44 1.26 0.08 0.98

Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Na 0.03 0.04 0.09 0.03 0.02 0.08 0.05 0.13 0.04 0.14 0.05 0.04 0.13 0.05

K 0.82 0.81 0.82 0.80 0.93 0.87 0.86 0.83 0.90 0.81 0.78 0.89 0.83 0.92

Total 7.72 7.75 6.99 7.76 7.82 7.01 7.84 7.03 7.91 7.02 7.76 7.87 7.04 7.88

Fe/(Fe+Mg) 0.68 0.54 0.61 0.46 0.60 0.42 0.47 0.58
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conditions due to re-equilibration during exhumation (Stephenson et al., 2000; Kohn 

et al., 2001).  It has also been documented in a range of tectonic settings that cation 

exchange thermometers record the closure temperature of the reaction rather than the 

peak temperature reached by the sample (Vannay and Grasemann, 1998; Larson and 

Sharp, 2003, 2006).  In this study, garnet compositions with the lowest Fe/Fe + Mg 

and Mn (i.e., near rim) were used as a close approximation of the garnet composition 

prior to resorption and diffusion effects during a high-grade metamorphic overprint.  

Alternatively, rim compositions were used in garnets that preserve growth zoning (e.g., 

L-13, ET-70E, ET-68A; Fig. 4.6; Table 4.3). Transects across cordierite (Table 4.4) and 

staurolite showed a minimal amount of chemical variability across porphyroblasts. 

Matrix biotite compositions were analyzed as line transects across biotite clusters.  

To examine the relationship between Al and Ti, Ti cations were plotted vs. octahedral Al 

cations.  Chemical zoning within biotite grains, from core to rim, is homogeneous in all 

samples.  Outlying analyses that were identified using the previous plots were rejected 

from the final calculations.  If the range in Ti cations is <0.05 we averaged the analyses 

Table 4.6. Representative plagioclase analyses.

Sample ET-52 ET-70E ET-68A ET-57 L-8

rim core ave. rim core ave rim rim

SiO2 60.17 59.72 60.68 60.29 60.00 61.64 58.92

Al2O3 26.22 26.19 25.57 25.81 26.46 25.11 27.05

CaO 7.01 7.14 5.83 6.51 7.03 5.54 7.70

FeO 0.10 0.05 0.08 0.00 0.02 0.26 0.03

Na2O 7.63 7.54 7.84 7.83 7.72 8.46 7.11

K2O 0.14 0.14 0.64 0.13 0.08 0.21 0.08

Total 101.27 100.78 100.65 100.58 101.32 101.23 100.88

Cations per 8 oxygens

Si 2.65 2.64 2.68 2.67 2.64 2.71 2.61

Al 1.36 1.37 1.33 1.35 1.37 1.30 1.41

Fe 0.00 0.00 0.00 0.00 0.00 0.01 0.00

Ca 0.33 0.34 0.28 0.31 0.33 0.26 0.36

Na 0.65 0.65 0.67 0.67 0.66 0.72 0.61

K 0.01 0.01 0.04 0.01 0.00 0.01 0.00

Total 5.00 5.01 5.00 5.00 5.01 5.01 5.00

XAn 0.33 0.34 0.28 0.31 0.33 0.26 0.37
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Jessup et al. Figure 7

ET-57 (this study - core of the GHS)

L-8 (this study - transistion LD zone)

E187, E198, E204, E210, E212 (Searle et al. , 2003 - core of the GHS)
85H21J, 85H21G (Hubbard 1989 reprocessed by Searle et al., 2003 - MCTZ) 

ET-70E (Everest Series)

ET-68A (St w/ Crd)

ET-52 (this study - unreliable)

Figure 4.7. THERMOCALC results for samples from this investigation plotted with 
representative samples of previous investigations from the Everest transect (Searle et 
al., 2003).  Samples 85H21J and 85H21G are from Hubbard (1989) and recalculated by 
Searle et al. (2003) and represent high-P moderate-T conditions recorded by garnets with 
growth zoning within the MCTZ (black diamonds; blue error ellipses).  Samples E187, 
E189, E204, E210, and E212 are from Searle et al. (2003) and represent the high-T low-P 
conditions recorded by garnets with diffusion zoning that are common to the center of the 
GHS (dark gray squares; red error ellipses).  Sample ET-70E contains garnet that pre-
serves growth zoning and record moderate pressure conditions (black cross; green error 
ellipse).  Sample L-8 represents the transition zone in the LD (black circle; green error 
ellipse).  Sample ET-68A represents high temperature, low pressure conditions recorded 
by staurolite schist with cordierite overgrowths (gray star; orange error ellipse).  Sample 
ET-52 represents an unreliable P-T estimate; see text for details (open circle; dashed error 
ellipse).  2-σ error ellipses calculated using the parameters from THERMOCALC (Table 
4.2).
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for thermobarometric calculations.  Unless otherwise stated, an average of the matrix 

biotite analyses was used for geothermometric calculations (Table 4.5).

Muscovite analyses were conducted as line transects across several sheaths in the 

matrix of the sample.  In samples where chlorite and muscovite were interlayered, the 

purest sections of muscovite were located using the optical microscope and subsequent 

probe analyses were evaluated for the presence of K; if chlorite is present, K should be 

low or absent.  Plots of Si cations vs. Fe, Mg, Ti, and Na cations were used to explore 

the compositional variability within one transect or between transects.  As with biotite, 

muscovite grains were analyzed at variable distances from garnet and showed minimal 

internal zoning or variability with different distances from the garnet and therefore an 

average of muscovite analyses was used (Table 4.5).    

Plagioclase analyses were made as either point analyses or transects across 

individual grains.  Plotting Ca/(Ca + Na + K) vs. Al-1/(Al + Si-3) highlighted trends in 

composition.  Internal zoning is preserved within all plagioclase grains as predicted by 

the slow diffusion of Ca through the plagioclase grains.  For most samples the Ca/(Ca 

+ Na + K) vs. Al-1/(Al + Si -3) plots distinguish rim and core compositions.  As a 

best estimate of pressure, at the peak temperatures, we chose the rim composition of 

plagioclase (Table 4.6).  

Garnet Zoning

Characterizing and interpreting garnet zoning provides critical information about 

the thermal evolution of a sample and helps to determine which garnet compositions 

should be used for thermobarometric calculations (Tracy et al., 1977; Kohn and Spear, 

2001).  Garnets from the transition zone between the high-grade core of the GHS and 

Everest Series schists display a complete range from prograde growth zoning preserved 

at the upper-most structural positions (Fig. 4.6c) to diffusion zoning typical of the core of 

the GHS (Fig. 4.6b).  Compositional maps of Fe, Ca, Mn, and Mg for four representative 
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Jessup et al. Figure 8

garnets from the upper-section of the GHS (Fig. 4.6) are used to demonstrate this 

transition.  Relative concentrations of pixel intensity acquired by the EMPA when making 

compositional maps were enhanced using NIH Image© and the Rainbow Spectrum 

(warm colors denote high concentrations and cool colors denote low concentration).  A 

complete set of the remaining compositional maps is provided in Fig. 4.A1.

Compositional maps and point transects characterize internal zoning of a garnet 

porphyroblast from a representative sample (ET-68A) of Gt + St ± Crd schist (Fig. 

4.6C).  Fe concentration decreases from rim (X
alm

= 0.62) to core (X
alm

 = 0.50), Ca defines 

Figure 4.8. Common lead-cor-
rected 208Pb/232Th - 206Pb/238U 
concordia plot (data plotted at 
the 2-σ confidence level) for 
monazites analysed from leu-
cogranite sample ET-74.  Inset 
shows backscatter electron 
(BSE), images of selected grains 
displaying relatively homoge-
neous chemical petrography.  
Full data set in Table 4.7. 

Name Th (ppm)a Th/Ub 206Pb/238U 2 % 208Pb/232Th 2 % 206Pb/238U 2 (Ma) 208Pb/232Th 2 (Ma) f206%c 206Pb/238U 2 % 208Pb/232Th 2 % 206Pb/238U 2 (Ma) 208Pb/232Th 2 (Ma)
Sample ET74 monazite
 001-1 38880 16.8 0.0035 5.624 0.0012 2.800 22.2 1.3 24.5 0.7 5.809194 0.0038 21.475 0.0013 6.752 24.5 5.3 25.7 1.7
 001-2 28801 1.9 0.0035 3.989 0.0012 3.176 22.8 0.9 23.5 0.7 2.598509 0.0037 4.714 0.0012 8.808 23.8 1.1 24.2 2.1
 005-1 49111 24.7 0.0036 5.699 0.0012 2.497 23.4 1.3 24.4 0.6 3.281568 0.0038 26.940 0.0011 6.032 24.4 6.6 23.2 1.4
 003-1 63711 7.3 0.0036 3.866 0.0012 2.266 23.0 0.9 25.0 0.6 13.29063 0.0034 8.495 0.0011 4.963 22.0 1.9 23.2 1.2
 003-2 39182 6.4 0.0033 4.699 0.0012 3.119 21.5 1.0 24.7 0.8 5.876067 0.0034 9.839 0.0011 7.265 22.2 2.2 22.9 1.7
 003-3 28351 6.5 0.0035 4.177 0.0012 3.361 22.5 0.9 24.4 0.8 0.909395 0.0036 14.689 0.0012 12.381 23.2 3.4 24.7 3.1
 004-1 43180 4.0 0.0035 3.695 0.0012 2.652 22.4 0.8 24.3 0.6 -3.31681 0.0036 6.511 0.0012 7.398 23.3 1.5 25.2 1.9
 004-2 31778 3.2 0.0038 4.242 0.0013 2.686 24.5 1.0 26.0 0.7 -1.8036 0.0040 6.478 0.0013 7.394 25.5 1.7 26.9 2.0

aTh content in ppm accurate to approximately 10%.
b Normalised to Th/U ratio of the standard and is therefore corrected for Th-U plasma fractionation 
cPercentage of 206Pb that is common
dIsotopic ratios corrected for common-Pb.  Common-Pb correction based on a single stage model (Stacey and Kramers, 1975) and the interpreted age of the crystal

Common-Pb corrected Ages
Table 4.7.

Uncorrected Isotopic Ratios Uncorrected Ages Common-Pb Corrected Isotopic Ratiosd

Name Th (ppm)a Th/Ub 206Pb/238U 2 % 208Pb/232Th 2 % 206Pb/238U 2 (Ma) 208Pb/232Th 2 (Ma) f206%c 206Pb/238U 2 % 208Pb/232Th 2 % 206Pb/238U 2 (Ma) 208Pb/232Th 2 (Ma)
Sample ET74 monazite
 001-1 38880 16.8 0.0035 5.624 0.0012 2.800 22.2 1.3 24.5 0.7 5.809194 0.0038 21.475 0.0013 6.752 24.5 5.3 25.7 1.7
 001-2 28801 1.9 0.0035 3.989 0.0012 3.176 22.8 0.9 23.5 0.7 2.598509 0.0037 4.714 0.0012 8.808 23.8 1.1 24.2 2.1
 005-1 49111 24.7 0.0036 5.699 0.0012 2.497 23.4 1.3 24.4 0.6 3.281568 0.0038 26.940 0.0011 6.032 24.4 6.6 23.2 1.4
 003-1 63711 7.3 0.0036 3.866 0.0012 2.266 23.0 0.9 25.0 0.6 13.29063 0.0034 8.495 0.0011 4.963 22.0 1.9 23.2 1.2
 003-2 39182 6.4 0.0033 4.699 0.0012 3.119 21.5 1.0 24.7 0.8 5.876067 0.0034 9.839 0.0011 7.265 22.2 2.2 22.9 1.7
 003-3 28351 6.5 0.0035 4.177 0.0012 3.361 22.5 0.9 24.4 0.8 0.909395 0.0036 14.689 0.0012 12.381 23.2 3.4 24.7 3.1
 004-1 43180 4.0 0.0035 3.695 0.0012 2.652 22.4 0.8 24.3 0.6 -3.31681 0.0036 6.511 0.0012 7.398 23.3 1.5 25.2 1.9
 004-2 31778 3.2 0.0038 4.242 0.0013 2.686 24.5 1.0 26.0 0.7 -1.8036 0.0040 6.478 0.0013 7.394 25.5 1.7 26.9 2.0

aTh content in ppm accurate to approximately 10%.
b Normalised to Th/U ratio of the standard and is therefore corrected for Th-U plasma fractionation 
cPercentage of 206Pb that is common
dIsotopic ratios corrected for common-Pb.  Common-Pb correction based on a single stage model (Stacey and Kramers, 1975) and the interpreted age of the crystal

Common-Pb corrected Ages
Table 4.7.

