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Quartz microstructural analysis together with quantification of 3-D crystaleplastic strain of quartz clasts
(Normalized Fry and Rf-4 methods) constrain deformation temperature ranges and internal strain
magnitude/orientation within Himalayan thrust sheets in Bhutan. Lesser Himalayan (LH) thrust sheets
display an inverted deformation temperature gradient, from w250 to 310 �C at the Main Boundary
Thrust to w500e670 �C at the Main Central Thrust (MCT), attributed primarily to stacking of LH thrust
sheets deformed at progressively higher temperatures toward the hinterland. The ‘hot-iron’ effect of the
MCT hanging wall only affects the upper few hundred meters of hinterland LH thrust sheets. Frontal
thrust sheets exhibit w7% layer-parallel shortening (LPS) strain. All other thrust sheets exhibit layer-
normal flattening (LNF) strain, with 1.9:1.8:1.0 (LH rocks) and 2.1:1.8:1.0 (Greater and Tethyan Himalayan
rocks) median ellipsoids (X parallel to lineation). We propose that LPS strain developed foreland-ward of
the thrust deformation front, and that LNF strain resulted from later tectonic loading. The LPS to LNF
transition occurs at minimum temperatures for quartz plasticity (ca. 250e270 �C). LNF ellipsoids are
folded along with strata within thrust sheets, indicating that internal strain preceded thrust imbrication
and translation. At the scale of 10’s of meters structural distance, strain magnitude of hanging wall rocks
does not increase near thrusts, which supports the existence of discrete faults with large translations, as
generally depicted in balanced cross-sections Strain magnitudes in low-grade Greater and Tethyan
Himalayan rocks in central Bhutan indicate that the top-to-the-north component of channel-flow
extrusion is most likely less than 19 km.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Accurate quantification of orogenic deformation requires exa-
mination at multiple scales. Studies that focus on macroscopic defor-
mationof entire fold-thrust belts generally consider translation across
major thrust faults and map-scale folding as the most significant
quantifiable components of deformation (e.g. Dahlstrom,1969; Boyer
andElliott,1982;Woodwardet al.,1989;WilkersonandDicken, 2001).
In most orogen-scale balanced cross-sections, the contributions of
meso- andmicroscopic deformation, includingminor faults and folds,
and internal strain from cleavage development and/or grain-scale
fabrics, are not included. However, internal strain may constitute
a significant componentof totaldeformation, andmust beunderstood
to accurately assess mass balance in orogens (e.g. Mitra, 1994).
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Internal deformation can exhibit significant variability as a fu-
nction of multiple factors, such as spatial position within the fold-
thrust belt, material properties of fault zones and hanging wall
rocks (e.g. lithology, rheology, mineralogy, grain size), environ-
mental conditions (e.g. deformation temperature, fluid pressure),
and boundary conditions (e.g. displacement rate), among others
(e.g. Sanderson, 1982). In addition, internal deformation and bulk
translation magnitudes can be decoupled; for example, it is pos-
sible to have thrust sheets with large bulk displacement and minor
internal deformation as well as minor displacement and significant
internal deformation (e.g. Elliott, 1977; Mitra, 1994). As a conse-
quence, there is no unique “mode” of internal deformation within
orogens, requiring characterization and integration of strain
patterns at multiple scales within a fold-thrust-belt. This integra-
tion is required to understand the mechanisms and contribution of
internal strain of thrust sheets to the total amount of deformation,
as well as the relative contributions of large- and small-scale
deformationmechanisms during the evolution of a fold-thrust belt.

In the frontal thrust sheets in many orogenic belts, cleavage and
grain-scale fabrics often indicate that internal strain is dominatedby
rain and deformation temperature in the eastern Himalaya, Bhutan:
ural Geology (2011), doi:10.1016/j.jsg.2010.12.011
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low-magnitude, layer-parallel shortening (LPS) that forms early in
the deformation history (e.g. Geiser and Engelder,1983;Mitra,1994;
Ong et al., 2007; Yonkee and Weil, 2009). However, reported LPS
strain magnitudes vary significantly, typically between ca. 5 and
30%, and depend strongly on the mechanical strength of the strata
being deformed (Crosby, 1969; Engelder, 1979; Nickelsen, 1983;
Gockley, 1985; Craddock, 1992; Mitra, 1994; McNaught and Mitra,
1996; Mukul and Mitra, 1998; Faill and Nickelsen, 1999; Yonkee
and Weil, 2009). Studies that account for LPS strain in deformation
restoration indicate that balanced cross-sections that consider
macroscopic structures alone can underestimate cumulative short-
ening (e.g.Mitra,1994;McNaught andMitra,1996; Yonkee andWeil,
2009).

In hinterland thrust sheets, which are typically deformed at
higher temperatures, more widely-varying internal deformation
patterns are observed that include components of layer (or thrust)-
parallel simple shear, and layer (or thrust)-normal pure shear (e.g.
Sanderson, 1982). Sub-simple shear dominated deformation has
been documented in many thrust sheets (e.g. Coward and Kim,
1981; Mitra, 1994; Seno et al., 1998; Yonkee, 2005), and the
component of simple shear has been observed to increase toward
the base in some thrust sheets, possibly reflecting deformation of
more viscous hanging wall rocks just above the thrust (Mitra, 1994;
Yonkee, 2005). Alternatively, pure shear dominated deformation
resulting in thrust-normal thinning accompanied by thrust-parallel
extension and/or volume loss has also been observed in many
thrust sheets, and is often associated with higher deformation
temperatures (e.g. Kligfield et al., 1981; Sanderson, 1982; Mukul
and Mitra, 1998; Ring et al., 2001), most likely indicating plastic
deformation after significant loss of shear strength of quartz- or
mica-rich rocks (Means, 1989; Yonkee, 2005). Several studies have
explored the implications of this type of strain on the restored
geometry of thrust sheets (e.g. Mitra, 1994; McNaught and Mitra,
1996), and on orogenic taper (Mitra, 1994). However, 3-D
geometric complications can arise from multiple factors, including
non-plane strain, heterogeneous ductile deformation, uncertainty
of the relative contributions of simple- and pure shear (e.g. Yonkee,
2005), volume change accompanying thinning (e.g. Ring et al.,
2001) and/or metamorphism, and can add considerable difficulty
and uncertainty to assessment of bulk strain of thrust sheets with
simple geometric models.

In order to better understand the three-dimensional evolution
of deformation, illuminate the sequential development of internal
strain mechanisms, magnitudes, and spatial patterns, and to assess
the relative contribution of internal strain to large-scale deforma-
tion, we have collected extensive thin-section scale data that
quantify deformation temperature ranges and 3-D internal strain of
Himalayan thrust sheets in the country of Bhutan. The objectives of
this paper are to: 1) present quartz and K-feldspar deformation
microstructure data that constrain the deformation temperature
ranges of Subhimalayan (SH) and Lesser Himalayan (LH) thrust
sheets in eastern and central Bhutan, and 2) present an extensive
dataset quantifying 3-D crystaleplastic quartz strain in SH and LH
thrust sheets in eastern and central Bhutan and a low-grade Greater
Himalayan-Tethyan Himalayan section in central Bhutan. These two
datasets illuminate multiple aspects of micro-scale deformation,
including the role of plane versus 3-D strain, the relative contri-
butions of pure and simple shear (kinematic vorticity), and the
sequential development and spatial variation of strain patterns as
a function of lithologic, structural, and deformation temperature
controls. Recent work in Bhutan that has illustrated the map-scale
geometry of the Himalayan fold-thrust belt, and estimated crustal
shortening and displacements on major thrust structures
(McQuarrie et al., 2008; Long et al., 2011b), facilitates this com-
plementary study focused on micro-scale deformation.
Please cite this article in press as: Long, S., et al., Quantifying internal st
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2. Himalayan geologic background

Tertiary collision and continued convergence between the
Indian and Eurasian plates have formed the HimalayaeTibetan
Plateau orogenic system (Heim and Gansser, 1939; Gansser, 1964;
LeFort, 1975; Hodges, 2000), together the world’s highest moun-
tain range and largest elevated plateau. The Himalaya accommo-
dates crustal shortening of the northern part of the Indian plate,
and is composed of a south-vergent fold-thrust belt, which
detaches and translates thrust sheets of Paleoproterozoic to Recent
sedimentary and igneous rocks, that have been metamorphosed to
varying extents (Gansser, 1964; Powell and Conaghan, 1973; LeFort,
1975; Mattauer, 1986; Hodges, 2000; DeCelles et al., 2002; Murphy
and Yin, 2003; Yin, 2006). Crustal shortening accommodated by the
Himalayan fold-thrust belt has been estimated from studies that
utilize retro-deformable balanced cross-sections, and shortening
estimates range between ca. 400 and 900 km (see compilations in
DeCelles et al., 2002 and Long et al., 2011b).

The Himalayan fold-thrust belt is divided into the Subhimalayan
(SH), Lesser Himalayan (LH), Greater Himalayan (GH), and Tethyan
Himalayan (TH) tectonostratigraphic zones (Fig. 1), which have been
imbricated and thrust to the south since the Tertiary collision of the
Indian and Asian plates (Heim and Gansser, 1939; Gansser, 1964;
Powell and Conaghan, 1973; LeFort, 1975; Mattauer, 1986; Hodges,
2000; Murphy and Yin, 2003; Yin, 2006). The LH, GH, and TH zones
are packages of pre-Himalayan sedimentary and igneous rocks of
Greater India, and theSHzone represents synorogenicdeposits of the
Himalayan foreland basin. The SH zone is thrust over modern fore-
land basin sediments across the Main Frontal Thrust (MFT), the LH
zone is thrust over the SH zone across the Main Boundary Thrust
(MBT), and the GH zone is thrust over the LH zone across the Main
Central Thrust (MCT) (Heim and Gansser, 1939; Gansser, 1964). In
most places, the TH zone sits structurally above the GH zone across
the South Tibetan Detachment (STD) system (Burg, 1983; Burchfiel
et al., 1992), but in several localities the GHeTH contact is inter-
preted as stratigraphic (Stocklin,1980; Gehrels et al., 2003; Robinson
et al., 2006; Long and McQuarrie, 2010).

