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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 yow models
describe the coupling between mid-crustal yow, 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 yow path history for rocks from

an exhumed section of the proposed mid-crustal channel. Results from this investigation
demonstrate that mid-crustal yow 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.
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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 pow models that described the relationship between lateral pow of mid-crustal
rocks and their exhumation to the surface as related to focused denudation along the
orogenic front. Channel pow 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 pow 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 pow path history of these
rocks could be quantiyed and thereby contribute to the development of future models.

A portion of these results are presented in Chapter 2, “Structural evolution
and vorticity of pow during extrusion and exhumation of the Greater Himalayan Slab,

Mount Everest Massif, Tibet/Nepal: implications for orogen-scale pow partitioningo,



which was published in Geological Society Special Publication 268 in 2006. Our work
demonstrates that pow 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 ), a measure of the relative contributions of pure and simple shear (W_; where W_
= 1.0 for simple shear, W =0 for pure shear, and pure shear = simple shear at W _=
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_ = 0.57-0.85; 62-35 % pure shear) while
the base of the slab (Main Central thrust) records higher contributions of pure shear (W _
=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 difyculties 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 signiycant enough
temperatures that mineral phases (feldspar) that remained rigid at lower temperatures

record evidence for plastic deformation. This problem resulted in our data acquisition



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 deynes W _ 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 uniyed the three main existing methods (PHD, Wallis and
Passchier), which is presented the Chapter 3, iThe Rigid Grain Net (RGN): An
alternative method for estimating mean kinematic vorticity (W_)o 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 deyne the relationship between
aspect ratio, angle of the long axis from the foliation and W_ during the rotation of
porphyroclasts in a ductile matrix. Through the RGN, we uniyed the existing vorticity
methods by treating all of the porphyroclasts as tailless. We also demonstrated that
the RGN provides a more robust means to deyne the critical threshold between
porphyroclasts that rotate inynitely and those that reach a stable sink positions; the
unique point that deynes vorticity. The RGN eliminates ambiguity in deyning 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



manipulated and will potentially help standardized future investigations.

Chapter 4, AP-T-t-D paths of the Everest Series schist, Nepalo, 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 deynition 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 yeld seasons (2005 and 2006) in Tibet. During these trips, | 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 pow models are used to describe the coupling of the mid-crustal pow,
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.



Chapter 5, iExhumation of the Ama Drime Massif during east-west extension
coupled with focused denudation in a trans-Himalayan river gorge; testing the
Himalayan paradigmo 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 yrst 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 yeld-
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 yeld, 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, puvial 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 mayc 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 ylled 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



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.



Manuscripts generated by aspects of this dissertation

First author

Jessup, M.J., Law, R.D., Searle, M.P. & Hubbard, M.S. (2006) Structural evolution and
vorticity of pow during extrusion and exhumation of the Greater Himalayan Slab,
Mount Everest Massif, Tibet/Nepal: implications for orogen-scale pow 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.

Jessup, M.J., Law, R.D. & Frassi, C. (2007) The Rigid Grain Net (RGN): An alternative
method for estimating mean kinematic vorticity (W _): Journal of Structural Geology,
29, 411-421.

Jessup, M.J., Searle, M.P., Cottle, J.M., Law, R.D., Tracy, R.J., Newell, D.L. & Waters,
D.J. (submitted 2007) Metamorphic and microstructural evolution of the Everest
Series, Mount Everest Massif, Tibet-Nepal. Submitted to Journal of Metamorphic
Geology.

Jessup, M.J., Newell, D.N., & Cottle, J.M., (submitted 2007) Coupled crustal extension,
exhumation and denudation in the trans-Himalayan Arun River Gorge, Ama Drime
Massif, Tibet-Nepal: Submitted to Geology.

Coauthor

Searle, M.P,, Law, R.D. & Jessup, M.J. (2006) Crustal structure, restoration and evolution
of the Greater Himalaya: implication for channel pow and ductile extrusion of the
middle crust: 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, 355-378.

Cottle, J.M., Jessup, M.J., Newell, D.L, Searle, M.P., Law, R.D., & Noble, S.R. (in
review) Structural Evolution of the South Tibetan Detachment System, Dzakaa
Chu section, Kharta region, Eastern Himalaya. Submitted to Journal of Structural
Geology.