Uncorrected Isotopic Ratios Uncorrected Ages Common-Pb Corrected Isotopic Ratiosd

Table 4.7. Isotopic results 
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an enriched core (X
grs

=0.09) and relative to depleted rims (X
grs

=0.05), Mg is relatively 

homogeneous, and Mn shows steady decrease from X
sps

=0.33 in the core to X
sps

=0.21 at 

the rim (Table 4.3).  This “bell shaped” chemical zoning is characteristic of garnets from 

the staurolite-kyanite zone and has been interpreted as growth zoning that has remained 

unaltered by subsequent diffusion (Tracy, 1976; Yardley, 1977).  Two edges of the garnet 

are euhedral and in contact with muscovite (blue) whereas the four remaining sides are 

subhedral and in contact with matrix biotite (yellow) and chlorite (green).  The growth 

zoning is also truncated along these four subhedral sides suggesting that this section of 

the rim of the garnet has been removed by a retrograde reaction (Table 4.3). 

Samples ET-54 and ET-52 (Fig. 4.6a and d) are representative of samples 

collected in situ at the base of the Nuptse-Lhotse wall (see Figure 4.A1 for compositional 

maps of ET-51, ET-57).  Garnets contain straight quartz-rich inclusion trails (S1) that 

are at a high angle to the matrix fabric (S2) (Fig. 4.6a).  Although these two samples 

are from similar structural positions, internal zoning of representative garnets differs.  

Garnet rim of ET-54 have X
alm

 = 0.53 and X
pyr

 = 0.08 while cores are enriched in X
sps

 = 

0.28 and X
grs

 = 0.13 (Fig. 4.6a).  We interpret that the core and near rim composition for 

this garnet preserve growth zoning (M1), whereas the Mn-rich rim is a resorption rind 

attributed to diffusion during a second metamorphic event (M2).  Elongate poikilioblastic 

garnets are common in ET-52.  The elongate porphyroblasts probably formed as more 

euhedral grains that were subsequently shaped by later events as is common within the 

MCTZ (Hubbard 1989; Jessup et al., 2006).  A slight decrease in X
sps

 from core (0.20) to 

near rim (0.18) is observed, at which point it abruptly increases to the rim composition 

(0.26).  X
alm

 decreases from core (0.65) to rim (0.61; Fig. 4.6d).  The compositional map 

for Ca highlights patchy internal zoning suggesting a complex diffusion of Ca through the 

garnet.  

Garnets from sample ET-81b typify those from the high-grade core of the 

GHS. Compositional maps of a representative garnet show that internal zoning is 
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nearly homogeneous whereas the rims are marked by an abrupt increase in Mn and a 

slightly more gradational increase in X
alm

, X
grs

 and decrease in X
pry

 (Fig. 4.6d).  As with 

samples ET-52 and 54, we attribute the Mn-rich rind to diffusion during a second higher 

temperature thermal event when the prograde zoning was partially homogenized.  Mg 

depletion is particularly pronounced where garnet is in contact with matrix chlorite and 

cordierite (red phases in Mg compositional map).  Concentric inclusions of staurolite 

(light blue on Fe and Mg maps) are interpreted as a relict of the early (M1) event that has 

been overprinted by the M2 assemblages for this sample (garnet + biotite+ anthophyllite 

+ graphite + cordierite + rutile + apatite + staurolite + quartz + plagioclase). 

Details of geothermobarometric and THERMOCALC results from this 

investigation are presented in Tables 4.1 and 4.2.  To update inconsistencies between the 

published results in Table 4.1 of Searle et al. (2003) and the original data from Simpson 

(2002) as well as to present all the available P-T data for the Everest region, corrected 

results of Searle et al. (2003) are also included in Tables 4.1 and 4.2. The only exceptions 

to our synthesis of data are samples from Searle et al (2003) where the overlap between 

the range in temperatures generated by THERMOCALC and those acquired through 

geothermometry are > 40°C in which case they were excluded (samples E127, E134, 

E196 and E214).  Representative THERMOCALC results from this investigation (ET-52, 

ET-68A, ET-70E, L-8), the MCTZ (85H21J and 85H21G) and core of the GHS (E210, 

E212, E198, E204 and E187) are plotted in Figure 4.7. 

Geochronology of the Nuptse Granite

 In order to constrain the minimum timing of metamorphism and fabric 

development in the host metamorphic rocks, a sample of the Nuptse granite was collected 

from a klippen of the main body exposed on the summit of Chukhung (5857 m; Figs. 

4.2 and 4.3). At ~2 km tall and 4 km wide, the Nuptse granite is one of the largest 

leucogranite bodies in the upper section of the Khumbu region (Lombardo et al., 1993; 



134

Searle, 1999b; Searle et al., 2003).  It is located along the contact between the anatectic 

core of the GHS and the overlying Everest Series schists and calc-silicates.  The Nuptse 

granite is interpreted to represent the culmination of a network of sills and dikes that fed 

magma from the north (Weinberg and Searle, 1999; Searle, 1999b; Searle et al., 2003).  

Sample ET-74 is a medium-grained K-feldspar, quartz, plagioclase, biotite, muscovite, 

tourmaline leucogranite with accessory zircon and rare monazite.  Microstructures 

preserve the original igneous texture and lack evidence for a solid-state fabric or high 

temperature recrystallization.  Because at least the margin of the Nuptse granite lacks 

solid-state fabric development that is common in the host-rocks, we interpret it as syn-to 

post-kinematic with respect to the fabric development outlined above.  

Monazites were extracted from sample ET-74 using standard heavy liquid and 

isodynamic separation techniques.  The highest quality crack and inclusion free grains 

were hand picked under ethanol, mounted in a 1-inch diameter epoxy resin disc and 

doubly polished to reveal equatorial cross sections.  Backscatter (BSE), U, Y and Th 

imaging revealed that most grains have a relatively simple chemical petrography (inset of 

Fig. 4.7).  Some grains display oscillatory zoning while a minority contain lobate-cuspate 

zoning where portions of the grain have been recrystallized.  Other grains examined also 

contain micro-inclusions (~1-5 µm) of zircon and Th-silicate.

A total of eight U-Th-Pb isotopic analyses on four monazite grains were obtained 

from sample ET-74 (Table 4.7, Fig. 4.8) using a Laser Ablation- Multi-Collector-

Inductively Coupled Plasma Ionization Mass Spectrometery (LA-MC-ICPMS) pseudo-

simultaneous acquisition method modified from Horstwood et al. (2003).  All eight 

analyses cluster on a common lead-corrected 208*Pb/232Th - 206*Pb/238U concordia plot 

(Fig. 4.8).   Some analyses are slightly reversely discordant which we interpret as the 

result of incorporation of excess 230Th during crystallization leading to an excess of 206Pb 

(Schärer, 1984; Parrish, 1990).  With this in mind we take the 208Pb*/232Th dates as the 

most reliable estimates of the ages of these grains.  All eight analyses give a weighted 
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Figure 4.9. Pressure-Temperature-time-Deformation (P-T-t-D) path proposed for the 
Everest Series.  Locations A-G represent stages in the evolution of these rocks that are 
discussed in detail in the text.  2-σ error ellipses for samples from this investigation are 
colored red for samples that represent the core of the slab with diffusion zoning preserved 
in garnet from within the GHS, green for samples that represent P-T conditions above 
the LD and contain garnets that preserves prograde compositional zoning, and orange for 
samples that contain evidence for early staurolite with cordierite overgrowths and record 
isothermal decompression between M1 and M2 events.  Petrogenetic grid is modified 
after Holland and Powell (1998). 
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mean 208Pb*/232Th age of 24.1 ± 1.2 Ma with an MSWD (Wendt & Carl, 1991) of 2.7, 

which we interpret as the crystallization age of the Nuptse granite.

Discussion

Garnet zoning, P-T estimates and microstructures 

Float samples from the Nuptse-Lhotse wall record two main types of assemblages 

and garnet zoning: 1) garnet + staurolite with prograde compositional zoning, 2) garnet 

+ staurolite + cordierite ± andalusite with slightly retrogressed garnet zoning.  As an 

example of the first type, garnets in samples ET-70E, L-8, and L-13 record prograde 

compositional zoning and yield P-T estimates of 653 ± 35°C, 6.2 ± 1.2 kbar; 610 ± 31°C, 

6.2 ± 1 kbar; and 590 ± 50°C (at 6 kbar), respectively (Fig. 4.6; Tables 4.1 and 4.2), that 

we interpret as a record of the M1 event.  In contrast, sample ET-68A is representative 

of samples that contain cordierite overgrowths on staurolite and garnet as well as garnets 

that preserve prograde compositional zoning, yet the rims of the garnets are beginning to 

react with the matrix during retrograde reactions.  Sample ET-68A yields a P-T estimate 

of 633 ± 34°C, 4.3 ± 0.8 kbar, a similar temperature yet ~ 2 kbar lower pressure than 

recorded by the pristine samples (Fig 4.7; Table 4.1).  We interpret this P-T estimate 

as representative of the M1 event that was overprinted by cordierite during the M2 

decompression event.  In essence, ET-70E is a relict of the M1 event that is preserved 

at presumably higher structural positions on the Nuptse-Lhotse wall.  This is similar to 

the Pognante and Benna (1993) model whereby samples from the MCTZ record the M1 

event whereas the anatectic core is dominated by their M2 and M3 thermal events. 

Macro-and microstructural evidence from these samples suggests that many of the 

porphyroblasts grew in the hinge zone of F1 folds and overgrew a pervasive S1 foliation 

that is now preserved as inclusions of quartz and opaque phases within garnet and 

staurolite porphyroblasts.  A crenulation event (D2) folded (F2) S1 and rotated the (M1) 

porphyroblasts and therefore post-dates their growth.  When viewed down the stretching 
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lineation, amorphous porphyroblasts of cordierite over grow the F2 crenulations, 

suggesting that they formed during decompression that post-dated the S1 fabric forming 

events in the Everest Series. We interpret these P-T estimates as evidence for shearing 

within the Everest Series to accommodate exhumation after M1 (~610 ± 31°C, 6.2±1 

kbar; ≥ 32 Ma) and syn-to post-M2 (633 ± 34°C, 4.3 ± 0.8 kbar) along the pervasive S2 

fabric. 