3. Bhutan tectonostratigraphy and structural geometry

In the country of Bhutan, which lies in the eastern quarter of the
Himalaya (Fig. 1), recent studies have examined the metamorphic
and deformational history of the GH zone (Grujic et al., 1996, 2002;
Davidson et al., 1997; Daniel et al., 2003; Hollister and Grujic, 2006;
Long and McQuarrie, 2010), defined the original stratigraphy of the
SH and LH zones (Richards et al., 2006; McQuarrie et al., 2008; Long
et al., 2011a), and illustrated the large-scale fold-thrust belt
geometry and provided crustal shortening estimates, using detailed
mapping and balanced cross-sections (Long et al., 2011b). In this
study, we show two areas (Figs. 2 and 3) of the detailed geologic
map of eastern and central Bhutan and smaller-scale versions of
four balanced cross-sections (Fig. 4), the Trashigang (A-A’), Kuru
Chu (B-B’), Bhumtang Chu (C-C’), and Mandge Chu (D-D’) sections,
originally presented in Long et al. (2011b). For additional details on
the geologic map, and the methods, constraints, and shortening
estimates obtained from the cross-sections, please refer to Long
et al. (2011b).

3.1. Subhimalayan zone

The SH zone consists of the Miocene-Pliocene Siwalik Group,
which coarsens upward from siltstone and claystone to sandstone
and conglomerate, and has been divided into informal lower,
middle, and upper members (Nautiyal et al., 1964; Jangpangi, 1974;
Gansser,1983; Lakshminarayana and Singh,1995; Longet al., 2011a).
rain and deformation temperature in the eastern Himalaya, Bhutan:
ural Geology (2011), doi:10.1016/j.jsg.2010.12.011



Fig. 1. Simplified geologic map of Bhutan and surrounding region, after Gansser (1983), Bhargava (1995), Grujic et al. (2002), and our own mapping. Area of detailed geologic maps
(Figs. 2 and 3) shown, along with lines of section of the four balanced cross-sections (Fig. 4) from Long et al. (2011b). Upper left inset shows generalized geologic map of central and
eastern Himalayan orogen (modified from Gansser, 1983). Structural detail from TH section north of central Bhutan compiled from Edwards et al. (1999); map patterns of NE-s-
triking normal faults northwest of Bhutan (Yadong Cross-Stucture) compiled fromWu et al. (1998). Abbreviations: 1) inset: GH: Greater Himalaya, LH: Lesser Himalaya, TH: Tethyan
Himalaya: 2) structures from north to south: YCS: Yadong Cross-Structure, STDh: structurally-higher South Tibetan Detachment, LT: Laya Thrust (location from Chakungal et al.,
2010), KT: Kakhtang Thrust, STDl: structurally-lower South Tibetan Detachment, MCT: Main Central Thrust, MBT: Main Boundary Thrust, MFT: Main Frontal Thrust; 3) windows
and klippen from west to east: LS: Lingshi Syncline, PW: Paro Window, TCK: Tang Chu Klippe, UK: Ura Klippe, SK: Sakteng Klippe, LLW: Lum La Window (location from Yin et al.,
2010).
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The SH zone consists of a single thrust sheet, uplifted along theMFT
(Figs. 2e4) (Long et al., 2011b).

3.2. Lesser Himalayan zone

The Bhutan LH zone consists of 6 map units (Long et al., 2011a):
the 1) Shumar Formation and, 2) Daling Formation, which comprise
the Paleoproterozoic DalingeShumar Group, which we refer to as
the lower LH section, and the 3) Neoproterozoic-Cambrian(?) Baxa
Group, 4) NeoproterozoiceOrdovician(?) Jaishidanda Formation, 5)
Permian Diuri Formation, and 6) Permian Gondwana succession,
which we refer to as the upper LH section.

The Paleoproterozoic DalingeShumar Group displays a consis-
tent 2-part stratigraphy of quartzite of the Shumar Formation
(1e6 km thick) below schist, phyllite, and quartzite of the Daling
Formation (2.2e3.2 km thick) (Nautiyal et al., 1964; Jangpangi,
1974, 1978; Sengupta and Raina, 1978; Gansser, 1983; McQuarrie
et al., 2008; Long et al., 2011a). In Bhutan, the lower contact is
always a thrust which either repeats the DalingeShumar Group, or
places the DalingeShumar Group over the Baxa Group (the Shumar
Thrust [ST]) (Figs. 2 and 3) (Ray et al., 1989; Ray, 1995; McQuarrie
et al., 2008). The upper contact of the DalingeShumar Group is an
unconformity with the overlying Jaishidanda Formation (Long
Please cite this article in press as: Long, S., et al., Quantifying internal st
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et al., 2011a). An upper stratigraphic contact with the Baxa Group
is not observed in Bhutan, but is documented along-strike in
Sikkim (Bhattacharyya and Mitra, 2009; Mitra et al., 2010). The
combined DalingeShumar Group and Jaishidanda Formation
sections are repeated in a duplex systemwith the MCTacting as the
roof thrust (Fig. 4), which we call the lower LH duplex (Long et al.,
2011b).

The Neoproterozoic-Cambrian(?) Baxa Group (1.5e2.6 km thick)
consists of coarse-grained to conglomeratic quartzite, interbedded
with phyllite and dolomite (Nautiyal et al., 1964; Sengupta and
Raina, 1978; Gansser, 1983; Tangri, 1995a; McQuarrie et al., 2008;
Long et al., 2011a), and is exposed beneath the ST across Bhutan
(Figs. 2 and 3). The Baxa Group is repeated by a series of intra-
formational thrust faults, creating a duplex system with the ST
acting as the roof thrust (Figs. 2e4), which we call the upper LH
duplex (Long et al., 2011b). In the southern portions of the duplex,
upper stratigraphic contacts with the Diuri Formation and Gond-
wana succession are exposed (Long et al., 2011a, 2011b).

The NeoproterozoiceOrdovician(?) Jaishidanda Formation
(500e1700 m thick) is only exposed under the MCT (Figs. 2 and 3),
and consists of biotite-rich, locally garnet-bearing schist inter-
bedded with biotite-rich quartzite (Bhargava, 1995; Dasgupta,
1995; Long et al., 2011a).
rain and deformation temperature in the eastern Himalaya, Bhutan:
ural Geology (2011), doi:10.1016/j.jsg.2010.12.011
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Fig. 3. Geologic map of part of southeast Bhutan; location shown on Fig. 1 (simplified from Fig. 2 of Long et al., 2011b). Black lines with A, B, and C at southern end represent lines of
section of Trashigang, Kuru Chu, and Bhumtang Chu cross-sections, respectively (Fig. 4AeC). Stratigraphic position of biotite-in line (solid ¼ observed, dashed ¼ inferred) in
DalingeShumar Group shown. See Fig. 2 and caption for unit abbreviations, map symbols, and description of strain ellipsoids/ellipses; see Fig. 1 caption for structure abbreviations.
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The Permian Diuri Formation (2.4e3.0 km thick) consists of
pebble-clast diamictite (Jangpangi, 1974; Gansser, 1983; Bhargava,
1995; Tangri, 1995b; McQuarrie et al., 2008; Long et al., 2011a).
The Permian Gondwana succession (1.2e2.5 km thick) consists of
sandstone, carbonaceous siltstone and shale, and coal (Gansser,
1983; Gokul, 1983; Bhargava, 1995; Joshi, 1995; Lakshminarayana,
1995; McQuarrie et al., 2008; Long et al., 2011a). The Diuri Forma-
tion and Gondwana succession are each carried by thrust faults in
southeast Bhutan (Fig. 3).

3.3. Greater Himalayan zone

TheGHzone is divided into a lower structural level above theMCT
and below the Kakhtang Thrust (KT), and a higher structural level
above the KT (Figs. 1 and 4) (Grujic et al., 2002). The structurally-
Fig. 2. Geologic map of part of south-central Bhutan; location shown on Fig. 1 (simplified fr
with ‘D’ at southern end represents line of section of Mandge Chu cross-section (Fig. 4D). Tem
recrystallization with chessboard extinction; 500�e700 �C e GBM recrystallization; 450
McQuarrie, 2010; see Section 4.6 and Fig. 7) are indicated by solid (observed) and dash
partial melt texture (lower limit is MCT), and kyanite-in line (from Long and McQuarrie, 201
bedding/foliation of each sample to horizontal (Table SM1 caption). The strain plane that mo
the XY strain plane (Z axis is in and out of page, and has Rs of 1.0), and gray ellipsoids represe
of the X axis of the 2-D strain ellipse are shown for three samples (Z axis is in and out of page
area stereonet plots of orientations of mineral stretching lineation and crenulation fold axe
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higher GH section consists of migmatitic orthogneiss and meta-
sedimentary rocks, andMiocene leucogranite (Fig.1) (Gansser,1983;
Swapp and Hollister, 1991; Davidson et al., 1997; Grujic et al., 2002).
The structurally-lower GH section consists of a lower, Cambr-
ianeOrdovician granitic orthogneiss unit and an upper metasedi-
mentary unit, comprised of quartzite, schist, phyllite, and paragneiss
(Long and McQuarrie, 2010) (Fig. 1). Detrital zircon ages indicate
a Neoproterozoic to CambrianeOrdovician (or younger) deposition
age range for the GH metasedimentary unit (Richards et al., 2006;
Long and McQuarrie, 2010).

Subparallel bedding and tectonic foliation above and below the
MCTindicateahangingwallflatover footwallflat relationshipoverLH
rocks (Fig. 4), and that the hanging wall cutoff for the GH section has
passed through the erosion surface (Long et al., 2011b). Tectonic
foliation inorthogneiss, schist, andphyllite are approximatelyparallel
om Fig. 2 of Long et al., 2011b). See Fig. 1 caption for structure abbreviations. Black line
perature constraints from quartz recrystallization microstructure (630�e750 �C e GBM
�e500 �C e SGR recrystallization with K-feldspar recrystallization; from Long and
ed (inferred) lines; also shown are stratigraphic positions of highest occurrence of
0). 3-D strain ellipsoids and 2-D strain ellipses are projected onto the map by rotating
st closely approximates horizontal after rotation is projected. Black ellipsoids represent
nt either the XZ or YZ strain plane (X or Y axis is in and out of page). The Rs and azimuth
). Ellipsoids and ellipses are all scaled to constant volume. Lower left inset shows equal-
s for LH, GH, and TH units in eastern and central Bhutan (from Long et al., 2011b).

rain and deformation temperature in the eastern Himalaya, Bhutan:
ural Geology (2011), doi:10.1016/j.jsg.2010.12.011



Fig. 4. AeD) Deformed and restored balanced cross-sections of Bhutan fold-thrust belt (simplified from Fig. 3 of Long et al., 2011b; readers are referred to this paper for details on
methods of construction, constraints, and details on shortening estimates). Locations of lines of section shown on Figs. 1e3. Note that restored sections are shown at a smaller scale
than deformed sections. Translucent areas represent rock that has passed above the modern erosion surface. Insets on deformed sections are referenced to Fig. 10. See Fig. 2 for unit
abbreviations; see Fig. 1 caption for structure abbreviations. Note that the stratigraphy of the structurally-lower and higher GH sections are simplified to GHl and GHh, respectively.
Strain ellipses from thin sections that approximate N-S (lineation-parallel, crenulation fold axis-perpendicular, dip direction-parallel, or N-S; see Section 5.1) are projected directly
onto the restored cross-sections. The 3-D ellipsoids defined by these analyses are all scaled to constant volume (see Figs. 2 and 3), and the 2-D ellipses on this figure are scaled
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to quartzite bedding (Long and McQuarrie, 2010; Long et al., 2011b),
and exhibit regional-scale, east-west trending folds attributed to
growth of the underlying lower LH duplex (Figs. 1 and 4). The lower
GH section isw8 km thick across eastern Bhutan (Fig. 4AeC), and in
central Bhutan the section thickens to the north, from 5.3 km above
the MCT and below TH units to 10.5 km below the KT (Fig. 4D) (Long
et al., 2011b).