Newell, D.L., Jessup, M.J., Cottle, J.M., Hilton, D.R., Fischer, T. & Sharp, Z. (submitted)
Mineral springs of southern Tibet: a geochemical window into three structural levels
of the lithosphere beneath the Tibetan plateau. Submitted to Earth and Planetary
Science Letters.

Cottle, J.M., Noble, S.R, Jessup, M.J., Newell, D.L, Parrish, R.R., & Waters, D.J.
(submitted) Structure, petrology and high precision U-Th-Pb geochronology of
eclogites from the Ama Drime Massif, Southern Tibet. Submitted to Earth and
Planetary Science Letters.

Searle, M.P., Law, R.D., Jessup, M.J., Streule, M.J., Cottle, J.M., Godin, L. & Larson, K.
(in prep) Deyning the Himalayan Main Central Thrust in Nepal. In preparation for
the Geological Society of London.



CHAPTER 2

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

MICAH J. JESSUP !, RICHARD D. LAW?!, MICHAEL P. SEARLE? & MARY S.
HUBBARD?
- Department of Geosciences, Virginia Tech, Blacksburg, Virginia 24061, USA

2 Department of Earth Sciences, Oxford University, Oxford OX1 3PR, UK
% Department of Geology, Kansas State University, Manhattan, Kansas 66506, USA

Published December 2006 in: Law, R. D., SEARLE, M. P. & Gobin, L. (eds) Channel Flow,
Ductile Extrusion, and Exhumation in Continental Collision Zones. Geological
Society, London, Special Publications, 268, 379-413.



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 pow within the GHS emerge from detailed kinematic

and vorticity analyses in the Everest region. At the highest structural levels, mean
Kinematic vorticity number (W_) 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_ estimates of 0.57 - 0.85 (c.62-35% pure shear) and associated microstructures
indicate that pow 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 pow 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. Burchyel & Royden 1985; Burchyel 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 pow within the slab and its potential causal
relationship with progressive exhumation of the GHS.

The use of vorticity analysis to quantify pow within sheared rocks has proven
to be a useful tool for quantifying the nature and distribution of pow 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. \orticity
analysis enables estimation of the relative contributions of pure and simple shear,
yielding important constraints for GHS extrusion models. Identiycation of a pure shear
component is critically important because such pow 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 pow 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 pow 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. Simpliyed 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. Signiycant 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 yeld area to test the various components of extrusion models. In
this paper, we combine yeld-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 pow 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 yrst attempt to quantify pow in

a transect across the entire GHS, many new insights into vorticity of pow emerge,
including an understanding of how pow 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 ¢.55-50 Ma (Searle et al. 1987; Hodges
2000; Yin & Harrison 2000; Figs 2.1 & 2.2). The Tibetan plateau encompasses an area of
> 5x10° km? of subdued topography (Fig. 1, inset a), with an average elevation of c. 5000
m (Fielding et al. 1994). To the south stretches the pat, 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; ¢.23-17 Ma) associated with decompression, migmatization,
and emplacement of leucogranite sills (Hodges 2000; Simpson et al. 2000). “°Ar/*Ar
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 ynite-element models involving lateral pow 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 (Burchyel & Royden 1985; Royden

& Burchyel 1987; K¢ ndig 1988, 1989; Burchyel 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/pow 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 pow components.

Model 2 Quantitative evidence for a signiycant pure shear deformation component
associated with pow 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 pow regime associated with a decelerating strain path (Simpson & De
Paor 1997; Fossen & Tikoff, 1997), where simple shear pow at higher temperatures is
replaced by pure shear dominated pow 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/pow 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 pow
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 pow model, although Gruijic et al. (1996) did note that pure shear would lead

to thinning and transport-parallel stretching of the wedge/channel during extrusion.
Subsequent yeldwork 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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pow model (incorporating combined Couette and Poiseuille pow; see review by Grujic
this volume) the inpuence of changing thermal conditions (viscosity) on pow patterns
was considered, and qualitative predictions made on the likely inpuence of changes in
boundary conditions and viscosities on domainal variation in pow vorticities within the
channel. Grujic et al. (2002, p.188) emphasized that general pow (i.e. combined simple

and pure shear) fiis implicit in the Poiseuille pow, and therefore in channel pow.o

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 pow 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 ynite-element models

in which channel viscosities are reduced by mantle heat pux 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 pows in a
mid-crustal channel towards the orogenic front. Varying input parameters and model
speciycations 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 powing 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 speciyc 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, 19993,
b); Searle (19994, 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 deyned, 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 ¢.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 conyrms 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), conyrmed 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 pow plane - transport direction.