In situ samples from the base of the Nuptse-Lhotse wall record a transition 

zone marked by a range of P-T estimates.  Garnet from sample ET-52 contains a well-

developed resorption rind that is marked by an abrupt increase in X
sps

 near the rim.  This 

sample yields P-T estimates of 648 ± 37°C, 6.6 ± 1.1 kbar (Fig 4.7; Table 4.1).  However, 

because of the significant alteration by retrograde net transfer reactions and patchy 

internal zoning of Ca that reflects an intricate diffusion within the garnet, we consider this 

P-T estimate unreliable.  Other, more reliable P-T data from this transition zone come 

from samples ET-51, ET-54, and ET-57.  Sample ET-57 preserves prograde compositional 

zoning marked by a gradual decrease in X
sps

 from core to rim (Fig. 4.A1c).  Ca is strongly 

zoned and is enriched in the core.  Sample ET-57 yields a P-T estimate of 685 ± 39ºC, 5.1 

± 1.2 kbar (Fig 4.7; Table 4.1).  Garnet zoning in ET-54 contains a core that is typical of 

growth zoning and a rim with variably developed elevated Mn levels.   We interpret the 

garnet zoning in sample ET-54 to reflect partial retention of the prograde growth (M1) 

in the core that was partially resorbed during the M2 event.  Garnet zoning in sample 

ET-51 (Fig. 4.A1d) contains rims with elevated X
sps

 and is more typical of those from 

the core of the GHS.  Samples ET-51 and ET-54 yield temperature estimates (at 5 kbar) 

of 660 ± 50°C and 650 ± 50°C respectively (Fig 4.7; Table 4.1).  Because these garnets 

contain inclusion trails (S1) that are at a high angle to the pervasive fabric (S2) they must 

have grown prior to the development of the S2 shear fabric. Based on the garnet zoning 

and fabric development, we interpret this area at the base of the Nuptse-Lhotse wall as a 

transition zone between pristine garnet + staurolite schist from structurally higher levels 
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that are variably overprinted by the M2 event and the high grade garnets typical of the 

central part of the GHS (ET-81b).

P-T-t-D (Pressure-Temperature-time-Deformation) path

Through the integration of P-T estimates, micro-and macro-scale structural 

analysis of the Everest Series and U-Th-Pb dating of the Nuptse granite, we propose 

a generalized P-T-t-D path to describe the exhumation of the upper most section of 

the GHS as exposed in the Everest-Lhotse-Nuptse massif (Fig.4. 9).  Isoclinal F1 

folds that fold graded beds and are associated with an S1 axial planar fabric record 

the earliest deformation event (D1) in the massif (Fig. 4.9a; Jessup et al., 2006).  Float 

samples with isoclinal F1 folds are also found with staurolite and garnet porphyroblasts 

containing inclusions trails that we interpret as S1.  Our preferred model is that these 

early fabrics are related to crustal thickening via folding and thrusting that culminated in 

Barrovian metamorphism (M1) in the Everest region (Fig. 4.8b).  The age of Barrovian 

metamorphism is bracketed between initial collision of India and Eurasia at ~55 Ma and 

the ~32 Ma age of Simpson et al. (2000).  As previously mentioned, because the 32 Ma 

age is the oldest monazite within a sample that contains relicts of the M1 event (kyanite) 

as inclusions in garnet we prefer to interpret this as a minimum age for Barrovian 

metamorphism.  Although our record of M1 is limited to samples preserved by pristine 

staurolite schist in the Everest Series float and as inclusions in garnets of the anatectic 

core of the GHS (ET-81b), we propose that P-T conditions reached by samples L-8 

and ET-70E (~610 ± 31°C, 6.2±1 kbar) record the Eohimalayan event.  As proposed by 

Pognante and Benna (1993) for the MCTZ, we interpret the presence of pristine staurolite 

as a record of the early Barrovian metamorphism preserved at the top of the GHS.  

The pervasive Neohimalayan thermal event, associated with extensive 

leucogranite injection complexes and metamorphism that dominates most of the 

central portion of the Himalayas, overprinted this “snapshot” of the M1 event in the 

Everest region, such that it is preserved only in the upper (Everest Series) and lower 
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(MCTZ) margins of the GHS.  Leucogranites and leucosomes with ages of 26-22 

Ma, and metamorphic monazites yielding an age of 23 Ma, constrain the timing of 

the Neohimalayan event recorded in the Everest region and correlates well with the 

remainder of the orogen (Viskupic et al., 2005).  Cordierite overgrowths on staurolite 

and garnet porphyroblasts in samples of Everest Series record a clockwise isothermal 

decompression path from ≤ 6 to 4 kbar for the upper section of the GHS (Fig. 4.9c).  

Pristine samples demonstrate that they reached ~6 kbar (ET-70E) pressures and then 

decompressed to 4 kbar (ET-68A). 

We interpret this decompression path as evidence for the extrusion and 

exhumation of the anatectic core of the GHS at high temperatures and moderate to 

low pressure beneath the LD.  The emplacement of the Nuptse granite at 24.1 ± 1.2 

Ma marks the final stage of extrusion accommodated within the migmatitic core of the 

upper section of the GHS (Fig.4. 9d).  As the upper section of the GHS continued to be 

exhumed through progressively lower temperatures, deformation was partitioned into a 

distributed shear zone (LD) within the Everest Series that rotated garnet and staurolite 

porphyroblasts at < 24 Ma (Fig. 4.9e).  By ~17 Ma deformation was partitioned in the 

upper margin of the GHS as recorded by dated mylonitic leucogranites in Rongbuk valley 

(Fig. 9f; Murphy and Harrison, 1999).  As the top of the slab exhumed through the brittle-

ductile transition, deformation was partitioned into a discrete detachment system  (QD) 

by < 16 Ma (Fig. 4.9g; Hodges et al., 1998).

Pressure-Temperature profile of the GHS

Many investigations have drawn P-T vs. distance from the MCTZ plots to 

summarize results from metamorphic investigations; however the relationship between 

P-T results compositional zoning, timing and deformation has been left relatively 

unexplored for the Everest region (Fig. 4.4; Hubbard 1989; Searle et al., 2003).  We 

propose that the current distribution of pressure and temperature variations in the GHS 

exposed in the Everest region is an artifact of several thermal and deformational events.  
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Without more extensive geochronology, it is impossible to determine whether these 

events are spatially and temporally distinct, protracted or some combination of both.  

However, in order to present all of our results, we describe the evolution of these rocks in 

terms of individual episodes.  

The upper section of the GHS records an early M1 event that (pristine staurolite 

bearing samples above the proposed location of the LD; Fig. 4.4)  that yield P-T estimates 

of ~610 ± 31°C, 6.2±1 kbar and preserves prograde compositional zoning.  In contrast, 

garnets with diffusion zoning record high-T low-P estimates (633 ± 34°C, 4.3 ± 0.8 

kbar) associated with decompression dominate in the core of the GHS from the base of 

the Everest Series to the top of the MCTZ (Hubbard, 1989; Searle et al., 2003).  The LD 

contains a complex transition zone between prograde garnets of the Everest Series above 

and retrogressed textures common to the core of the GHS below.  The base of the GHS is 

marked by the occurrence of a series of metasedimetary rocks that preserve a downward 

transition in garnet zoning from the anatectic core to lower structural positions (Catlos 

et al., 2002).  Incorporating this information into interpretations of the thermal profile of 

the GHS suggests that the high pressure-moderate temperature metamorphic conditions 

recorded in the margins of the GHS are relicts of the M1 event, whereas rocks in the core 

of the GHS record a the low pressure-high temperature M2 event. 

Because fabric development in the MCTZ and LD post-dates most porphyroblast 

growth, except for cordierite in the Everest Series, we propose that exhumation of the 

GHS, during the Neohimalayan event, created a pervasive fabric (S2) that wraps around 

porphyroblasts that we interpret as Eohimalayan.  Microstructural analysis of rocks 

across the Everest region and detailed kinematic analysis in the bounding shear zones 

demonstrate that rocks in the core of the GHS were unaffected by mylonite zones that are 

common to the margins of the GHS (i.e., MCTZ and STDS).   Additionally, deformation 

temperatures recorded in the core of the GHS are much higher than those in the margins.  

Together this evidence suggests that following lateral mid-crustal flow at deformation 
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temperatures well above the onset of feldspar rigidity in the core of the GHS, deformation 

was partitioned into the bounding shear zones to accommodate exhumation recorded 

during the Neohimalayan event.  Kinematic analysis by Jessup et al (2006) quantified 

the relative contributions of pure and simple shear (mean kinematic vorticity; W
m
) and 

suggest that the highest contribution of simple shear occurs along the top of the GHS 

while the highest contribution of pure shear is recorded in the MCTZ.  Jessup et al. 

(2006) attribute the highest contribution of pure shear to the increased lithostatic pressure 

due to the overburden generated by the GHS.  

Our preferred model implies that the current P-T profile of the GHS is the result 

of the complex juxtaposition of several thermal and deformation events that began with 

the development of paleoisotherms during early prograde metamorphism (Eohimalayan; 

M1) and culminated in Neohimalayan (M2) metamorphism that records decompression 

of the GHS.  Therefore caution must be exercised when interpreting a complex 

juxtaposition of P-T-t-D paths in different sections of the GHS.

The Lhotse Detachment 

The Lhotse detachment is a significant, but elusive, feature that corresponds to the 

complex transition zone between the anatectic core and overlying Everest Series schist 

(Searle, 1999b).  In places (e.g., Gyachung Kang) the Lhotse Detachment appears as a 

clear-cut fault that places Everest Series above leucogranite, in other places, such as on 

the SW face of Everest, it is more a diffuse shear zone.  Although the exact location of 

the LD is difficult to discern, P-T-t-D data from this investigation shed light on the nature 

of this transition zone.   The LD marks a transition from garnet with growth zoning in 

the hangingwall to garnet zoning profiles dominated by diffusion zoning in the footwall 

of the anatectic core of the GHS below.  Estimated metamorphic temperatures generally 

decrease upwards across this section, which we interpret as an artifact of the juxtaposition 

of two metamorphic events rather than a gradation in P-T conditions.  We propose that 

metasedimentary rocks, and the P-T history recorded by them, are strongly telescoped 
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within the Everest Series schists.  

Because of the inaccessibly of the outcrop, it will be impossible to uniquely 

resolve the kinematic evolution of the LD in this region.  For example, the apparent 

break in pressures across the LD could be interpreted as a thrust fault that brings a 

deeper structural position in the hanging wall (Everest Series) into contact with a 

shallower structural position in the footwall (GHS).  Alternatively, the evidence outlined 

above might also be used to suggest that the transition zone goes from the core of the 

GHS recording M2 (± relict M1) through the ES recording M1 ± M2 up to the QD; an 

interpretation that essentially removes the need for the LD.  Furthermore, the break in 

pressure across the LD could be due to the over printing (or not) of the M2 event in the 

core of the slab and not differential exhumation along a fault system. 

Our results suggest that the proposed location of the LD coincides with a 

transition between: 1) garnet zoning, 2) disequilibrium textures between cordierite and 

staurolite, 3) relative timing between fabric development and porphyroblast growth and 

4) the age of M1 staurolite bearing Everest Series schists (~32 Ma) and M2 cordierite 

event (~22 Ma).  Our preferred interpret of zone as the upper boundary to the extruding 

GHS until the emplacement of the Nuptse granite at 24.1 ± 1.2 Ma when deformation was 

partitioned into the overlying Everest Series during exhumation.

Conclusions

 Rocks at the top of the GHS, exposed in the Everest region, provide an important 

opportunity to constrain major unresolved components of the thermal structure of 

the GHS.  We propose that the thermal profile across the GHS is an artifact of the 

superposition of at least two metamorphic events and several phases of deformation 

that may represent distinct or protracted events that are summarized as follows. Crustal 

thickening resulted in transposition of bedding into an S1 fabric, and culminated in the 

growth of porphyroblasts that preserve prograde compositional zoning and S1 inclusion 
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trails, and staurolite inclusions.  Pristine samples of staurolite bearing Everest Series with 

garnets that contain growth zoning yield P-T estimates of ~610 ± 31°C, 6.2 ±1 kbar.  We 

interpret these conditions as a record of the early Eohimalayan Barrovian metamorphic 

event that is only preserved on the margins of the GHS within the MCTZ and Everest 

Series.  Cordierite and rare andalusite overgrowths on staurolite record isothermal 

decompression during a second metamorphic event (633 ± 34°C, 4.3 ± 0.8 kbar) .  

Together these results suggest the LD marks a spatial and temporal break in pressure (6.2 

- 4.3 kbar), garnet zoning (from growth zoning in the hanging wall to diffusion zoning in 

the footwall) and a general decrease in temperature between the Everest Series above and 

the core of the GHS below. 

Emplacement of the syn to-post kinematic Nuptse granite at 24.1 ± 1.2 Ma 

marks the transfer in shearing from the core of the GHS to the overlying Everest Series.  