3.4. Tethyan Himalayan zone

Several isolated exposures of greenschist-facies Precambrian
(inferred) throughMesozoic metasedimentary rocks of the TH zone
lie above the GH section in the axes of synforms (Fig. 1) (Gansser,
1983; Bhargava, 1995; Edwards et al., 1996; Grujic et al., 2002).
The basal TH unit consists of quartzite and biotiteemuscovite-
garnet schist and is referred to as the Chekha Formation. The
overlying Maneting Formation (>1.0 km thick) consists of bio-
titeegarnet phyllite (Tangri and Pande, 1995; Long and McQuarrie,
2010). In our study area, these are the only TH units exposed;
Paleozoic and Mesozoic TH units are limited to western Bhutan
(Gansser, 1983; Bhargava, 1995).

Four of the five isolated TH exposures have been interpreted as
klippen above the STD (Grujic et al., 2002), based on field evidence
for top-to-the-north sense shear zones at the base of the Chekha
Formation. However, in the Shemgang region the Chekha Forma-
tion is in interfingering depositional contact above GH metasedi-
mentary rocks (Long and McQuarrie, 2010), requiring the GH and
TH sections there to be part of the same thrust sheet (Fig. 4D). The
maximum permissible northern and southern locations for foot-
wall and hanging wall ramps through the Chekha Formation are
shown on Fig. 4C and D, and these geometries constrain displace-
ment on the STD tow20 km (Long andMcQuarrie, 2010; Long et al.,
2011b).

4. Deformation temperature constraints

One of the most intriguing characteristics of the LH zone is its
inverted metamorphic gradient, which is defined by the general
upsection progression to higher temperatures and pressures as the
MCT is approached, with metamorphic isograds approximately
parallel to the MCT (Heim and Gansser, 1939; Gansser, 1964; LeFort,
1975; Pecher and LeFort, 1986; Harrison et al., 1998; Hodges, 2000;
Robinson et al., 2003). This is documented in multiple field-based
studies across the orogen (e.g. Arita, 1983; Gansser, 1983; Hubbard,
1989; Harrison et al., 1997; Stephenson et al., 2000; Catlos et al.,
2001; Kohn et al., 2001; Dasgupta et al., 2004), and has been an
important constraint in several models of Himalayan deformation
(e.g. LeFort, 1975; Harrison et al., 1998; Robinson et al., 2003).

In Bhutan, previous research has documented an inverted
metamorphic gradient at the scale of the entire LH section, with
metamorphic isograds approximately parallel to the MCT (Gansser,
1983). The metamorphic map of Gansser (1983) (simplified in
Grujic et al., 1996) shows an SeN increase from lower greenschist
facies at the MBT, to upper greenschist facies, to lower amphibolite
facies in the northern Kuru Chu valley just under the MCT.

The most influential hypothesis for the origin of inverted LH
metamorphism is that it represents footwall contactmetamorphism
accordingly. All map units are restored to a regional dip of 4�N (Long et al., 2011b), and all stra
bedding/foliation and the long direction of the strain ellipse in the view plane; see Section
ellipses (n ¼ 87) represent the XZ strain plane (Y axis is in and out of page), with Rs of X sho
with Rs of Y shown. Gray strain ellipsoids (n ¼ 4) represent the XY strain plane (Z axis in and
cross-section restored to an undeformed orientation. Samples 69e82 are on Trongsa transect
Long and McQuarrie (2010). Strain ellipsoids are scaled to constant volume. (For interpreta
version of this article).
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from the hot GH rocks in the hanging wall of the MCT (‘hot-iron’
effect; LeFort, 1975). Alternatively, studies in central Nepal argue
that inverted metamorphism is not observed within individual LH
thrust sheets, but rather is the result of stacking multiple LH thrust
sheets, with each structurally-higher sheet carrying progressively
higher-grade rocks (Robinson et al., 2003;Martin et al., 2005, 2010).
In order to differentiate between the ‘hot-iron’ and thrust sheet-
stacking hypotheses, to estimate the depths of deformation of
individual LH thrust sheets, and to compare temperature trends
with themagnitudes, spatial patterns, andmechanismsof strain that
we document below, we have performed extensive analysis of
quartz and K-feldspar microstructure to semi-quantitatively
constrain deformation temperature ranges. This data is presented
below for each individual LH and SH map unit in Bhutan that has
been deformed as a unique structural package, including the Siwalik
Group thrust sheet, Gondwana succession thrust sheet, Diuri
Formation thrust sheet, and Baxa Group thrust sheets in the upper
LHduplex (Longet al., 2011b).Wediscuss theDalingeShumarGroup
and Jaishidanda Formation sections together, because these rock
units were detached and translated together in individual thrust
sheets to form the lower LH duplex (Long et al., 2011b).

4.1. DalingeShumar Group and Jaishidanda Formation (lower
Lesser Himalayan duplex)

4.1.1. Metamorphic mineral assemblages
In the Kuru Chu valley, metamorphism in the DalingeSh-

umareJaishidanda section increases from upper greenshist facies at
the base, to biotite-zone upper greenschist facies in mid structural
levels, to lower amphibolite facies just beneath the MCT (Gansser,
1983; Grujic et al., 1996). The lower amphibolite facies LH rocks
correspond with garnet-bearing Jaishidanda Formation schist
(Daniel et al., 2003; Long et al., 2011a).

We observe foliation-parallel muscovite neoblasts in all lithol-
ogies, including quartzite (typically between w0.1 and 0.5 mm-
long; Fig. 5A and D), and phyllite and schist (typically multiple-mm
size; Fig. 5E and J) of the Jaishidanda Formation and the Dalinge
Shumar Group. These include all strata that are structurally above
the ST and below the MCT (Fig. 5A,D and E). Foliation-parallel
biotite neoblasts, typically between 0.1 and1.0 mm long (Fig. 5D
and E), are lacking at the base of the section, but are present in
stratigraphically-higher parts of the section, closer to the MCT
(Gansser, 1983). The first appearance of biotite neoblasts in the two
Kuru Chu valley sections is in the upper part of the Shumar
Formation, and is repeated in both thrust sheets (Fig. 6C). To the
east and west of the Kuru Chu, the first appearance of biotite
neoblasts is within the Daling Formation (Figs. 5D, E, J and 6A, D, E).
The biotite-in line varies between w1300 and 2600 m structural
distance below the MCT east and west of the Kuru Chu valley
(Fig. 6A,D and E), to a maximum of w5800e6000 m beneath the
MCT in the Kuru Chu valley (Fig. 6C).

Garnet porphyroblasts (typicallyw1e3 mm in diameter; Fig. 5J)
first occur within Jaishidanda Formation schist, and the garnet-in
line varies between w200 and 500 m structural distance beneath
the MCT east and west of the Kuru Chu valley (Fig. 6B,D and E), to
a maximum of w1000 m beneath the MCT in the northern Kuru
Chu thrust sheet (Fig. 6C). Garnet was not observed along the
in ellipses are rotated so that they differ from this regional dip by q’ (the angle between
5.1 and Table SM1 caption), which restores them to an undeformed orientation. Black
wn. Brown ellipses (n ¼ 18) represent the YZ strain plane (X axis is in and out of page),
out of page). E) Inset showing strain ellipses from GH and TH rocks on the Mandge Chu
, samples 83e103 are on Sure transect, and samples 104e109 are on Gonphu transect of
tion of the references to colour in this figure legend, the reader is referred to the web
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Fig. 5. Photomicrographs of DalingeShumar Group and Jaishidanda Formation thin-sections (cross-polarized light). All thin sections cut perpendicular to quartzite bedding or
schist tectonic foliation, and parallel to mineral stretching lineation. Photomicrographs AeG display granoblastic texture of equigranular, polygonal, w0.1e0.2 mm diameter,
recrystallized quartz subgrains, interpreted as evidence for SGR recrystallization in which all relict grains (porphyroclasts) have been completely recrystallized. A) Quartzite from
lower Shumar Formation section in Kuru Chu valley, displayingw0.1e0.5-mmmuscovite neoblasts; note lack of biotite neoblasts. B, C) Quartzite from Jaishidanda Formationwest of
Mongar; photos taken with gypsum plate inserted; C is same area of sample as B, but rotated 90� counterclockwise. Dominance of blue in B and yellow in C illustrates crystal-
lographic preferred orientation, which is present in most Daling, Shumar, and Jaishidanda quartzite samples. D) Quartzite from Daling Formation east of Mongar, displaying
w0.05e0.5-mm neoblastic muscovite and biotite. E) Biotiteemuscovite-quartz schist from upper Shumar Formation in northern Kuru Chu valley. F) Quartzite from lower Daling
Formation south of Trashigang; note ductile elongation and sweeping extinction of K-feldspar porphyroclast. G) Quartzite from middle Daling Formation in northern Kuru Chu
valley; note recrystallization of K-feldspar porphyroclast into multiple subgrains (outlined). H) Quartzite from upper Jaishidanda Formation on Bhumtang Chu transect exhibiting
variable grain size and formation of amoeboid ‘island’ grains up to w0.5-mm in diameter, surrounded by smaller subgrains; this is interpreted as a transitional texture between
GBM and SGR recrystallization. I) Quartzite from top of Daling Formation in southern Kuru Chu valley thrust sheet. Exhibits ‘amoeboid’ grain microstructure and multiple-mm grain
size characteristic of GBM recrystallization. J) Strain sample 63: garnetemuscoviteebiotite schist of Jaishidanda Formation, north of Geylegphug. Note isolated, plastically-elongated,
non-recrystallized quartz clasts surrounded by muscoviteebiotite matrix. K) Strain sample 34: Quartzite from Daling Formation klippe in southern Kuru Chu valley. Note w90%
volume proportion of recrystallized quartz subgrains, which form a matrix surrounding elongated ribbon porphyroclasts up to w1.0 mm long. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 6. Stratigraphic columns of transects through the ShumareDalingeJaishidanda section in eastern Bhutan, fromwest (left) to east (right). Text to the right of each column shows
stratigraphic locations of thin sections, metamorphic minerals (note: neoblastic muscovite is present at all stratigraphic levels), quartz recrystallization mechanism, and K-feldpsar
deformation mechanism. Green shaded area represents part of section above biotite-in line, and red shaded area represents part of section above garnet-in line. Temperature
profiles for each column show constraints from quartz and feldspar deformation microstructure, and peak metamorphic temperatures of garnet obtained just beneath the MCT
(Daniel et al., 2003). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Bhumtang Chu or at the top of the structurally-lower thrust sheet in
the Kuru Chu valley (Fig. 6A and C), but this may be due to the
abundance of quartzite and lack of schist at the top of these
sections. Daniel et al. (2003) reported peak metamorphic condi-
tions of 640�e670 �C and 9e13 kbar from Jaishidanda Formation
garnets, collected from samples within 20 m structural distance
below the MCT east and west of Mongar (Fig. 6B and D).