A ¢.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 ¢.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 ¢.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)
(Burchyel 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 19993, 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 yeld, 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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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.

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.

\orticity analysis
Introduction to techniques

Mean kinematic vorticity number (W ) is a measure of the relative contributions of pure
(W_=0)and simple (W_=1) shear. Several analytical methods exist for estimating

W_ 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
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Rock tvoé i; ’ Elevation (m) Distance(m) from QD/LD  Method 1 (Wm)

THERN TRANSECT

pd
o

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{J bt 4934 46 0.74-0.79
ONGBUK MONASTERY TRANSECT
RO3-55 im 5767 67 above 0.82-0.84
R03-56 m 5716 16 above 0.77-0.80
R03-58 im/mar 5663 37 0.76-0.79
R03-59 m;i\r 5655 45 0.79-0.82
R03-63 calc 5650 50 0.81-0.84
T1-05 Bt €.5600 100 0.77-0.79
ET-15 t 5450 250 0.82-0.85
R03-67 calc 5380 320 0.75-0.80
ET-14 t 5350 350 0.67-0.73
R03-70 t 5255 445 0.73-0.77
ET-13 t 5250 450 0.75-0.80
ET-12 , t 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 57317 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

1 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 powing

ductile matrix, a unique relationship exists between W _, clast aspect ratio (R) and the
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angle (0) between clast long axes and matrix foliation. For a given Wm, clasts with a
speciyc 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. 0 (Fig. 2.5a-d). A transition between clasts that
rotate inynitely and those that reach a stable sink orientation deyne the critical threshold
(R). R, isthen used to calculate W _ using the relationship proposed by Passchier (1987):
W_=(R?>1) (R*1) Egn. 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_ 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_ values probably depends on individual sample
characteristics. The method may tend to underestimate W _ 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 ynite 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_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 pow 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_ 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 yrst
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 deynes (Fig. 2.5a) an abrupt transition

from grains that rotate inynitely (R O 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_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

(W)

(R 0 4.05). Using this range in R, values (3.80-4.05) yields a W  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_(Fig. 2.5b) yields a fairly robust
W_ 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
pattening, indicating that they did not behave as perfectly rigid markers. fiRigid graino
plots using these feldspar grains are characterized by a broad transition in potential R_
values (Fig. 2.5c), and therefore greater uncertainty in deyning W _. 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
conyrms their appropriateness for rigid grain vorticity analysis (Fig. 2.5d). A limited
range in R_deynes W _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 deyne a minimum R, whereas 87-H-22E contained many garnets (n =
275) that deyne R_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,
deyned 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 deyned by Hirth & Tullis (1992), and suggest deformation temperatures of
€.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 ygures 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 pow 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 yeld (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 ¢.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 ¢.1.6 with a long axis c. 800 from the foliation as deyned 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) deynes 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 2.5¢c. 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) deynes 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, deyned 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-deyned
R, 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_ 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 yeld 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 ¢.10 m above and within the QD, respectively, yield W _ 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_ 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 _=0.62-0.71; c. 58-49% pure shear)
Wm estimates. The large range in potential R_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_ estimates that are consistent with the majority of the calc-silicate samples (0.70-
0.82). Although large, the range in W_ for sample R03-20 overlaps with W _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 _
values (0.87-0.91), and therefore highest percentage simple shear values, recorded in

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

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

Rongbuk Monastery transect: The Rongbuk Monastery transect is located ¢.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 _ estimate
(0.79-0.82) that is indistinguishable from W _ 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 (T1-5), and three biotite schist samples, record a fairly consistent range

in estimated W_ values (0.72-0.80). The two outliers yield slightly higher (leucogranite
ET-15; W _=0.82-0.85) and lower (biotite schist ET-14; W_=0.67-0.73) W_ 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 11
(the PHD method of Simpson & De Paor 1997) and method 111 (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 Il yield indistinguishable results. For the other three samples,
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Figure 2.8. Simpliyed geologic map of Rongbuk valley, Tibet. Insets (a-c) are enlarge-
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 ygure. Im-
age compilation created using original mapping from this investigation and other sources
(Burchyeld et al. 1992; Murphy & Harrison 1999; Searle et al. 2003; Law et al. 2004).
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