Our new results provide additional support for previously proposed models explaining 

relationships between emplacement of the Nuptse granite and movement on the Lhotse 

Detachment (Searle et al., 2003).  Our preferred model for exhumation along the top of 

the slab also agrees with detailed vorticity and microstructural analysis from Jessup et 

al. (2006) who proposed that the deeper structural positions were juxtaposed beneath a 

shallower crustal position during exhumation along the STDS.      
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Project Summary

Intellectual merit of the proposed research

 One of the most rapidly growing aspects of Earth Sciences is the growing body 

of evidence that focused precipitation, denudation and deformation are coupled in 

many active tectonic settings, including the Himalayan orogenic system. The complex 

interaction between fluvial incision, variable monsoonal precipitation gradients, 

variations in the stress field, and deformation are often described in terms of channel 

flow or tectonic aneurysm models.  In these models, exhumation of mid-crustal rocks, 

enhanced by focused erosion and/or precipitation on the front of the Himalayas, is 

accommodated by thrust faults and low-angle detachment systems during crustal 

shortening.  However, many locations along the range lack evidence for the active 

faulting that is implicit to these models, including the Mount Everest region.  This is 

a request to fund an investigation to constrain the structural evolution and exhumation 

rates of the Ama Drime Massif (ADM), potentially the most tectonically active feature 

in the Everest region.  New data, that form the basis for this proposal, indicate that 

the ADM, protruding 70-km-north from the crest of the Himalayas, is a core complex 

that is bounded by a detachment system that records east-west extension and offsets 

Quaternary deposits.  Some of the highest precipitation levels in the Himalayas coincide 

with the trans-Himalayan Arun River gorge, which marks the southern end of the ADM.  

Furthermore, the only area of lithospheric thinning, as defined by earthquake focal 

mechanism solutions, that crosses the Himalayan front coincides with the ADM and the 

Arun River gorge.  Together these and other observations point towards an important new 

hypothesis that needs to be tested: 

Driven by the local extensional stress field, the Ama Drime range - potentially the 

most active feature in the Everest region - is being exhumed as a core complex with 

exhumation being enhanced by focused precipitation in the Arun River gorge.
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 Two disciplines will be integrated to test this hypothesis and build on 

reconnaissance data and samples collected during 2005 and 2006: 1) field-and lab-based 

structural analysis, with an emphasis on the regional structure, spatial and temporal 

variability in deformation temperatures, and vorticity of flow (relative contributions of 

pure and simples shear) in the bounding shear zones, will constrain the mechanisms by 

which the range was uplifted; 2) thermochronology, including (U-Th)/He and apatite/

zircon fission track conducted on samples from east-west transects across the range, will 

constrain exhumation rates.  These results, when combined with existing geophysical, 

petrological, and geomorphological data, will enable the ADM to be tested against the 

Himalayan paradigm and provide new insight into the progression from south-directed 

mid-crustal flow as proposed in the rest of the Himalayas (Everest region) during the 

Miocene to east-west extension in one of the most active features today, the ADM.

Broader Impacts of the proposed research

 This proposal would enable the applicant’s current research to evolve into a more 

holistic approach to active tectonics that integrates low-temperature thermochronometry 

and tectonic geomorphology to test the potential coupling between erosion and 

exhumation of the ADM.  Central to the proposal is the close mentoring of the applicant 

by Dr. Michael Searle and collaboration with and the Himalayan tectonics research 

group in the Department of Earth Sciences, Oxford University.  This proposal will 

build on collaborative projects already initiated between the applicant and several 

graduate students at Oxford, including John Cottle (geochemist and geochronologist) 

and Mike Streule (metamorphic petrologist and geochronologist) who are working to 

the west and south of the ADM.   Additionally, by working directly with the Himalayan 

tectonics group and the Department of Earth Sciences, Oxford University, the applicant 

will be exposed to new group of accomplished geoscientists whose specialties span 

an impressive range of disciplines.  Following the research fellowship, the applicant 
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will bring his range of research experience to an academic environment and apply it 

to teaching and mentoring graduate and undergraduate students.  Furthermore, this 

experience will lay the foundation for continued collaboration between the applicant and 

the Himalayan tectonics group at Oxford University on future projects in the Himalayas 

and elsewhere that will incorporate graduate and undergraduate students from the UK and 

the US.    

Introduction

Pioneering attempts to merge geological (structural geology, metamorphic 

petrology, geochronology and geomorphology) and geophysical data with the distribution 

of focused denudation from the Himalayan orogenic system culminated in channel flow 

(Beaumont et al., 2001, 2004) and tectonic aneurism models (Zeitler, 2001) that described 

the relationship between lateral flow of mid-crustal rocks and their exhumation to the 

surface as related to focused denudation along the orogenic front (Figs. 5.1 & 5.2A, 

Figure 5.1.  Overview map of the Himalayas.
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C) Working model to be tested by this 
proposal.  The Ama Drime Massif is 
currently being exhumed as a core 
complex during east-west extension that is 
enhanced by focused denudation on the 
southern end.  Knick point on the western 
limb marks the beginning of the Arun 
River gorge.  Drainages around the Ama 
Drime Massif follow sediment filled valleys
 when in the hangingwall block.  Steep 
canyons are present in all locations where 
the drainage crosses the footwall block.   

B) Channel flow model for the 
Himalayas demonstrate the interactions 
between south-directed mid-crustal flow
between two sub-horizontal surfaces 
and focused denudation on the front 
of the range during the Miocene 
(Beaumont et al., 2001).  STDS, South 
Tibetan detachment system; MCTZ, Main
 Central thrust zone; GHS, Greater 
Himalayan slab; LHS, Lesser Himalayan 
sequence; FT, Frontal thrust;  MBT, Main
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 describing the interaction between fluvial 
denudation and rapid exhumation in a 
bivergent wedge created by two thrust 
faults during crustal thickening (Zeitler 
et al., 2001).  All block diagrams from 
Whittington (2004).

Figure 2A) Tectonic aneurism model for

Figure 5.2.  Exhumation models.
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B).  Tectonic aneurism models are applied to the eastern and western syntaxes where 

exhumation rates of mid-crustal rocks are extreme and metamorphic massifs coincide 

with major river systems (Fig. 5.2A).  Tectonic aneurisms result from the incision of deep 

gorges across the uplifting mountain ranges by rivers which enable warm lower crust, 

driven by the local strain field, to extrude upwards as a wedge bounded by reverse faults 

(Zeitler et al., 1993, 2001; Schneider et al., 2001; Koons et al., 2002).  More appropriate 

for the remainder of the orogen, are channel flow models which propose southward 

extrusion of a low viscosity mid-crustal channel beneath the Tibetan plateau that is driven 

by gradients in lithostatic pressure between the high elevation of Tibet and lowlands of 

the Indian plate (Fig. 5.2C; Grujic et al., 1996, 2002; Beaumont et al., 2001, 2004, 2006; 

Searle et al., 2003, 2006).  The mid-crustal channel is exhumed to the surface as a slab 

of migmatitic rocks via focused denudation along the orogenic front of the Himalayas 

(Beaumont, 2001).  Movement during the early tunneling stage as well as the exhumation 

of this mid-crustal slab are accommodated by coeval movement, during the Miocene, 

on two shear zones; the South Tibetan detachment system (STDS) above and the Main 

Central thrust zone below (MCTZ; Hodges et al., 2001). 

 Little evidence exists for active movement on either the STDS or MCTZ, 

including in the Everest region (Searle, 1999a, b; Searle et al., 2003, 2006).  The majority 

of geochronological and structural data suggests that deformation along the base of the 

slab has propagated into the foreland, as predicted by orogenic wedge models (Thiede 

et al., 2004, 2005).  40Ar/39Ar thermochronometry from the Sutlej region of NW India 

demonstrates that exhumation of the region was accommodated by movement along the 

MCTZ and STDS until the early to middle Miocene and then migrated southward (as 

predicted in foreland propagating thrust systems) to the Lesser Himalaya which were 

exhumed during the Miocene to Pliocene (Thiede et al., 2005).  Interestingly, the apatite-

fission track analyses from the same suite of samples record synchronous exhumation 

through ~100°C across NE-SW striking, 80-40 km wide area that coincides with the 
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highest local precipitation rates (Thiede et a., 2004, 2005).   This evidence demonstrates 

that, for many areas of the orogen, channel flow represents a “snapshot” of an extinct 

system that was active during the Miocene and thereby represents a much earlier part of 

the evolution of the Himalayas rather than the most recent tectonic setting (Thiede et al., 

2004, 2005).  A finer-scale interaction between mid-crustal flow, focused precipitation 

and exhumation has also been proposed for several other trans-Himalayan rivers 

(Finlayson et al., 2002; Montgomery & Stolar, 2007).  A fundamental question arises 

from this conundrum:  

If models predict that focused precipitation and denudation should result in 

active exhumation of a mid-crustal channel along known fault systems in response to the 

applied stress field, then why are these features inactive; more importantly where is this 

occurring today?

 Since channel flow and tectonic aneurism models were first proposed, advances 

in low-temperature thermochronology as well as higher resolution digital elevation 

models and increasingly sophisticated geomorphology techniques have resulted in a new 

era of models (Willet et al., 2006) that convey a complex, but perhaps more accurate 

depiction of the Himalayas and other active tectonic settings.  The Ama Drime Massif 

(ADM), located only ~55 km east of the summit of Everest, provides incredible exposure 

of mid-crustal rocks that have the potential to make an important new contribution to the 

existing models for the coupling of climate and erosion during the tectonic evolution of 

the Himalayas (Fig. 5.1).  The bounding faults and shear zones strike north-south, parallel 

to the 70-km length of the range and record east-west extension that offset Quaternary 

deposits (Figs. 5.3-5.5 & 5.2C; Burchfiel et al., 1992).  Focal mechanism solutions that 

divide the mid-to lower-crust of the Himalayas and Tibetan plateau into domains of 

lithospheric vertical thickening and thinning define an area of lithospheric thinning that 

crosses the orogenic front (Shapiro et al., 2004) beneath the ADM (Fig. 5.6).  Annual 

precipitation in the Himalayas is highest in the Arun River gorge and the eastern syntaxis 
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(Fig. 5.6; Finlayson et al., 2002).  The erosion index for the Arun River is much higher 

than the surrounding area so that localized denudation in the Arun River gorge might 

result in focused exhumation of mid-crustal rocks (Finlayson et al., 2002; Montgomery 

& Stolar, 2007).  Despite recent remote geomorphological investigations, the John Cottle 

(Oxford University) and I were the first scientists to cross the range while mapping 

the major structures and collecting samples in August 2006 that provide the basis of 

this proposal (Fig. 1).  This is a funding request for a two-year international research 

fellowship at Oxford University to test the following novel hypothesis that builds on 

these expeditions, the existing literature and the applicant’s experience in the Everest 

region:

Driven by the local extensional stress field, the Ama Drime range - potentially the 

most active feature in the Everest region - is being exhumed as a core complex with 

exhumation being enhanced by focused precipitation in the Arun River gorge.

Scientific Rationale

The Himalayan orogenic system records the collision of the Indian and Eurasian 

plates that began ~55 Ma and continues today (Fig. 5.1; Searle et al, 1987; Bilham et al., 

1996).  The resulting uplift has created the ~2500 km long Himalayas, containing the 

highest peaks in the world, and the Tibetan plateau with an average elevation of ~5000 

m (Fielding et al., 1994).   The highest peaks and greatest topography in the Himalaya 

occur within the surface exposures of the 5-30 km thick metamorphic and anatectic core 

of the orogen known as the Greater Himalayan slab (Figs. 5.1A & 5.2B; GHS).  The GHS 

is bounded above by a north-dipping normal fault (STDS) and below by a reverse fault 

(Fig. 5.2B; MCTZ).  The range is wrapped ~180° around the syntaxes which occur at 

the eastern and western extremities of the orogen resulting in complex bivergent wedge 

structures (Figs. 5.1, 5.2A & 5.7A; Whittington, 2004).  
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The occurrence young metamorphic massifs that coincide with either major 

trans-Himalayan rivers or the crest of the range are some of the most intriguing aspects 

of Himalayan tectonics (Brookfield, 1998; Hodges, 2000; Zeitler, 2001; Finlayson et al., 

2002; Thiede et al., 2004, 2005).  For this proposal, the abundant models that describe 

the coupling between denudation and exhumation in the Himalayas (Grujic et al., 1996; 

Grasemann et al., 1999) will be simplified into two main types: channel flow (Beaumont 

et al., 2001) and tectonic aneurism models (Zeitler et al., 2001).  