4.1.2. Quartz and feldspar microstructure
Quartz microstructure throughout the DalingeShumar and

Jaishidandasectionsexhibitsagranoblasticor ‘foam’ texture (Schmid,
1994), with equigranular, polygonal porphyroclasts, typically
w0.1e0.2 mm in diameter (Fig. 5AeG). This texture is indicative of
dynamic recrystallization through progressive subgrain rotation
(SGR) (Poirier and Nicolas, 1975; White, 1977; Guillope and Poirier,
1979), in which all relict grains have been completely consumed.
SGR recrystallization indicatesdeformationat temperaturesbetween
ca. 400� and 500 �C (Stipp et al., 2002). SGR deformation corresponds
with the higher-temperature part of dislocation creep regime 2 of
Hirth and Tullis (1992) (Stipp et al., 2002). Recrystallized quartz
subgrains show a weak shape-preferred orientation with aspect
Please cite this article in press as: Long, S., et al., Quantifying internal st
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ratios generally less than 2:1. Many Daling, Shumar, and Jaishidanda
quartzite samples exhibit a crystallographic preferred orientation
when viewed with a gypsum plate (Fig. 5B and C).

An upsection change from ductile elongation of K-feldspar
(Fig. 5F) to recrystallization of K-feldspar into subgrains (Fig. 5G) is
observed in two transects. On the Bhumtang Chu transect, this
transition occurs in the Shumar Formation (Fig. 6A), and south of
Trashigang this transition occurs in the middle of the Daling
Formation (Fig. 6E). Recrystallization of K-feldspar indicates
a minimum deformation temperature of ca. 450 �C (Voll, 1976;
Tullis and Yund, 1980; Pryer, 1993).

Quartz microstructure indicative of recrystallization through
grain boundary migration (GBM), which occurs between w500�

and 700 �C (Stipp et al., 2002), is observed at the top of the lower LH
section on three transects (Fig. 6AeC). Irregular grain size distri-
butionwith incipient nucleation of ‘island’ grains up tow0.5 mm in
diameter (Fig. 5H), which we interpret as a transitional GBM-SGR
texture (e.g. Stipp et al., 2002), is observed within 350 m structural
distance below the MCT west of the Kuru Chu (Fig. 6A and B). The
SGR-GBM transition corresponds with dislocation creep regime 3 of
Hirth and Tullis (1992) (Stipp et al., 2002). ‘Amoeboid’ grains with
rain and deformation temperature in the eastern Himalaya, Bhutan:
ural Geology (2011), doi:10.1016/j.jsg.2010.12.011
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highly-irregular, interfingering boundaries and multiple-mm grain
size characteristic of GBM recrystallization (Fig. 5I) (Stipp et al.,
2002) are observed at 10 m structural distance below the MCT
west of Mongar (Fig. 6B), and at 100 m structural distance below
the Shumar over Daling thrust in the Kuru Chu valley (Fig. 6C).

4.1.3. Summary of deformation temperature
The quartz and feldspar deformation microstructure summa-

rized above (Fig. 6) combined with peak metamorphic temperature
estimates of garnet at the MCT (Daniel et al., 2003) constrain
a composite deformation temperature profile of the Shu-
mareDalingeJaishidanda section (Fig. 7). At the base of the section,
SGR quartz recrystallization combined with a lack of K-feldspar
Fig. 7. Deformation temperature profile through thrust sheets of the Bhutan Himalaya, a
deformation temperature range for individual thrust sheets. Approximate stratigraphic posit
thrust sheets are composite and generalized from Fig. 6. Temperature and metamorphic m
Bhutan (Long and McQuarrie, 2010). Peak metamorphic temperature estimates from struct
Jaishidanda Formation are from Daniel et al. (2003). Quartz recrystallization abbreviations:
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recrystallization indicates deformation at ca. 400�e450 �C. Higher
in the section, SGR quartz recrystallization combined with K-feld-
spar recrystallization indicates deformation at ca. 450�e500 �C.
Within 350 m below the MCT, transitional GBM-SGR recrystalli-
zation indicates deformation at ca. 500 �C. Above this level, GBM
recrystallization indicates deformation above 500 �C and below
640�e670 �C, the peak metamorphic temperature range of garnet
at the MCT (Daniel et al., 2003).

These temperature ranges correspond very well with ca.
450�e510 �C deformation temperatures (from bottom to top of
section) obtained from Raman spectroscopy on carbonaceous
material in DalingeShumareJaishidanda rocks south of Trashigang
(Whynot et al., 2010).
s constrained by quartz and feldspar deformation microstructure. Gray boxes show
ions of metamorphic mineral isograds shown. Data for Shumar, Daling, and Jaishidanda
ineral data from GH and TH units are generalized from the Shemgang area in central
urally-lower GH section in eastern Bhutan (cross-hatched pattern) and from garnet in
BLG e bulging, SGR e subgrain rotation, GBM e grain boundary migration.
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4.2. Baxa Group horses (upper Lesser Himalayan duplex)

Mineral assemblages and quartz and feldspar microstructure
fromBaxaGroup samples indicate cooler deformation temperatures
Fig. 8. Photomicrographs illustrating mineralogy and range of deformation microstructure o
quartzite bedding or phyllite tectonic foliation, and parallel to mineral stretching lineation, e
dip of quartzite bedding or phyllite tectonic foliation in plane of thin section. Strain sample
normal extensional fracturing of K-feldspar, with syn-deformational growth of neoblastic mu
shadows between quartz grains that are plastically-elongated parallel to bedding. C) Samp
within a mica-rich (typically w10 um or greater grain size) matrix, and plastically-elongated
shadows. D) Sample 12A: Microstructure characteristic of micaceous Baxa Group quartzite
matrix (w25% volume fraction), and plastically-elongated subparallel to bedding. E) Samp
comprises the majority of strain samples; note formation of w0.1 mm-diameter subgrains lo
2A: Core-and-mantle microstructure of strained quartz clasts surrounded at their boundarie
a �25% volume fraction of subgrains, and is the approximate transition point from bulging-do
I) Baxa Group quartzite displaying high volume proportions of recrystallized subgrains, betw
isolated ribbon porphyroclasts. These microstructures are typically observed only in the nor
rotation recrystallization. Note that G (sample 28A) is the most highly-strained Baxa Group

Please cite this article in press as: Long, S., et al., Quantifying internal st
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than theDalingeShumareJaishidanda section. BaxaGroupquartzite
andphyllite lackneoblastic biotite, but syn-deformational growth of
neoblastic muscovite up to w0.5 mm-long is observed throughout
the section, in extensional fractures in K-feldspar (Fig. 8A) and in
bserved in the Baxa Group (cross-polarized light). All thin sections cut perpendicular to
xcept for A, which is cut perpendicular to lineation. White dashed line shows apparent
numbers shown for each; refer to Fig. 3 for sample locations. A) Sample 10B: Bedding-
scovite in fractures. B) Sample 13A: Growth of syn-deformational muscovite in pressure
le 7A: Microstructure characteristic of Baxa Group phyllite; quartz clasts are isolated
parallel to tectonic foliation. Note neoblastic muscovite growth in quartz clast pressure
; quartz clasts are isolated within mica-rich (typically w10 um or greater grain size)
le 6A: Microstructure characteristic of clast-supported Baxa Group quartzite, which
calized at quartz clast boundaries, characteristic of bulging recrystallization. F) Sample
s by a matrix of w0.1 mm-diameter recrystallized subgrains. This texture appears with
minated recrystallization to subgrain rotation recrystallization (Stipp et al., 2002). G, H,
een w40% (G), w60% (H), and w80% (I), which forms a matrix texture that surrounds
thern portions of Baxa Group exposure, near the Shumar Thrust, and indicate subgrain
sample observed (Rs[XZ] ¼ 5.1).

rain and deformation temperature in the eastern Himalaya, Bhutan:
ural Geology (2011), doi:10.1016/j.jsg.2010.12.011
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pressure shadows between elongated quartz clasts (Fig. 8B and C)
indicating the occurrence of mass transfer deformation.

Quartz microstructure of the Baxa Group is dominated by
plastically-elongated clasts, typically 0.5e1.0 mm-long, with
sweeping or undulose extinction (Fig. 8B). In phyllite and mica-
ceous quartzite (typically up to w25% matrix volume fraction;
Fig. 8D), elongated quartz grains are isolated within a typically
w10 um or larger grain size, mica-rich matrix (Fig. 8C and D).
However, the majority of Baxa Group quartzite displays dynamic
recrystallization of quartz through formation of subgrains, typically
w0.1 mm in diameter, localized at grain boundaries (Fig. 8E). This
texture is characteristic of bulging (BLG) recrystallization (Bailey
and Hirsch, 1962; Drury et al., 1985; Stipp et al., 2002), and indi-
cates deformation at temperatures between w280� and 400 �C
(Fig. 7) (Stipp et al., 2002). Extensive subgrain formation during BLG
recrystallization corresponds to the lower temperature domain of
dislocation creep regime 2 of Hirth and Tullis (1992) (Stipp et al.,
2002). Our estimated temperature ranges correspond very well
with ca. 350� deformation temperatures obtained from Raman
spectroscopy on carbonaceous material in Baxa Group rocks south
of Trashigang (Whynot et al., 2010).

When the volume proportion of recrystallized grains is �25%,
quartz microstructure takes on a core-and-mantle appearance
(Fitzgerald and Stunitz, 1993; Stipp et al., 2002), with strained
quartz clasts surrounded by a matrix of recrystallized subgrains
(Fig. 8F). Subgrain volume proportions as high as w40e80% are
observed in Baxa Group quartzite, typically only in the northern
extent of exposure, near the ST. This texture forms a matrix of
subgrains that surrounds isolated ribbon porphyroclasts
(Fig. 8GeI). Stipp et al. (2002) documented that the transition from
BLG to SGR recrystallization, which represents temperature
conditions of w400 �C, occurs at a w25% subgrain volume
proportion. The highly-recrystallized (>25%) Baxa Group quartzite
samples we observe were likely dominated by SGR, which occurs
between 400� and 500 �C (Stipp et al., 2002). However, K-feldspar
deforms through brittle fracturing (Fig. 8A) throughout the entire
Baxa Group section, which indicates that SGR deformation
temperatures were likely less than ca. 450 �C (Fig. 7), the lower
temperature limit of feldspar recrystallization (Voll,1976; Tullis and
Yund, 1980; Pryer, 1993). These higher deformation temperatures,
which are observed only in close proximity to the ST, could be the
result of emplacement of hotter DalingeShumar rocks above, and/
or shear heating associated with emplacement of the ST.

4.3. Diuri Formation thrust sheet

In thin section, Diuri Formation diamictite displays a distinct
bimodal grain size of sand-size (typicallyw0.25e2mm) quartz and
K-feldspar clasts suspended in a mica-rich matrix (Fig. 9AeC). The
matrix material is dominantly composed of w10 um or larger-size
mica and calcite, exhibits schistosity, and often displays flattening
fabrics arranged around larger quartz and feldspar clasts (Fig. 9B
and C). Matrix volume fractions can be as high as 75%. Quartz clasts
exhibit sweeping and undulose extinction, and are generally
elongated subparallel to tectonic foliation (Fig. 9A and B). Foliation-
parallel pressure shadows up to w0.5e1.0 mm-long are developed
adjacent to many of the larger quartz and feldspar clasts, and are
often filled with syn-deformational calcite (Fig. 9AeC). K-feldpsar
clasts exhibit foliation-normal extensional brittle fractures, which
are often filled with calcite (Fig. 9D), indicating syn-deformational
mass transfer deformation. Quartz grain-to-grain boundaries in
Diuri Formation quartzite generally show sharp, sutured contacts,
with a small number of grain boundaries displaying zones of
bulging and subgrain formation, which we interpret as incipient
BLG recrystallization (Fig. 9E). This likely indicates deformation at
Please cite this article in press as: Long, S., et al., Quantifying internal st
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the minimum temperature conditions necessary for BLG recrys-
tallization, which ranges from ca. 250� to 310 �C (Fig. 7) (Stipp et al.,
2002). This type of BLG microstructure corresponds with disloca-
tion creep regime 1 of Hirth and Tullis (1992) (Stipp et al., 2002).

4.4. Gondwana succession thrust sheet

Temperature conditions indicated by the metamorphic grade
and quartz microstructure of the Gondwana succession vary along-
strike in eastern Bhutan. North of Samdrup Jongkhar, quartzite near
the top of the section displays sharp, sutured quartz grain-to-grain
contacts, with isolated zones of BLG recrystallization at a small
number of boundaries (Fig. 9F). This texture is similar to that
observed in Diuri quartzite, and is interpreted to represent
a temperature range of 250�e310 �C (Fig. 7) (Stipp et al., 2002). In
argillite at the top of the section on the Kuru Chu transect, isolated
quartz grains suspended in a mica-rich matrix exhibit undulose
extinction and plastic elongation, indicating that temperatures
above the frictional-viscous transition for quartz [ca. 250�e270 �C
minimum (Dunlap et al., 1997; van Daalen et al., 1999; Stipp et al.,
2002)] were obtained.

Along the Manas Chu (Fig. 3), sandstone, siltstone, and shale of
the Gondwana succession are not metamorphosed. Sandstone in
Fig. 9G shows a texture typical of these strata, with a very weak
quartz grain preferred orientation, a significant volume proportion
(ca. 25%) of micaceous matrix material, non-sutured quartz grain-
to-grain contacts, and no sign of plastic quartz deformation. This
indicates that temperatures of ca. 250e270 �C (Dunlap et al., 1997;
van Daalen et al., 1999; Stipp et al., 2002) were most likely not
obtained here.

4.5. Siwalik Group thrust sheet

Conglomerate, sandstone and siltstone of the Siwalik Group
display no evidence of metamorphism through their exposed
thickness. In thin section, Siwalik Group sandstone is dominated by
w0.5e1.0 mm-diameter quartz clasts, and is generally clast-sup-
ported, but contains a significant volume percentage (ca. 10e25%)
of matrix, consisting dominantly of mica and calcite (Fig. 9H). The
majority of quartz clasts show evidence of plastic strain, and often
exhibit subgrains and sweeping or undulose extinction. However,
all quartz plastic strain in these detrital grains is interpreted to be
inherited from deformation of source rocks that pre-dates Siwalik
Group deposition. A very weak grain preferred orientation indi-
cating low-magnitude strain (Section 5.2.5), a lack of schistosity in
matrix material, non-sutured quartz grain-to-grain contacts
(Fig. 9H), and a lack of evidence for post-depositional quartz plastic
deformation collectively indicate that temperatures of ca.
250�e270 �C (Dunlap et al., 1997; van Daalen et al., 1999; Stipp
et al., 2002) were not obtained in the Siwalik Group thrust sheet
(Fig. 7).

4.6. Greater-Tethyan Himalayan section

Long and McQuarrie (2010) presented metamorphic mineral
assemblages and deformation temperature constraints from quartz
and feldspar microstructure for the structurally-lower GH section
and depositionally-overlying TH section in the Shemgang region in
central Bhutan (Figs. 1 and 2). Their observations are briefly dis-
cussedhere, and are summarizedon Fig. 7. In central Bhutan, kyanite
and partial melt textures are only present in the lower-mid parts of
the GH orthogneiss unit. The overlying parts of the GH and TH
sections are dominated by a melt-free, biotiteemuscoviteegarnet
mineral assemblage.
rain and deformation temperature in the eastern Himalaya, Bhutan:
ural Geology (2011), doi:10.1016/j.jsg.2010.12.011



Fig. 9. Photomicrographs illustrating range of deformation microstructure observed in the Diuri Formation, Gondwana succession, and Siwalik Group (cross-polarized light). All
thin sections cut perpendicular to bedding or tectonic foliation. White dashed line shows apparent dip of bedding or tectonic foliation in plane of thin section. Strain sample
numbers shown; refer to Fig. 3 for sample locations. AeC) Diuri Formation diamictite samples, displaying bimodal grain size distribution of sand-size (w0.25e1.0 mm-diameter)
quartz and K-feldspar clasts suspended in mica-rich matrix (w10 um or greater grain size). Quartz clasts are plastically-elongated subparallel to foliation. Matrix displays schistosity,
which is arranged in flattening fabrics around larger clasts (B, C). Pressure shadows adjacent to quartz and K-feldspar clasts are often filled with calcite (A, B). Thin sections cut
parallel to lineation. D) Foliation-normal, calcite-filled, extensional fractures in K-feldspar in Diuri Formation diamictite. Thin section cut parallel to dip direction. E) Diuri Formation
quartzite, with sharp, sutured contacts at most grain boundaries and evidence for BLG recrystallization at some grain boundaries (marked with arrows). F) Gondwana succession
quartzite north of Samdrup Jongkhar displaying sharp, sutured contacts and evidence for BLG recrystallization at some grain boundaries (marked with arrows). Thin section cut
parallel to lineation. G) Unmetamorphosed Gondwana succession sandstone from the Manas Chu exposure, showing low-strain microstructure, including weak quartz grain
preferred orientation, non-sutured quartz grain-to-grain contacts, significant volume proportion of matrix (ca. 25%), and a lack of undulose extinction in quartz. Note that K-feldspar
exhibits bedding-normal, calcite-filled fractures. Thin section cut east-west. H) Siwalik Group sandstone from Manas Chu exposure. Note weak grain preferred orientation (low-
magnitude strain), a lack of schistosity in matrix material, and non-sutured quartz grain-to-grain boundaries. Crystaleplastic deformation of quartz grains is interpreted as inherited
from deformation of source rocks. Thin section cut north-south. I) Calcite-filled fractures in quartz grains from Siwalik Group sandstone; most fractures are orientated at a low angle
to bedding.
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GHrocksdirectlyabove theMCTunderwentGBMrecrystallization
(w500�e700 �C; Stipp et al., 2002). Southeast of Shemgang (Gonphu
transect of Long and McQuarrie, 2010), melt-bearing schist 100 m
above the MCT displays ‘chessboard extinction’ (w630�e750 �C;
Please cite this article in press as: Long, S., et al., Quantifying internal st
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Lister and Dornsiepen, 1982; Mainprice et al., 1986; Stipp et al.,
2002). An upsection transition to SGR quartz recrystallization
(w400�e500 �C; Stipp et al., 2002) occurs between2000 and5000m
structural distance above the MCT. This transition is observed both
rain and deformation temperature in the eastern Himalaya, Bhutan:
ural Geology (2011), doi:10.1016/j.jsg.2010.12.011
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below and above the orthogneiss-metasedimentary unit contact on
different transects. Everywhere above this transition, GH and TH
rocks display SGR recrystallization microstructure (w400�e500 �C;
Stipp et al., 2002) through their full exposed thickness. K-feldspar
recrystallization is observed through the full thickness of the Chekha
Formation, andwhen combinedwith SGR recrystallization, indicates
deformation temperatures betweenw450� and 500 �C (Fig. 7) (Voll,
1976; Tullis and Yund, 1980; Pryer, 1993; Stipp et al., 2002). Since no
K-feldspar is observed in the overlying Maneting Formation, the
deformation temperature can only be constrained between w400�

and 500 �C, the full temperature range of SGR recrystallization (Fig. 7)
(Stipp et al., 2002).