Tectonic aneurisms: Geological and geophysical evidence from the eastern 

and western syntaxes suggests that tectonic aneurisms are responsible for very rapid 

exhumation of Indian plate material to the surface via a positive feed back between 

fluvial denudation and shortening accommodated by bivergent wedges (Figs. 5.1A & 

5.2A; Zeitler et al., 2001; Koons et al., 2002).  In the western syntaxis, the Nanga Parbat 

Massif, bounded by oppositely-dipping young reverse faults creates a crustal-scale pop-

up structure (Figs. 5.2A & 5.7; Butler & Prior, 1988; Butler et al., 1997, 2002; Schneider 

et al., 1999, 2001).  Steep gorges of the Indus River coincide with the Nanga Parbat 

Massif resulting in high fluvial erosion rates (Fig. 8; Brookfield, 1998; Zeitler et al., 

2001).  The main structure of the eastern syntaxis is a northeast-striking antiform that is 

bounded by two northeast striking strike-slip faults that results in exhumation due to rapid 

denudation of an active growing crustal-scale fold (Burg, 1998).  Focused denudation 

that is enhanced by the highest precipitation rates in the Himalayas are proposed to be 

intimately involved with the exhumation of the Namche Barwa Massif (Zeitler et al., 

2001).  The main geological and geophysical evidence from the Nanga Parbat Massif 

that lead to the tectonic aneurism model include: 1) the bivergent wedge that bounds 

the massif with steep thrust faults and shear zones to create the pop-up structure, 2) the 

spatial coincidence of a young metamorphic massif with the Indus River gorge, 3) young 

anatectic dikes (1-3 Ma) in the center of the massif (Zeitler & Chamberlain, 1991), 4) 

cordierite-K-feldspar gneiss which reached high temperature, low pressure conditions 
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at ~3 Ma (Zeitler et al., 1993), 5) a shallow brittle ductile transition, 6) the lack of 

extension structure that were active < 15-20 Ma (Schneider et al., 1999).  The tectonic 

aneurism model hypothesizes that local feedback between tectonic and surfical processes 

results in the formation of large metamorphic massifs.  The concept central to this 

model is that river incision conveys eroded crustal material out of the orogenic system 

and aggressively cuts down to warm lower-crustal material.  In response, warm lower-

crustal material flows laterally, controlled by the local stress field (contractional) into the 

upwelling material thereby generating a young, active metamorphic massif that coincides 

with a major river (Fig. 5.2A; Zeitler et al., 2001). 

Channel flow models:  For the remainder of the orogen, south-directed extrusion 

models, enhanced by focused denudation along the crest of the Himalayas, are used to 

describe the evolution of the Himalayas during the Miocene (Fig. 5.2B; Beaumont, et 

al., 2001, 2004, 2006; Searle & Rex, 1989; Searle et al., 2002, 2003, 2006).  Assuming 

simultaneous movement on the MCTZ and STDS, channel flow models propose that 

between ~ 22 and 16 Ma, gravity-driven southward extrusion of the GHS took place 

between the Tibetan plateau and the foreland of the Himalaya (Fig. 5.2B; Hodges, 2000, 

Hodges et al., 1992; Beaumont et al., 2001; 2004).   Implicit to channel flow models 

are geological and geophysical evidence from decades of research in the Himalayas 

and Tibetan plateau including: 1) the presence of bright spots internal to the Tibetan 

plateau that are interpreted to represent zones of partial melt or pore-filling brine solution 

(Wei et al., 2001; Unsworth et al., 2005), 2) simultaneous movement on the MCTZ 

and STDS that provide semi-rigid boundaries to the mid-crustal channel (Burchfiel 

and Royden, 1985; Hodges, 2000), 3) significant partial melt (~2%) within the channel 

to lower the effective viscosity (Mecklenburgh & Rutter, 2003; Rosenberg & Handy, 

2005), 4) gradients in lithospheric pressure between the Tibetan plateau and the Indian 

plate (Burchfiel and Royden, 1985; Hodges et al., 2001), 5) focused denudation on the 

front of the Himalayas which acts as the impetus for the tunneling mid-crustal channel 
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Figure 5 A. Photomicrograph with crossed polars  of a mylonite sample KA-05-01 collected in 2005.  Rigid
 porphyroclasts of feldspar are rotating in a ductile quartz matrix.  The main fabric (Sa) is well-developed and 
associated with an oblique fabric defined by aligned quartz (Sb) form and angle of ~35-40 degrees from each other.  
B.  Preliminary vorticity results on sample KA-05-01 using the Rigid Grain Net (RGN) after Jessup et al., (in press) .  
The red zone highlights the range in Wm = 0.60 - 0.70 estimates as defined by the transition between 96 feldspar 
porphyroclasts that rotate infinity (Wm < 0.60) and those that reach a stable sink position (Wm > 0.70).      
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to reach the surface (Beaumont et al., 2001), 6) the coupling of focused denudation and 

exhumation of the mid-crustal channel creates a positive feed back between the two 

processes (Beaumont et al., 2001).   Although the channel flow model focuses on the 

evolution of the Himalayas during the Miocene, some recent data suggest that some 

minor area along the MCTZ still contain out of sequence active structures (Wobus et al., 

2003).

The rate-of-erosion index (EI) for Himalayan rivers suggests that the coupling 

between mid-crustal flow and focused denudation, a relatively well-documented 

phenomenon for the syntaxes, could occur on a finer scale in drainages throughout the 

orogen, particularly those associated with high levels of precipitation and metamorphic 

massifs (Finlayson et al., 2002).  40Ar/39Ar white mica ages from the Sutlej region 

demonstrates that exhumation of the GHS occurred during early to middle Miocene, at 

Figure 5.7.  General geology of the the Ama Drime range core complex.
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Figure 5 A. Photomicrograph with crossed polars  of a mylonite sample KA-05-01 collected in 2005.  Rigid
 porphyroclasts of feldspar are rotating in a ductile quartz matrix.  The main fabric (Sa) is well-developed and 
associated with an oblique fabric defined by aligned quartz (Sb) form and angle of ~35-40 degrees from each other.  
B.  Preliminary vorticity results on sample KA-05-01 using the Rigid Grain Net (RGN) after Jessup et al., (in press) .  
The red zone highlights the range in Wm = 0.60 - 0.70 estimates as defined by the transition between 96 feldspar 
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Figure 5.8. Comparison 
of river profiles for the 
Arun (black line) and 
Indus (red line) after 
Brookfield (1998).

which point the locust of exhumation migrated southward to the Lesser Himalaya which 

were exhumed during the Miocene to Pliocene (Thiede et al., 2005).  Apatite fission track 

analyses from the same suite of samples record synchronous exhumation across NE-SW 

striking, 80-40 km wide area that coincides with the highest local precipitation rates 

(Thiede et a., 2004, 2005).  Of the trans-Himalayan rivers that have higher EI potential 

(Arun, Indus, Sutlej & Tsangpo) than the remainder of the Himalayas, the Arun is 

particularly promising for exploring the interaction between denudation and exhumation 

(Finlayson, et al., 2002).  The Arun River profile is as steep and, in places, steeper than 

the Indus River (Fig. 5.8; Brookfield, 1998; Zeitler et al., 2001) and coincides with the 

highest precipitation in the Himalayas, comparable only to the eastern syntaxis (Finlayson 

et al., 2002).  The Arun River also follows the Arun antiform.  These observations lead 

Montgomery & Stolar (2006) to posit that the occurrence of the Arun River and the 

Arun antiform was  not a coincidence associated purely with antecedence, but rather a 

reflection of a potentially very important interaction between denudation and exhumation 

related to localized mid-crustal flow.  Despite having strong geomorphological evidence 

for a potential interaction between the mid-crust, exhumation and denudation in the 

Arun River and the Arun anticline, without accurate structural data Montgomery & 

Stolar (2006) were unable to identify the processes responsible for their observations.  
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Furthermore, focal mechanism solutions for this part of the Himalayas show that the 

mid-to lower-crust are actively thinning where thickening is generally predicted to be 

dominant (Shapiro et al., 2004).

Geology of the Ama Drime Massif

Aside from reconnaissance work on the eastern limb by Burchfiel et al., (1992) 

and general descriptions, prior to this investigation the detailed structural setting of the 

ADM, whose southern end is deeply rooted in the Arun River gorge was essentially 

unknown or improperly mapped (Carosi, 1999; Visona & Lombardo, 2002).   The 

following section provides an overview of the main geologic features that we mapped 

and sampled during two-field season in the summer 2005 & 2006 that form the basis for 

this proposal.  The ADM trends north-south and extends northwards ~ 70 km from the 

crest of the Himalayas.  Over this length, the width of the ADM progressively thins from 

30 km to a narrow point where the high grade gneisses of the range plunges beneath the 

overlying low-grade metasedimentary rocks (Fig. 5.3).  The margins of the ADM are 

clearly defined by a physiographic transition from the rugged topography created by 

the gneiss common to the internal sections of the range and the surrounding expansive 

alluvial fans and rock avalanche deposits (Fig. 5.3).  200 – 300 m thick high-strain 

zones within marble, calc-silicate, augen gneiss and quartzite bound the widest part of 

the ADM and are here termed the Ama Drime detachment (ADD).  These strike north-

south, dip 45° away from the core and record a complete transition from distributed shear 

zones, through mylonites and into ultramylonites (Fig. 5.4).  When viewed parallel to 

the well-developed down-dip stretching lineation, asymmetric forward-and back-rotated 

sigma and delta clasts and S-C extensional shear bands consistently record extensional 

shear sense.  Brittle detachments also record top-down extensional shear sense and are 

filled with fault gouge.  Our results from the ADD agree with Burchfiel et al., (1992) 

for the eastern limb, but disagree with Carosi (1999) and Visona & Lombardo (2002) 
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whose maps suggest that the western limb of the ADD is the MCTZ.  The shear zones 

split the migmatitic gneiss common to the Greater Himalayan slab in the hanging wall 

above and the deep crustal block with granulite facies mafic lenses below.  Triangular 

facets, between the gorges with the best exposure of the mylonite zones, are interpreted 

to be the fault surfaces that dip beneath the alluvial fans (Fig. 5.4).  Rock avalanche 

deposits that accumulate at the base of these triangular facets are sourced high on the 

fault surface.  A fault scarp with a vertical offset of ~5 m offsets young lacustrine, fluvial 

and alluvial deposits on the eastern limb of the range, suggesting recent seismic activity 

(Fig. 5.4).  The internal structure of the ADM includes a pervasive fabric, with foliation 

parallel mafic lenses; higher strain zones occasionally occur.  Based on the progression 

of deformation mechanisms and consistent shear sense the ADM is interpreted to be a 

core complex that is exhuming a deep crustal block during east-west extension (Fig. 

5.5).  The northern extent of the ADD is impossible to determine without additional field 

constraints, however several possibilities exist: 1) the shear zones continue to the nose of 

the range, 2) the shear zone displacement decreases northward towards the north until the 

nose where there is essentially no displacement, 3) a transition occurs from shear zones to 

folded limbs of an antiform (Fig. 5.3). 

Interpreting the ADM as a core complex implies that lithospheric thinning 

attenuates the crust (pure shear) and an upwelling dome of mid-crustal material 

is exhumed to the surface along a detachment system (Lister and Davis, 1989).  