In eastern Bhutan, partial melt textures (deformed leucosomes)
are observed throughout the GH section, and metasedimentary
rocks distributed through the section often display kyanite and
sillimanite (Grujic et al., 1996, 2002; Davidson et al., 1997; Daniel
et al., 2003). Peak metamorphic pressure and temperature condi-
tions for GH rocks in eastern Bhutan are estimated at 8e12 kbar and
750e800 �C from 500 m structural distance above the MCT up
through the full section to the KT (Fig. 7) (Daniel et al., 2003). These
data indicate a ca. 250�e300 �C difference between GH deforma-
tion temperatures in central Bhutan and peak metamorphic
temperatures in eastern Bhutan (Fig. 7) (Long and McQuarrie,
2010).

5. Finite strain data

5.1. Methods of strain analysis

To estimate 3-D internal strain of SH, LH, and GHeTH thrust
sheets, we performed thin section-scale fabric analyses that
quantify plastic elongation of sand-size quartz clasts. We per-
formed single strain analyses on 207 thin sections, which were cut
from 109 different samples in eastern and central Bhutan (Figs. 2e4
and 10). In general, two oriented thin sections were cut from each
sample, and all thin sections were cut perpendicular to bedding or
tectonic foliation (Fig. 11A; see Table SM1 for detailed summary of
all samples, thin sections, and strain analyses; see Figs. SM1 and
SM2 for individual data from each strain analysis). On Table SM1,
thin section cuts marked ‘A’ strike approximately N-S and thin
section cuts marked ‘B’ strike approximately E-W. The following
features were used to orient the principal strain axes for each rock
sample: 1) For the 70 samples that exhibited mineral stretching
lineation, the ‘A’ thin section was cut parallel to lineation, and the
‘B’ thin section was cut perpendicular to lineation (Fig. 11A). By
assuming that the foliation- or bedding-normal and lineation-
parallel plane contains the principal stretch and shortening direc-
tions (e.g. Ramsay and Huber, 1983; Passchier and Trouw,1998), the
‘A’ thin-sections correspond to the XZ strain plane, and the ‘B’ thin-
sections, cut normal to this plane, correspond to the YZ strain plane;
2) for 12 samples that lacked stretching lineation but exhibited
crenulation cleavage, the ‘A’ thin section was cut perpendicular to
crenulation axial planes, and the ‘B’ thin section was cut parallel to
crenulation axial planes (Fig. 11A). Assuming that the trend of
crenulation folds approximates the lineation-normal direction, the
‘A’ cuts correspond to the XZ strain plane and the ‘B’ cuts corre-
spond to the YZ strain plane; 3) for 20 samples that did not exhibit
lineation or crenulation cleavage, the lineation-parallel (XZ) plane
was approximated by cutting an N-S oriented thin section, and the
lineation-normal (YZ) plane was approximated by cutting an E-W
oriented thin section; 4) for 7 samples that did not exhibit lineation
or crenulation cleavage, the XZ plane was approximated by cutting
an oriented thin section parallel to the dip direction, which
approximates N-S, and the YZ plane was approximated by cutting
an oriented thin section parallel to the strike direction, which
Please cite this article in press as: Long, S., et al., Quantifying internal st
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approximates E-W. The interpretations for cases 3 and 4 are sup-
ported by an overall average N-S trend of mineral stretching line-
ation (Fig. 2 inset), an overall average E-W trend of crenulation
cleavage axial planes (Fig. 2 inset), and the regional E-W strike of
thrust faults and fold axial traces in Bhutan, which collectively
indicate an N-S transport direction (Long and McQuarrie, 2010;
Long et al., 2011b). Finally, note that single XZ thin sections were
cut from 11 samples (Table SM1), and that XZ and YZ thin sections
were cut from 12 non-oriented samples (Table SM1). For the non-
oriented samples, lineation-parallel (XZ) cuts are projected onto
Figs. 2e4, and 10 with a N-S orientation, and lineation-normal (YZ)
analyses are projected onto Figs. 2 and 3 with an E-W orientation.
Note that stratigraphic-up, N versus S, and E versus W cannot be
determined for these non-oriented samples (see Table SM1
caption).

To justify the assumptions we have made above in assigning
principal strain directions to the rocks analyzed in this study, we
note that the relative ratios of Rs values predicted with these
techniques are reflected in our strain data (Section 5.2, Table SM1).
For example, out of 75 total 3-D ellipsoids obtained from lineation-
or crenulation-bearing samples, 60 (80%) contain similar or larger
Rs values in the lineation-parallel or crenulation-normal (wN-S)
direction. For the 23 3-D ellipsoids obtained from strain samples
that did not exhibit lineation or crenulation, 19 (83%) contain
a similar or larger Rs value in the N-S thin section.

Three photomicrographs were taken of each thin section, with
the stage rotated 30� between each photo so the same clasts were
captured at different levels of extinction. The three images were
then matched with each other and overlain with the top two
translucent, to increase the relief and clarity of individual grain
boundaries (Fig. 11G). All photomicrographs were rotated by the
angle of apparent dip of bedding or tectonic foliation within the
plane of the thin-section cut, so that a horizontal line on all
photomicrographs represents horizontal in space (Fig. 11B). This
means that all of the strain plots in Figs. SM1 and SM2 can be
directly compared with each other. For each analysis, we define 4,
the angle of inclination of the long axis of the strain ellipse (Ramsay
and Huber, 1983), relative to a horizontal reference line (Fig. 11D,
Table SM1). For each analysis, we also calculate q’, the angle
between the long axis of the ellipse and the apparent dip of
bedding or tectonic foliation in the cut plane (e.g. Ramsay and
Huber, 1983) (Fig. 11D). The sign convention we use for q’ is:
clockwise from bedding/foliation in the view plane is positive, and
counterclockwise from bedding/foliation is negative (see Table SM1
caption). Finally, the 2-D ellipses from each ‘A’ and ‘B’ thin section
were combined to form a 3-D strain ellipsoid (Fig. 11E). For nearly
all of our samples, the Z axis was in the same orientation (sub-
normal to bedding/foliation) in both analyses, so it was assigned an
Rs (tectonic ellipticity) of 1.0 in both ellipses, and the Rs values of
the long axes of both ellipses were then directly compared to assign
the X and Y strain directions (X > Y).

For phyllite and schist, in which quartz porphyroclasts are
isolated among matrix minerals, and for micaceous or partially-
recrystallized quartzite that is not dominated by quartz grain-to-
grain contacts, the Rf-4 method (Ramsay, 1967; Dunnet, 1969;
Dunnet and Siddans, 1971; Ramsay and Huber, 1983) of strain
analysis was utilized (175 out of 207 total analyses; Table SM1;
Fig. 11G, H). The orientation of the long axis relative to horizontal
(4), and the ratio of the long to short axes (final ellipticity, Rf) of
approximately 30 isolated, non-recrystallized, plastically-elon-
gated quartz porphyroclasts were measured for each analysis. The
resulting Rf-4 plots are shown for individual analyses in Fig. SM1.
For further discussion of the methods utilized in calculating Rs and
4 for each sample, see the captions for Table SM1, Fig. SM1, and
Fig. 11.
rain and deformation temperature in the eastern Himalaya, Bhutan:
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Fig. 10. AeD) Detailed insets of deformed cross-sections, referenced to Fig. 4 (cross-sections are areas of Fig. 3 of Long et al., 2011b). Translucent areas represent rock that h passed through the erosion surface. See Fig. 2 for unit
abbreviations; see Fig. 1 caption for structure abbreviations. Strain ellipses from approximately N-S striking thin sections (lineation-parallel, crenulation axial plane-perpend ular, dip direction-parallel, or N-S; see Section 5.1), the
majority of which represent the XZ strain plane, are projected directly onto the cross-sections. The 3-D ellipsoids defined by these analyses are all scaled to constant volume ee Figs. 2 and 3), and the 2-D ellipses on this figure are
scaled accordingly. All ellipses are oriented in the view plane by rotating them by the ‘normalized 4’ plunge angle listed in Table SM1. ‘Normalized 4’ is a plunge angle calcula from the difference between the assigned dip domain
angle for a specific area of the cross-section and q’, the angle between bedding or tectonic foliation and the long direction of the strain ellipse in the plane of the thin section. U zing ‘normalized 4’ values on the cross-sections instead
of 4 values removes the effects of variable dip angle, allowing for a better visual representation of strain data (see Table SM1 caption). Black ellipses represent the XZ strain pl e, brown ellipses represent the YZ strain plane and gray
strain ellipses represent the XY strain plane. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 11. Diagrams and photographs illustrating strain calculation techniques. A) Orientations of ‘A’ and ‘B’ thin-section cuts relative to bedding or tectonic foliation, mineral
stretching lineation, and crenulation cleavage axial planes. B) Thin sections are rotated by the apparent dip angle of bedding to tectonic foliation in the cut plane, so that horizontal
on the photo represents horizontal in space. CeD) Strain ellipsoids on ‘A’ and ‘B’ thin sections from Rf-4 or Normalized Fry analysis; Rs(XZ) is ratio of longest and shortest axes (r1/
r3), and Rs(YZ) is ratio of middle and shortest axes (r2/r3). 4 is angle between horizontal and long axis of ellipse (down to N or S in ‘A’ cuts; down to E or W in ‘B’ cuts); q’ is angle
between long axis of ellipse and the apparent dip of bedding of tectonic foliation in the cut plane (e.g. Ramsay and Huber, 1983); sign convention for q’ is: clockwise from bedding/
foliation is positive, counterclockwise from bedding/foliation is negative. E) 3-D strain ellipsoid resulting from combining 2-D ‘A’ and ‘B’ strain ellipses; X > Y > Z, Rs of Z ¼ 1.0. F)
Example of Normalized Fry method; grain axial ratios and center positions of w150 quartz clasts are input to make Normalized Fry plot. The ratio of long and short axes of the
ellipse defined by the shape of the outside edge of the vacancy field is used to obtain Rs value, and 4 is the orientation of the long axis relative to horizontal. G) Example of Rf-4
method; axial ratios (Rf) and long axis orientations relative to horizontal (4) ofw30 quartz clasts are input to make Rf-4 plot (for this sample, positive 4 is down to the N). Harmonic
mean (HM) of all Rf values is used to estimate Rs, and median of all 4 values is used as 4 for the sample. Sample photo illustrates that 3 overlapping photomicrographs are used to
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We calculated 2s (95%) uncertainties for Rs and 4 for each Rf-4
analysis (Table SM1; Figs. 12e14), using methods described in
Robin and Torrance (1987). For low-strain analyses (Rs ¼ 1.0e1.5,
n¼ 31), Rs and 4 had typical 2s uncertainties�0.1 and�9e11�. For
moderate-strain analyses (Rs ¼ 1.6e2.5, n ¼ 110), which comprise
the majority of our analyses, typical Rs and 4 uncertainties were
�0.2 and �5�. For high-strain analyses (Rs ¼ 2.5e8.5, n ¼ 34),
typical Rs and 4 uncertainties were �0.4e0.5 and �2�. In general,
angular uncertainty increases and Rs uncertainty decreases with
decreasing tectonic strain, and vice versa. Using the maximum and
minimum Rs values obtained from the 2s errors assigned to the XZ
and YZ thin sections for each sample, we also estimated 2s errors
for the XY strain plane for our 3-D ellipsoids (Table SM1; Fig. 12).
Error generally increased with increasing X/Y ratio, with typical
error ranges of �0.1e0.2 for X/Y < 1.3 (n ¼ 60), and �0.3e0.4 for
X/Y > 1.3 (n ¼ 24).