Interestingly, of the three main types of geometries for rapidly exhuming mid-crustal 

rocks - bivergent wedge (Fig 5.2A), channel flow (Fig 5.2B), and core complex (Fig 

5.2C) - the most rapid exhumation is predicted to occur for core complexes due to the 

combined force of extension and buoyancy driven doming (Whittington, 2004).

  Core complexes are typically found in tectonic settings dominated by 

lithospheric thinning such as the Basin and Range, USA or the Cordillera of western 

Canada.  A few core complexes have been observed in the Himalayas, particularly the 
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South Tibetan gneiss domes (Chen et al., 1990) but subsequent investigation proposed 

that these were features whose doming was related to the evolution of the Himalayas 

during the Miocene and do not represent modern extension (Lee & Whitehouse, 2006; 

Lee et al., 2004).  Other domes along the front of the Himalayas (i.e., Gurla Mandhata) 

have been attributed to complex transpressional accommodation zones were major strike-

slip faults (e.g., the Karakoram fault; Searle et al, 1996) intersect the Himalayas (Murphy 

et al., 2001).

Pressure-temperature estimates for footwall rocks in the core complex are limited 

to data from the western limb and preliminary data from my collaborator, John Cottle 

(PhD candidate at Oxford University).  The footwall is composed of migmatitic gneiss 

and leucogranite sills that are parallel to the main fabric in addition to cross cutting 

leucogranite dikes that post-date the main fabric-forming event.  Preliminary petrography 

on foliation parallel mafic lenses and pods suggests that these reached granulite facies 

metamorphic conditions.  Upon further petrographic inspection, the core of these mafic 

lenses preserves pristine eclogites.  Based on this preliminary information, the footwall 

rocks are interpreted to include the deepest structural position exposed in the central 

Himalayas.  Dating the eclogite lenses, migmatitic gneiss and late-stage crosscutting 

leucogranite dikes constitutes a major component of John Cottle’s Ph.D. project and 

complements this research proposal.  

The ADM displaces the STDS (Fig. 5.5) which has several implications for 

constraining the tectonic evolution of the ADM and the Himalayas: 1) exhumation of the 

ADM as a core complex during east-west extension must post-date the last top-to-the-

north extensional motion on the STDS (generally thought to be <17 Ma in the Everest 

region (Murphy & Harrison, 1999).  Since the STDS and MCTZ are thought have acted 

simultaneously, this also suggests that exhumation of the ADM post-dated southward 

extrusion of the GHS during the Miocene (i.e., channel flow models).  This evidence 

suggests that following south-directed extrusion of the GHS to accommodate crustal 
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shortening, as recoded in the Everest region the stress field changed to lithospheric 

thinning (Shapiro et al., 2004).  The agreement between field observations and 

geophysical data suggest that this area of the Himalayas is experiencing lithospheric 

thinning - not thickening. 

A working hypothesis for the Ama Drime Massif

The critical observations about the ADM, from the new data presented in this 

proposal as well as existing research in the remainder of the Himalayas, that lead to the 

working hypothesis for the ADM are as follows: 1) the mid-to lower-crust beneath the 

ADM is dominated by lithospheric thinning – not thickening (Shapiro et al., 2004), 2) 

the deepest structural position in this part of the Himalayas is exposed by the ADM, 3) 

the highest modern precipitation levels outside of the eastern syntaxis occur in the Arun 

River gorge on the southern end of the ADM (Finlayson et al., 2002), 4) the Arun River 

gorge is as steep or steeper than the Indus River gorge (Brookfield, 1998; Zeitler et al., 

2001) and 5) the ADM is a core complex that record active east-west extension.  These 

data are the basis for the proposed hypothesis (Fig. 5.2C):

Driven by the local extensional stress field, the Ama Drime range - potentially the 

most active feature in the Everest region - is being exhumed as a core complex with 

exhumation being enhanced by focused precipitation in the Arun River gorge.

Proposed Research

Introduction

There are several tests to determine if ADM is a core complex that exhumes a 

deep crustal block during east-west extension that is coupled to focused precipitation/

erosion: 1) the regional structure of the range, including the northern extent of the 

bounding faults; 2) the spatial and temporal variability in flow of the mid-and-lower crust, 

particularly in high-strain zones; 3) spatial and temporal variability in the exhumation 
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history of the range.  To constrain these parameters this project will integrate field 

mapping and vorticity investigations with (U-Th)/He and zircon-and apatite-fission track 

low-temperature thermochonometry.  Much of this work will rely heavily on samples and 

field mapping produced during two field seasons conducted by M. Jessup and J. Cottle 

(PhD candidate, Oxford) in 2005 and 2006.  An additional field season is proposed for the 

summer 2008 to map and sample the northern section of the ADM. Vorticity analysis will 

focus on samples collected from the eastern and western limbs of the ADD.  Collected 

during 2005 and 2006, 30 oriented samples from three drainages on the western limb and 

10 (see green circles Fig. 5.4) from a single valley on the eastern limb are very promising 

for vorticity analysis (Fig. 5.9).  Zircon-and apatite-fission track as well as (U-Th)/He 

thermochonometry will be conducted on a suite of 40 samples through the range.   The 

suite collected during 2006 included three hangingwall and 21 footwall samples.  The 

footwall samples are from the two major drainages on the eastern limb, a pass (5300m) 

a minor summit (5500m) and the eastern limb of the ADM (white stars Fig. 5.4). During 

the 2008 expedition, 16 additional samples will be collected on several smaller transects 

across the northern section of the range including the hinge zone at the “nose” of the 

range (orange stars, Fig. 5.4).

Once constrained, the spatial and temporal distribution in vorticity of flow 

and exhumation of mid-crustal rocks in the ADM will be combined with existing 

thermobarometric, geophysical and geomorphological data to test the working hypothesis 

presented in this proposal.  Equally important, is that these results will compliment 

current research projects within the Himalayan tectonics group at Oxford aimed at dating 

eclogites, migmatization and crosscutting dikes and thermobarometry in the hangingwall 

and footwall of the ADD (J. Cottle), as well as the exhumation history of the hangingwall 

on the western (see red stars on Fig. 4) and southern sides of the ADM as constrained by 

low-temperature thermochonometry (M. Streule).  
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Figure 5 A. Photomicrograph with crossed polars  of a mylonite sample KA-05-01 collected in 2005.  Rigid
 porphyroclasts of feldspar are rotating in a ductile quartz matrix.  The main fabric (Sa) is well-developed and 
associated with an oblique fabric defined by aligned quartz (Sb) form and angle of ~35-40 degrees from each other.  
B.  Preliminary vorticity results on sample KA-05-01 using the Rigid Grain Net (RGN) after Jessup et al., (in press) .  
The red zone highlights the range in Wm = 0.60 - 0.70 estimates as defined by the transition between 96 feldspar 
porphyroclasts that rotate infinity (Wm < 0.60) and those that reach a stable sink position (Wm > 0.70).      
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Figure 5 A. Photomicrograph with crossed polars  of a mylonite sample KA-05-01 collected in 2005.  Rigid
 porphyroclasts of feldspar are rotating in a ductile quartz matrix.  The main fabric (Sa) is well-developed and 
associated with an oblique fabric defined by aligned quartz (Sb) form and angle of ~35-40 degrees from each other.  
B.  Preliminary vorticity results on sample KA-05-01 using the Rigid Grain Net (RGN) after Jessup et al., (in press) .  
The red zone highlights the range in Wm = 0.60 - 0.70 estimates as defined by the transition between 96 feldspar 
porphyroclasts that rotate infinity (Wm < 0.60) and those that reach a stable sink position (Wm > 0.70).      
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Figure 5.9.  Photomicrograph with crossed polars of a mylonite sample KA-05-01 col-
lected in 2005.  Rigid porphyroclasts of feldspar are rotating in a ductile quartz matrix.  
The main fabric (Sa) is well-developed and associated with an oblique fabric defined by 
aligned quartz (Sb) form and angle of ~23° from each other. B.  Preliminary vorticity 
results on sample KA-05-01 using the Rigid Grain Net (RGN) after Jessup et al., (2007) 
of 96 feldspar porphyroclasts.  The red zone highlights the range in W

m
 = 0.60 - 0.70 esti-

mates as defined by the transition between grains that rotate infinity (B* < 0.60) and those 
that reach a stable sink position (B* > 0.70).  Image taken by M.J. Jessup.  
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Spatial and temporal variations in vorticity of flow

To characterize the type of mid-crustal flow that was involved in the exhumation 

of the ADM, including deformation temperatures, shear sense and the relative 

contribution of pure and simple shear, this project will involve detailed kinematic 

and vorticity analyses of the ADD.  Standard petrographic analyses will constrain the 

dominant deformation mechanisms in phases such as quartz and feldspar, which in 

turn provide general estimates of deformation temperatures (Hirth and Tullis, 1992).   

Defining shear sense is another priority for early stages of petrography.  Appropriate 

samples will be used for vorticity analysis to quantify the relative contributions of pure 

and simple shear.  Mean kinematic vorticity number (W
m
) is a direct estimate of the 

relative contributions of pure (W
m
 = 0) and simple (W

m
 = 1) shear during steady-state 

flow in high strain zones (Means et al., 1980).  Vorticity analysis is now commonly 

employed to characterize flow within shear zones in a variety of tectonic settings (e.g., 

Klepeis et al., 1999; Xypolias and Doutos, 2000; Holcombe and Little, 2001; Xypolias 

and Koukouvelas, 2001; Bailey and Ester, 2003; Law et al., 2004; Jessup et al., 2006).  

Recent, and on-going, vorticity analysis on samples from within the STDS and MCTZ 

exposed by the Everest Massif attest to its applicability to shear zones in the Himalayas 

(Law et al., 2004; Jessup et al., 2006).  These results demonstrated that exhumation of 

the GHS was partitioned in the bounding shear zones (Jessup et al., 2006), rather than 

being distributed throughout the slab, as predicted by some variations of extrusion 

models (Grujic et al., 1996, 2002).  More specifically, Jessup et al., (2006) indicate that 

the highest contributions of simple shear are recorded by calc-mylonites in the STDS, 

while the base of the slab records higher contributions of pure shear which they attribute 

to increased lithostatic pressure created by the overlaying GHS.   Because of this early 

effort, identifying high strain zones in the Himalayas that are appropriate for estimating 

W
m
 is now much more robust.  

An additional outcome of vorticity work in the Everest region, is a new vorticity 
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method (the Rigid Grain Net) that has also proven to be the most appropriate for vorticity 

analysis of Himalayan shear zones (Jessup et al., 2007).   Attempts to use the aspect 

ratio and orientation of rigid objects rotating in a non-Newtonian fluid (flowing matrix) 

to define W
m
 began with the pioneering work of Jeffery (1922) and Ghosh and Ramberg 

(1976).  Subsequent investigations contributed further to these founding principles 

by applying the early theory to geologic samples (Passchier, 1987; Simpson and De 

Paor, 1993, 1997; Wallis, 1992, 1995; Wallis et al., 1993).  Models for the rotation of 

elliptical objects in a non-Newtonian fluid demonstrate that during simple shear (W
m
 = 

1), rigid objects will rotate infinitely, regardless of their aspect ratio.  With increasing 

contributions of pure shear (0 < W
m
 < 1), porphyroclasts will either rotate with the simple 

shear component (forward) or against it (backward) until they reach a stable-sink (R
c
) that 

is unique to W
m
 (Fig. 5.5B; Ghosh and Ramberg, 1976; Passchier, 1987; Simpson and 

De Paor, 1993, 1997).   The Rigid Grain Net (RGN) standardizes vorticity analysis using 

rigid porphyroclast in a flowing matrix, eases plotting of data, and limits ambiguity in 

estimating W
m
.  All samples analyzed for vorticity will employ the RGN and the methods 

as descried by Jessup et al., (2007).  