For clast-supported sandstone and quartzite (32 out of 207 thin
sections), we used the Normalized FryMethod (Erslev,1988), which
quantifies anticlustering in distributions of clast centers, to esti-
mate the strain ellipse for each sample. The Normalized Fry Method
is an improved version of the Fry Method (Fry, 1979; Ramsay and
Huber, 1983), and allows more precise determination of bulk
strain than the older technique by correcting for the effects of
variable sorting and packing (Erslev, 1988). For a single analysis,
grain center locations and the lengths of long and short axes of
100e150 closely-packed quartz clasts were measured off of the
thin-section image (Fig. 11F), and input into a Matlab program. Off
of the resulting Normalized Fry plot (plots shown in Fig. SM2; see
Table SM1 for key to sample names), we measured: 1) the ratio of
the long to short axes of the contact between the vacancy field and
the ring of high point-density to obtain an Rs value, and 2) the
orientation of the long axis relative to horizontal to estimate 4
(Fig. 11F).

Studies comparing results of the Fry and Rf-4 methods per-
formed on the same samples show that the two methods yield
similar Rs and 4 values, but that the Fry method often yields larger
uncertainties (e.g. Yonkee, 2005). Since our Normalized Fry anal-
yses typically yield low tectonic strain values (Rs ¼ 1.0e1.5, median
1.3), we estimate approximate 2s uncertainties of �0.1e0.2 for Rs
and �8e12� for 4 to be representative, based on the error ranges
for Rf-4 analyses reported above.
Fig. 12. Flinn diagrams (Rs[Y/Z] vs. Rs[X/Y]) of finite strain ellipsoids from: A) Lesser
and Subhimalayan units, B) the Baxa Group, and C) Greater and Tethyan Himalayan
units. Sample numbers of specific ellipsoids discussed in text are shown. 2s (95%) error
bars for (Rs[Y/Z] vs. Rs[X/Y]) are shown for samples with representative error (Section
5.1; Table SM1). Plots B and C show that flattening strain (oblate ellipsoids) dominates
in Baxa Group and GHeTH rocks, even within the range of error. For plot C note the
significant difference in strain magnitude between quartzite and schist/phyllite for
GHeTH rocks.
5.2. Data

5.2.1. DalingeShumar Group and Jaishidanda Formation
Since relict quartz porphyroclasts are totally replaced by recrys-

tallized subgrains in DalingeShumar Group and Jaishidanda Forma-
tionquartzite, phyllite, and schist, quartz grain aspect ratios could not
be used to quantify strain on the majority of thin sections. However,
wewereable toquantify strain in three samples fromthesemapunits.
Quartzite samples 29 (upper Shumar) and 34 (lower Daling) were
collected in klippen in the southern Kuru Chu valley (Fig. 3), and
display aw90% volume proportion of recrystallized quartz subgrains,
which form a matrix that surrounds elongated quartz ribbon por-
phyroclasts (Fig. 5K). Sample 63 is a garnet-bearing Jaishidanda
Formation schist (Fig. 5J), which contains isolated, elongated, non-
recrystallized quartz porphyroclasts surrounded by a matrix of
muscovite. Using the Rf-4 method, we quantified aspect ratios and
make a composite photo, with the top two photos translucent, in order to increase the relie
plastically-elongated quartz porphyroclasts are isolated in muscovite matrix. IeJ) evidence o
photographs of the same rock from different perspectives; J is looking down on bedding pla
subparallel to the XY strain plane; lineation direction shown; note elongation of quartz cobb
is subparallel to the YZ strain plane; note bedding-subparallel elongation of quartz cobb
elongation of quartz pebbles; lineation direction unknown.

Please cite this article in press as: Long, S., et al., Quantifying internal st
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orientations of quartz porphyroclasts in these three samples (Table
SM1). X/Z Rs ratios range between 2.3 and 3.2 (n ¼ 3), and Y/Z Rs
ratios range between 1.2 and 2.3 (n¼ 2). The strain ellipsoids indicate
moderately-constrictional (29) and flattening (34) strain (Fig. 12A).
f of grain boundaries. H) Illustrates the use of Rf-4 method in GH and TH schist where
f layer-normal flattening strain in Baxa Group conglomerate at outcrop-scale. I and J are
ne (note: this is a float boulder so direction of stratigraphic-up is unknown), which is
les in X and Y directions. I is facing in lineation direction (X is in and out of page), which
les. K) Photograph of Chekha Formation conglomerate, showing bedding-subparallel
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The XY strain plane is subparallel to bedding and tectonic foliation,
with q’ values of only 1e2� (Fig. 13A).

Grujic et al. (1996) made quartz crystallographic preferred
orientation (CPO) plots of thin sections of LH samples up to 2 km
structural distance beneath theMCT in theKuruChuvalley, in rocks
we map as Jaishidanda and Daling formations. Quartz CPO plots
were consistent with top-to-the-south motion, with no measur-
able increase in CPO intensity approaching the MCT (Grujic et al.,
1996). Asymmetry of <c> and <a> axes indicate a moderately-
rotational, plane-strain to weakly-constrictional strain regime,
with the coexistence of pure- and simple-shear components
(Grujic et al., 1996).

5.2.2. Baxa Group
The ubiquitous presence of plastically-elongated quartz por-

phyroclasts in Baxa Group quartzite and phyllite (Fig. 8) make this
map unit ideal for collecting strain data. Strain ellipsoids were
determined using the Normalized Fry method for clast-supported
quartzite (e.g. Figs. 8E and 11F), and the Rf-4 method for phyllite
and micaceous quartzite, where quartz porphyroclasts are sur-
rounded by a mica-rich matrix (e.g. Figs. 8CeD, 11G), and for
partially-recrystallized quartzite where relict quartz porphyroclasts
are surrounded by a matrix of quartz subgrains (e.g. Fig. 8FeI). For
the partially-recrystallized samples, the resulting Rs may be an
underestimate if a significant volume proportion of the relict por-
phyroclasts have been recrystallized into subgrains.

In 29 out of 43 total Baxa Group samples, the longest Rs (X
direction) is parallel to mineral stretching lineation (N-S), but 6
Fig. 13. Plots of Rs in N-S thin sections (generally Rs[X/Z]) vs. q’, the angle between the lon
Positive q’ is steeper to the N (or shallower to S) than bedding, negative q’ is steeper to the S (
values expected with idealized, plane-strain simple shear with increasing Rs; for positive q’
curve would represent top-to-the-north sense simple shear. Sample numbers of specific ell
samples with representative error for low (Rs<1.5), moderate (Rs ¼ 1.6e2.5) and high (Rs>
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samples have an equal Rs in N-S and E-W thin sections, and in 8
samples the longest Rs trends E-W (Table SM1; Figs. 4 and 10). X/Z
and Y/Z axial ratios vary between 1.1e5.1 and 1.0e3.0, respectively,
but the majority of ellipsoids are similar, with median X/Z, Y/Z, and
X/Y ratios of 1.9, 1.8, and 1.0 (Table 1; Fig. 13B). On a Flinn diagram,
the majority of Baxa Group strain ellipsoids plot in the flattening
field (Fig. 12B). Phyllite has a slightly longer median X-direction Rs
than quartzite (1.9 vs. 1.8), but in general the two lithologies show
little variability in strainmagnitude (Figs.12B and 13B; Table 1). The
majority of q’ values in both the N-S (Fig. 13B) and E-W directions
(Table SM1) are very low (median N-S q’ is �5�, median E-W q’ is
�8�; Table 2), and decrease sharply with increasing Rs (Fig. 13B).
This indicates that the XY strain plane is subparallel to bedding or
tectonic foliation for the majority of samples (Figs. 2e4, 10).

Significant along-strike trends in strain magnitude are not
observed between the four transects (Figs. 2 and 3, Table 1). An
across-strike trend with lower strain magnitudes toward the fore-
land is observed, and is most apparent on the Bhumtang Chu
transect (samples 44e49: median ellipsoid ¼ 2.4:2.1:1.0; samples
51e57 median ellipsoid ¼ 1.9:1.3:1.0) (Fig. 3). Although not as
distinct, this trend is also observed on the Kuru Chu transect (Fig. 3),
and on the Trashigang transect, where the southernmost horse in
the duplex contains nearly unstrained quartzite (Fig. 3).

In summary, thrust sheets of the Baxa Group show evidence for
layer-normal (�5e8� median q’) flattening strain (LNF), which can
be approximated with a median strain ellipsoid of 1.9:1.8:1.0, with
X trending approximately N-S. Evidence for outcrop-scale LNF
strain of Baxa conglomerate is shown in Fig. 11IeJ. Two notable
g axis of the strain ellipse and the apparent dip of bedding/foliation in the cut plane.
or shallower to the N) than bedding (Table SM1 caption). Solid black curves represent q’
the curve would represent top-to-the-south sense simple shear, and for negative q’ the
ipses discussed in the text are shown. 2s (95%) error bars for Rs and q’ are shown for
2.6) strain (Section 5.1, Table SM1).
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Table 1
Median values of strain ellipsoid axial ratios, calculated from themedian of all N-S Rs
values and E-W Rs values listed on Table SM1. Data listed for individual LH, GH, and
TH map units. Data from individual transects listed for Baxa Group. Data is also split
out by lithology for Baxa Group and GHeTH map units.