Field observations and preliminary petrographic analysis demonstrates that 

the bounding shear zones contain the mylonites that are optimal for vorticity analysis.  

Because the shear zones form within a variety of protolith material, including calc-

silicates, quartzite and granites, the mylonites zones contain a matrix of quartz with 

rigid porphyroclasts that display a range in orientations and aspect ratios that are ideal 

for vorticity analysis using the RGN (Fig. 5.9A, B).  Preliminary vorticity analysis from 

a mylonitic quartzite on the zone on the eastern limb of the ADD yields a well-define 

critical threshold between grains that rotate infinitely (W
m
 ≤ 0.60) and those that reach a 

stable-sink position (W
m
 ≥ 0.70; Fig. 5.9B) indicating a W

m
 = 0.60-0.70.
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Low-temperature thermochronology

To constrain the exhumation of the ADM, as well as any spatial and temporal 

variability in exhumation rates, low-temperature thermochronology will be conducted on 

samples collected on the margins as well as the core of the ADM.  Thermochronology 

dates the time at which particular minerals in a rock are exhumed through a specific 

temperature interval (Dodson, 1973).  If more than one thermochronological system 

is used, then exhumation rates can be interfered by calculating the time lapse between 

when the rock was exhumed through both known closure systems (Kirby et al., 2001; 

Reiners et al., 2003; Thiede et al., 2005).  The typical range of temperatures recorded 

by low-temperature thermochronometers is ~70°C for (U-Th)/He on apatite (Wolf et 

al., 1996, 1998; Shuster & Farley, 2003), ~100° for apatite-fission track and ~175°C for 

zircon-fission track (Gunnell, 2000).  (U-Th)/He dating of apatite relies on radioactive 

decay of U and Th isotopes that contribute to the accumulation of He (Wolf et al., 

1996).  Samples are analyzed on a mass spectrometer to measure the concentration of 

each isotope, which is then used to solve the age equation iteratively to calculate the 

final age.   The apatite and zircon fission track method involves counting tracks (damage 

zones) created by spontaneous fission of 238U isotopes during irradiation of the sample.  

If complete annealing of apatite (i.e., temperatures exceed the partial annealing zone 

(PAZ; ~60-100°C)) occurred then the age apatite fission tracks (AFT) can be used to 

constrain the exhumation history through ~100°± 20°C (Naeser & Faul 1969).  Since the 

number of tracks is directly related to age, by counting the number of tracks in a sample 

an age can be calculated.  The track length distribution with the AFT age has the potential 

to constrain the temperature-time history of the rock (Gleadow et al. 1986).  Apatite 

fission tracks are longer for rocks that cooled quickly and shorter for those that cooled 

slowly through the closure temperature (Gleadow et al. 1986).  Exhumation rates of the 

samples are then inferred from these thermochronometers.  Estimating exhumation rates 

in extensional setting must be made with caution because range bounding faults bring 
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relatively hot footwall into juxtaposition with a relatively cool hanging wall block and 

thereby disturb the geotherm (Mancktelow & Grasemann, 1997; Ehlers et al., 2001).

Thermochonometry will be conducted with the London Thermochronology 

Research Group, University College London under the supervision of Dr. Andrew Carter.  

Dr. Carter is currently working with M. Streule and J. Cottle on other samples from 

the Everest region.  I will be involved with all aspects of data acquisition from sample 

preparation, fission track counting and (U-Th)/He isotopic analysis on the Quadrupole 

mass spectrometer.  The Oxford Himalayan tectonics research group is currently working 

on several projects with the Thermochronology Research Group and the relatively close 

proximity to Oxford makes it the best option for processing these samples.  

Expedition to the Ama Drime Massif

A two-month-long expedition to the northern half of ADM in the summer 

2008 will have two main priorities: 1) sample for thermochronology in the core and 

margins of the ADM (see orange stars Fig. 5.4), 2) map the extent of the ADD while 

sampling appropriate material for vorticity analysis.  My experience from four scientific 

expeditions to this area of Tibet will be used to ensure that all the standard logistics of a 

successful expedition are accounted for.  Mandatory for exploring remote reaches of the 

ADM is a field assistant, to help with sampling and for safety reasons.  J. Cottle or M. 

Streule are the most appropriate candidates for a field assistant during this expedition.  

Samples will be sent to Oxford from Kathmandu.  Oriented samples for kinematic 

analysis will be cut and processed into thin sections using the thin section lab in the Dept. 

of Earth Sciences, Oxford University.          

Timeline of Project

Although the scope of this project is large, successful execution of the objectives 

outlined in this proposal should be possible in the two-year period as a research fellow 



181

at Oxford University because the majority of fieldwork and sample collection was 

conducted during the summer 2005 and 2006.  This project will involve the close 

collaboration between the applicant and the Himalayan tectonics research group at 

Oxford University and their on-going projects in the Everest region.  During this time 

Dr. Michael Searle will mentor the applicant throughout the two-year project in the field, 

laboratory and writing manuscripts.  

 

Year One

The first year will initially center on processing the samples collected during previous 

expeditions to the Ama Drime Massif.  Petrographic work will focus standard 

microstructural analysis as well as more involved vorticity analysis on appropriate 

samples.  Samples for thermochronology will be processed at London Thermochronology 

Research Group, University College London under the supervision of Dr. Andrew Carter.  

The applicant will present results at the annual Himalayan-Tibet workshop meeting in the 

spring.  A two-month expedition to the Ama Drime Massif in the summer of 2008, with a 

field assistant (potentially John Cottle or Mike Streule), will access the northern section 

of the range.  Goals of this trip include mapping the northern limits of the bounding shear 

zones, taking additional oriented samples for structural analysis as well as larger samples 

for the thermochronology. 

Year Two 

During the second year, the applicant will be based in Oxford University and continue 

to analyze thermochronology and vorticity samples.  At this time, ages from other on-

going projects in the Oxford Himalayan tectonics group will be near completion and a 

regional tectonic history of the Everest region will begin to be pieced together.  Again, 

the applicant will present results at Himalayan-Tibet workshop in the spring and publish 

several manuscripts.   
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Long-term research goals

The success of a modern structural geologist’s contribution to tectonic-scale 

research hinges on many things, but perhaps most important is the ability to tie research 

specialties into the broader tectonic context, to envision creative opportunities that 

integrate them with other disciplines, and to work within a collaborative research 

team.  This approach cultivates a movement away from small, focused research 

projects and towards a more holistic approach to geoscience in the larger context 

of Earth Systems Science.  The prospect of integrating my specialties, structural 

geology and metamorphic petrology, with interdisciplinary and collaborative 

research aimed at constraining cutting-edge tectonic questions, as well as bringing a 

diverse group of graduate and undergraduate students into this research, motivate me 

to pursue a career in academic geoscience.  To elevate and expand my research to a 

competitive level that will help me bring my research program to the professional 

level necessary for being a competitive applicant for the next step towards an 

academic career in geosciences, I am applying for a two-year NSF international 

research fellowship to work with Dr. Michael Searle and the Himalayan tectonics 

group at the Department of Earth Sciences, Oxford University. 
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Budget Breakdown and justification

 This budget proposal includes two years of support for Micah J. Jessup as a 

research fellow at Oxford University, analytical costs for thermochronology, and a two-

month-long field season during the summer 2008.

ROUNDTRIP AIRFARE

Roanoke VA, US to London, UK     $1,500  

RELOCATION ALLOWANCE       $2,500

LIVING ALLOWANCE

Maximum per diem for Oxford    $332/day 

Full-rate first month     $9,960/month

Half-rate thereafter     $4,980/month

Monthly stipend    $5,395/month

Maximum stipend    $5,000/month

Total stipend 24 months          

        $120,000

HEALTH INSURANCE     $150/month $3,600

ATTENDING CONFERENCES      $3,000

INSTITUTIONAL ALLOWANCE    $500/month $12,000

LABORATORY WORK AND SUPPLIES

Thermochonometry will be conducted with the London Thermochronology Research 

Group, University College London.  Prices included in this proposal are minimum 

costs based on the applicant’s involvement in all levels of data acquisition from 

sample preparation to analysis.  The Oxford Himalayan tectonics research group is 

currently working on several projects with the Thermochronology Research Group 

and the relatively close proximity to Oxford makes it the best option for processing 

these samples.  Oriented samples for vorticity analysis will be processed into thin 
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sections using the thin section lab at the Department of Earth Sciences, Oxford 

University.  Cost estimates are based on in-house fees for 100 thin sections.   

Thermochronology Analyses for 40 samples

Apatite fission track  $190/ea  $7,600 

Zircon fission track  $190/ea  $7,600

(U-Th)/He    $190/ea  $7,600

100 Thin sections

Thin sections  $5/ea  $500

Total        $23,300

IN-COUNTRY TRAVEL

When processing samples at the University College London travel to and from 

Oxford will be by train.  Cost estimates included this is for 25 trips during the two 

years in Oxford.

Round-trip train tickets from Oxford to London  $26/ea * 25  $650

EXPEDITION COSTS

A two-month-long expedition to the Ama Drime range in the summer 2008 will 

enable the applicant to map and sample for thermochronology and vorticity along 

the margins and the northern part of the Ama Drime range.  Cost estimates for this 

trip are based on expenses during a field season to the same area in 2006 and are 

kept to an absolute minimum.  Because ground travel between Kathmandu, Nepal 

and Tibet are often delayed due to inclement weather, a requisite four-day pre-and 

post-expedition “buffer” in Kathmandu is included in this budget proposal.  Cost 

estimates for eight days in Kathmandu are using maximum per diem rates.  A field 

assistant is mandatory for exploring remote reaches of the Ama Drime range and cost 

for this are included in the budget proposal.     

Airfare  London to Kathmandu

Applicant     $1,400 

Field Assistant      $1,400 

8 days of Kathmandu per diem for applicant $157/day $1256

8 days of Kathmandu per diem for assistant  $157/day $1256
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Kathmandu to Tibet border    $400 

Jeep hire for two months    $7600

Applicant Tibet visas for US nationalities   $63     

Assistant Tibet visas for British nationalities   $63    

Applicant Entry permit and service fees  $50

Assistant Entry permit and service fees   $50

Provisions for two months     $1000

TOTAL        $14,538

TOTAL BUDGET       $181,088
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Cover image:  Eastern limb of the Ama Drime Massif viewed towards the north-northwest with Demon’s lake 
in the foreground (4950m).  1 km tall triangular facets mark the trace of the fault towards the north.  Footwall 
rocks contain a north-south striking mylonitic foliation with abundant evidence for top-down-to-the-east sense 
of shear.  Fault scarps offset recent lacustrine, fluvial and colluvial deposits.  M. Jessup 2006.  
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Abstract

 Focused denudation and mid-crustal flow are coupled in many active tectonic 

settings, including the Himalaya, where they are often described in terms of channel 

flow or tectonic aneurysm models.  In these models, exhumation of mid-crustal rocks 

is accommodated by thrust faults and low-angle detachment systems during crustal 

shortening.  Our results suggest that the most tectonically active feature in the Everest 

region is the Ama Drime Massif (ADM), a trans-Himalayan antiform that protrudes 

north from the crest of the Himalayas.  Previous investigations interpreted the shear 

zones that bound the ADM as the Main Central thrust; however, our new structural 

analysis demonstrate that these are 100-300 m thick normal-sense shear zones that are 

kinematically linked to young brittle faults that offset Quaternary deposits and record 

active east-west crustal extension.  By combining our new structural interpretation 

for the ADM with existing remote sensing data we propose that, driven by the local 

extensional stress field, the ADM is being exhumed as a core complex that is coupled 

with denudation in the trans-Himalayan Arun River gorge.  Furthermore, our data provide 

important insights into the dynamic links between regional-scale climate and crustal-scale 

tectonics.

Introduction

 Pioneering attempts to merge geological and geophysical data from the Himalayas 

culminated in channel flow (Beaumont et al., 2001, 2004) and tectonic aneurism models 

(Zeitler, 2001) that described the coupling between the flow of mid-crustal rocks, 

exhumation and denudation along the orogenic front.  Tectonic aneurism models are 

applied to the eastern and western syntaxes where exhumation rates of mid-crustal rocks 

are extreme and metamorphic massifs coincide with major river systems.  Tectonic 

aneurisms result from the fluvial incision of deep gorges across the uplifting mountain 

ranges that enable warm lower crust, driven by the local stress field, to extrude upwards 



197

as a bivergent wedge (Zeitler et al., 1993, 2001; Schneider et al., 2001; Koons et al., 

2002).  Channel flow models propose southward extrusion of a low viscosity mid-crustal 

channel beneath the Tibetan plateau (Nelson et al., 1996) that is driven by the gradient 

in lithostatic pressure between the Tibet Plateau and lowlands of the Indian plate (Grujic 

et al., 1996, 2002; Beaumont et al., 2001, 2004; Searle et al., 2003, 2006).  The spatial 

coincidence between elevated rapid inferred erosion index and young metamorphic 

massifs along the Himalayas is used as evidence for a fine-scale coupling between mid-

crustal flow and denudation along the range, including the trans-Himalayan Arun River 

gorge (Finlayson et al., 2002; Montgomery and Stolar, 2006).  The trans-Himalayan Arun 

River flows along the western limb of the Ama Drime Massif (ADM), or Arun antiform, 

before it enters the Arun River gorge where is passes into the eroded core of the ADM 

and continues into the foothills of the Nepal (Brookfield, 1998; Fig. 6.1).  Accurate 

characterization of the trans-Himalayan zone is important to testing the coupling between 

tectonics, denudation and mid-crustal flow, however structural interpretation of the ADM 

remains ambiguous.  When existing data are reviewed and integrated into our detailed 

structural analysis across the ADM a new context in which to view the evolution of this 

part of the Himalayas emerges.  We believe that this is the first documentation of the 

coupling between crustal extension and denudation in a trans-Himalayan gorge.

Previous interpretations of the Ama Drime Massif

 The ADM is an anomalous region of elevated topography that protrudes 70 

km northward from the Himalayan crest (Odell, 1925).  Prior to this investigation few 

westerners had crossed the entire ADM to constrain the major physiographic features 

and structures responsible for the architecture of the range (Shipton, 1938).  Instead, their 

efforts focused on the eastern (Burchfiel et al., 1992) and western margins (Lombardo 

et al., 1998; Lombardo and Rolfo, 2000; Visona and Lombardo, 2002) of the ADM and 

resulted in two different interpretations.  Burchfiel et al. (1992) documented that the 
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eastern limb is defined by a north-south striking fault that dips 45ºE (down-dip lineation) 

and contains a mylonite zone in the footwall rocks with a well-developed S-C fabric that 

records hanging wall-down (top-down-to-the-east) sense of shear.  1 km high triangular 

facets define the fault trace, fault scarps offset Quaternary deposits and the fault offsets 

the South Tibetan detachment (STD) by 20 km of right-lateral separation (Fig. 6.1).  The 

Xainza-Dinggye rift is present in the Dinggye valley to the east of the ADM and extends 

north into the Tibetan Plateau (Fig. 6.1; Zhang & Lei, 2007).  By offsetting the STD, 

these younger features provide compelling evidence that the STD is inactive in this 

region.  

On the western margin of the ADM, rocks types within the bounding shear zone 

include quartzite, marble, calc-silicate, gneiss and leucogranite.  Rocks exposed above the 

shear zone are composed of migmatitic, sillimanite and cordierite bearing orthogneiss of 

the Greater Himalayan sequence (GHS) i.e., Kharta Gneiss Complex.  Rocks beneath the 

shear zone include granulite facies, migmatitic Ama Drime orthogneiss with mafic lenses 

cored by eclogite (Lombardo et al., 1998; Lombardo and Rolfo, 2000; Groppo et al., 

2007; Cottle et al., in prep).  This shear zone was originally interpreted as thrust sheets of 

the Main Central thrust (MCT; Lombardo et al., 1998).  U-Th-Pb ages suggest that ductile 

fabric within the shear zone development at ~12-13 Ma (Liu et al. 2007).  Sm/Nd model 

ages of leucogranites jump from 2.0 Ga in the hanging wall to 2.9 Ga in the footwall of 

the western limb of the ADM (Visona et al., 2002).  Visona and Lombard (2002) suggest 

that the model ages are similar to paragneiss from the base of the GHS (2.0 Ga) and 

orthogneiss of the Lesser Himalayan sequence (LHS) (2.5 Ga) in Nepal (Robinson, et al., 

2001).  Granite in the hanging wall located near the intersection of the Dzakaa Chu and 

Figure 6.1. Previous page.  Simplified interpretive block diagram of the Everest region, 
Tibet-Nepal. Inset A. Location of the study area.  Magnetotelluric data from Unsworth 
et al. (2005) with INDEPTH results (Nelson et al., 1996) for the INDEPTH line ~200 
km east of the Everest region to emphasize the proposed partial melt zone (warm colors) 
beneath the Tibetan plateau.  See text for details.
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the STD (Cottle et al., in review) have ENd(0) of -17.8 that Liu et al. (2007) compare to 

average ENd(0) of -16 for the GHS (Robinson, et al., 2001).  Footwall rocks from the 

western margin of the ADM yield ENd(0) of -23.4 (Liu et al., 2007), which is similar 

to average ENd(0) of -21.5 for the LHS (Robinson, et al., 2001). Therefore based on 

isotopic evidence, the core of the ADM is interpreted as LHS and the bounding shear 

zone as the MCT.  Subsequent investigations have either projected the MCT along the 

western side (Borghi et al., 2003) of the ADM, or around the entire ADM (Lombardo and 

Rolfo, 2000; Groppo et al., 2007; Liu et al., 2007; Zhang and Lei, 2007).  

Structure of the Ama Drime Massif

 Four prominent drainages along the western margin of the ADM expose 100 m 

thick shear zone in leucogranites, calc-silicates, quartzites and marbles that are bounded 

above by the Kharta Valley Gneiss complex and below by the Ama Drime orthogneiss.  

Within the shear zone the foliation (S1) strikes north-south and dips 45º W with a down-

dip stretching lineation (Fig. 6.1).  A transition from high-grade gneisses where feldspar 

deformed plastically to mylonite zones where feldspar behaves as rigid porphyroclasts 

exists within the shear zone.  Asymmetric tails on porphyroclasts and S-C fabrics in all 

rocks types within the zone consistently records hanging wall-down (top-down-to-the-

west) sense of shear.  Brittle faults filled with fault gouge oriented parallel to the shear 

fabric also record hanging wall-down sense of shear.  

Mapping during two east-west transects across the ADM documents a foliation 

that dips west on the western limb, becomes subhorizontal in the core and dips east on 

the eastern limb creating an elongate structural dome (Fig. 6.1).  Mafic lenses, common 

in the core of the ADM, are parallel to the main foliation and frequently boudinaged.  

Extensional shear bands are common in the variably migmatitic augen gneiss. U-Th-Pb 

geochronology of a leucogranite dike that cross cuts the dominant foliation indicate a 

crystallization age of ~12 Ma and constrain a maximum age for the development of this 
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fabric (Cottle et al., in prep).     

On the eastern limb of the range, near Demon’s Lake (Fig. 6.1), we mapped a 

300 m wide, north-south striking shear zone within leucogranite and orthogneiss that is 

very similar to features described by Burchfiel et al. (1992).  S-C fabrics in the augen 

gneiss record top-down-to-the-east sense of shear.  The fault zones preserve early high-

temperature shear fabrics with a pervasive north-south striking foliation and down-dip 

stretching lineation.  Narrow mylonite zones with rigid feldspar porphyroclasts and a 

10 km

Sigma 1

Sigma 3

10 km

Greater Himalayan Slab

Working model for the Ama Drime Massif 

lower crustal block
Ama Drime detachement

Figure 2
Jessup, Newell & Cottle 

Figure 6.2. Model proposed for the Ama Drime Massif.  Exhumation of the ADM as a 
core complex during east-west extension and crustal thinning coupled with denudation 
in the Arun River gorge.  Knick point on the western limb marks the beginning of the 
trans-Himalayan Arun river gorge.  Drainages around the ADM are in sediment-filled val-
ley when in the hanging wall block.  Steep gorges are present in all locations where the 
drainages cross the footwall block.  High precipitation defined by Finlayson et al. (2002) 
represented by cartoon clouds. 
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ductile quartz matrix form parallel to the early high temperature fabrics.  S-C fabrics 

as well as delta and sigma-type asymmetric tails on porphyroclasts consistently record 

east-west extension.  Fault scarps, subparallel to 1 km tall triangular facets, offset recent 

lacustrine, fluvial and colluvial deposits. 

Discussions and Conclusions

Structural data from the ADM indicate that the major range bounding faults 

and shear zones mapped in the central section of the ADM record crustal extensional 

and are here termed the Ama Drime detachment (ADD; Figs. 6.1 and 6.2).   We use the 

consistency in fabric orientation between the high-to low-grade deformation and the 

progression into brittle detachments (Sibson, 1977) within the ADD to suggest that these 

formed during crustal extension and exhumation as a core complex.  We emphasize 

that the extensional fabrics dominate the macro-and micro-scale structure and overprint 

any evidence for early thrusting along the shear zone on the western limb.  Our new 

constraints on the structural evolution of the western limb essentially mirror those of 

Burchfiel et al. (1992), which are further supported by our mapping along Demon’s Lake 

on the eastern limb.  Since the Sm/Nd model ages and ENd(0) data suggest that the core 

of the ADM is part of the LHS, we propose that the ADD may be an unconformity with 

an early history as a  thrust fault.  However, we caution against calling this contact the 

MCT, because the MCT, by definition, occurs in the foreland of the Himalayas (Gansser, 

1964).  

This implies that reactivation of preexisting structural weaknesses or 

unconformities may have played a significant role in accommodating the transition from 

crustal thickening to thinning during the evolution of this section of the Himalayas. 

We prefer to interpret the ADD as a fundamental transition between the GHS and LHS 

originally located at a much greater depth than currently exposed in the foreland.  We 

propose that the core of the ADM represents the deepest structural position, essentially 
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the lower crust, exposed in this part of the Himalayas as an erosional window.  Offset 

Quaternary deposits on the eastern limb of the ADM suggest that east-west crustal 

extension remains active today.  This is further supported by geophysical data that 

suggests the only area of crustal thinning, defined by the distribution of the normalized 

component of the seismic moment tensor that crosses the Himalayan front, coincides with 

the ADM (Shapiro et al., 2004). Geochemical and isotopic data from CO
2
-rich hot springs 

along the western limb and nose of the ADD are the hottest observed in the Everest 

region and carry volatiles with carbon and nitrogen isotope values suggestive of high 

temperature devolatilization of lower crustal rocks or mantle materials (Newell et al., 

submitted). Together these provide compelling evidence that the ADM is a core complex 

that exhumes a lower crustal block during active east-west crustal extension.

The highest precipitation levels in the Himalayas, outside of the eastern syntaxis 

(Finlayson et al., 2002) as well as high rapid inferred erosion (Finlayson et al., 2002) 

coincides with the trans-Himalayan Arun River gorge on the southern end of the 

ADM.  Previous investigators suggested that the Arun River gorge and antiform are 

prime candidates for exploring the coupling between erosion, climate and tectonics 

(Montgomery and Stolar, 2006).  We contribute our new field observations and data 

to this hypothesis and propose that exhumation of the ADM as a core complex during 

east-west crustal extension is coupled with denudation in the Arun River gorge.  We also 

propose that the active faults of the ADD might link mid-crustal flow interpreted from 

imaged low-velocity and resistivity zones beneath the Tibetan Plateau today (Nelson et 

al., 1996; Unsworth et al., 2005) with focused denudation in a major trans-Himalayan 

gorge during crustal thinning (Figs. 6.1 and 6.2).   
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