Median
X/Z

Median
Y/Z

Median
X/Y

n
(N-S)

n
(E-W)

Siwalik Group 1.2 1.1 1.1 6 4
Gondwana succession 1.5 1.3 1.2 6 3
Diuri Formation 1.7 1.7 1.0 10 9
Baxa Gp: Trashigang 1.9 1.8 1.1 15 14
Baxa Gp: Kuru Chu 2.2 1.8 1.2 9 9
Baxa Gp: Bhumtang Chu 2.1 1.8 1.1 13 13
Baxa Gp: Mandge Chu 1.8 1.7 1.1 5 5
Baxa Group quartzite 1.9 1.8 1.1 33 32
Baxa Group phyllite 2.2 1.9 1.2 10 10
Baxa Group total 1.9 1.8 1.1 43 42
JaisheDalingeShumar fms. 2.9 1.8 1.6 3 2
GH quartzite 1.9 1.7 1.1 8 7
GH schist/phyllite 3.8 2.2 1.7 14 12
Chekha quartzite 1.6 1.5 1.1 13 13
Maneting phyllite 2.9 1.9 1.5 6 6
GHeTH quartzite 1.6 1.5 1.1 21 20
GHeTH schist/phyllite 3.0 2.2 1.4 20 18
GHeTH total 2.1 1.8 1.2 41 38
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exceptions are samples 15 and 16, which are from the southern-
most Baxa Group horse on the Trashigang transect (Figs. 3, 4A and
10A, 13B). These moderate- to high-q’ analyses represent low-
magnitude, layer-parallel shortening (LPS) strain, and are discussed
in Section 6.2.1.

5.2.3. Diuri Formation
Strain ellipsoids for Diuri Formation diamictitewere determined

using the Rf-4 method for plastically-elongated quartz porphyr-
oclasts isolated within a mica and calcite matrix (Fig. 9AeC). Of the
10 total Diuri samples, 4 have a lineation-parallel (N-S) X direction,
3 have an equal Rs in N-S and E-W thin-sections, and 3 have an E-W
trending X direction (Table SM1, Fig. 3). X/Z and Y/Z axial ratios vary
between 1.4e2.2 and 1.0e2.0, respectively. Axial ratios are
heterogeneous; on a Flinn diagram 6 out of 9 ellipsoids plot in the
flattening field, and 3 plot in the constriction field (Fig. 12A). The
median strain ellipsoid (median of all N-S Rs values and E-W Rs
values) is 1.7:1.7:1.0 (Fig. 13A; Table 1). The median q’ values in the
N-S (Fig. 13A; Table 2) and E-W directions (Table 2) are �7� and
�11�, respectively, indicating LNF strain (Figs. 2, 4 and 10).

5.2.4. Gondwana succession
Strain data were obtained from 6 Gondwana succession

samples, and strain magnitude and orientation varies significantly
along strike. In sandstone samples #22 and #23 from the Tra-
shigang transect, quartz porphyroclasts are plastically-elongated
(Fig. 9F), but yield low Rs[N-S] ratios (1.2, 1.0), with the X direction
oriented at a high angle to bedding (q’ ¼�50�,�80�; Figs. 4, 10 and
Table 2
Median q’ values for all N-S and E-W thin sections for map units listed on Table SM1. Data i
from bedding), positive q’ values (steeper to N or E or shallower to S or W), and negativ
directions for all map units except Siwalik Group indicate that the XY strain plane is sub
hinterland units.

Median
N-S all q’

Median
N-S a.v.q’

n Median
N-S pos q’

n Median
N-S neg q

Siwalik Group 28 39 6 39 4 �31
Gondwana succession 7 16 6 31 4 �16
Diuri Formation �5 7 10 6 4 �8
Baxa Group �1 5 43 4 19 �8
JaisheDalingeShumar 1 1 3 1 2 �2
GHeTH �1 6 41 3 20 �9
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13A). This is indicative of low-magnitude LPS strain. In shale sample
#43 on the Kuru Chu transect, quartz porphyroclasts are plastically-
elongated, Rs[N-S] is 1.7, and q’ is only �11� (Figs. 4, 10 and 13A).
Although Rs[E-W] is not known for this sample, this could indicate
LNF strain, similar to that observed in the Baxa and Diuri thrust
sheets.

On the Bhumtang Chu transect, the Gondwana succession does
not exhibit evidence for quartz crystaleplastic deformation
(Section 4.4, Fig. 9G). However, quartz grains in samples #57e59 do
exhibit a bedding-subparallel preferred orientation. The X direction
for all three samples trends E-W (Table SM1), X/Z and Y/Z ratios
vary between 1.3e1.5 and 1.2e1.3, respectively (Fig. 3), and the
ellipsoids plot in a field of moderate flattening (Fig. 12A). q’ values
are low (�3e17� N-S; þ2e10� E-W; Fig. 13A, Table SM1), indicating
LNF strain. This strain orientation is also supported by bedding-
normal fractures in K-feldspar (Fig. 9G). These low-magnitude LNF
strain ellipsoids are interpreted as the result of low-temperature
processes such as deformation and/or dissolution of matrix mate-
rial, microfracturing of clasts (Fig. 9G), and pressure solution of
quartz grains at grain-to-grain contacts (e.g. Onash et al., 1998).

5.2.5. Siwalik Group
Strain data were obtained from 6 Siwalik Group samples. On the

Trashigang transect, low Rs values (1.0e1.1; Fig. 3) and moderate-
high q’ values (�36e45�; Figs. 4, 10 and 13A) were obtained from
samples #24e26. The combination of these q’ and Rs values could
indicate top-to-the-south sense simple shear acting parallel to the
top and bottom of the Siwaliks section (Fig. 13A). However, since
thin sections from these samples are not oriented (note that their
N-S orientation shown on Figs. 3 and 4, and 10 is arbitrary), the true
X direction and the sign of q’ cannot be determined. Note that since
the X direction is unknown, the q’ values should be interpreted as
minima for the true X direction. With moderate- to high-q’
minimum values, these analyses most likely represent low-
magnitude, layer-parallel shortening (LPS) strain, and are discussed
further in Section 6.2.1.

On the Bhumtang Chu transect, strain ellipsoids for 3 oriented
Siwalik Group samples (#60e62) yielded Rs[X/Z] and Rs[Y/Z] ratios
between 1.3e1.4 and 1.0e1.3, respectively, with N-S trending X
directions for two samples (Fig. 2), and plot in the flattening and
constrictional fields (Fig. 12A). q’ values are low to moderate
(þ19, �21, �41� N-S; þ13e20� E-W; Figs. 4, 10 and 13A). Strain
orientation for these samples is difficult to characterize; the N-S
q’directions arenot consistentwith adominant senseof simple shear,
and theN-S q’valuesarenothighenough to indicate LPSstrain.While
not an ideal fit, these low-moderate N-S q’ values and low E-W q’
values either approximate LNF strain, or reflect some component of
LPS that postdates folding (Figs. 3 and 10).

The Siwalik Group strain ellipsoids are interpreted as the result
of low-temperature deformation processes, including compaction
and/or dissolution of matrix material, and microfracturing (Fig. 9I)
s listed for all values of q’, absolute values (a.v.) of q’ (i.e. represents median deviation
e q’ (steeper to S or W or shallower to N or E). Low q’ values in both N-S and E-W
parallel or at a low angle to bedding. Note general decrease from foreland units to

’

n Median
E-W all q’

Median
E-W a.v.q’

n Median
E-W pos q’

n Median
E-W neg q’

n

2 17 17 4 17 4 e 0
2 7 7 4 7 4 e 0
6 5 11 8 12 5 �10 3

24 �2 8 40 6 17 �10 23
1 �4 20 2 23 1 �16 1

21 �2 8 38 7 17 �8 21
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and/or pressure solution of quartz clasts (e.g. Onash et al., 1998).
The very low ellipticity values (w1.1 or less) obtained along the
Trashigang transect are small enough that they could be from an
initial sedimentary preferred orientation, such as clast imbrication.
However, because of their high angle to bedding (ca. 36e45�

minimum), we argue that this is unlikely.

5.2.6. Greater Himalayan and Tethyan Himalayan section
Long andMcQuarrie (2010) presented Rs values for 21 lineation-

parallel (N-S) thin sections from GH and TH rocks in the Shemgang
area of central Bhutan. We add an additional 20 N-S strain analyses
and 38 E-W strain analyses to this preliminary dataset (Figs. 2, 4
and 10, 12C, 13C). Quartz-dominated microlithons in GHeTH
schist and phyllite are generally completely recrystallized, but
quartz grains isolated within mica-dominated microlithons in
these lithologies are typically plastically-elongated and non-
recrystallized (Long and McQuarrie, 2010). The Rf-4 method was
used on these isolated quartz porphyroclasts (Fig. 11H). Strength
differences between mica- and quartz-dominated microlithons
may result in heterogeneous deformation for mica-rich lithologies
(e.g. Holyoke and Tullis, 2006), and we see this heterogeneous
deformation expressed as a difference in strainmagnitude between
quartz-rich and mica-rich lithologies (Fig. 12C). Thus we argue that
this technique provides a valid estimate for both bulk strain and
variations in strain through these rocks. GH and TH quartzite
samples are generally partially-recrystallized, with up to a ca.
60e90% subgrain volume proportion, but still exhibit plastically-
elongated, relict quartz porphyroclasts (Long andMcQuarrie, 2010).
The Rf-4method was used on the largest and most elongated relict
porphyroclasts. As in the case of partially-recrystallized Baxa Group
quartzite samples, the Rs values obtained fromGH and TH quartzite
may be an underestimate if a significant volume proportion of the
porphyroclast was recrystallized into subgrains. Finally, the
Normalized Fry method was used on three non-recrystallized GH
and TH quartzite samples (Table SM1).

TheXdirection is parallel to stretching lineation (N-S) in 31 out of
the 41 total GHeTH samples, but 4 samples have an equal Rs in N-S
and E-W thin sections, and in 6 samples the longest Rs trends E-W
(Table SM1; Figs. 2, 4 and 10). Rs varies significantly with lithology,
with a general upsection decrease in strain magnitude between GH
and Chekha quartzite and between GH schist/phyllite andManeting
phyllite (Fig. 14B). Rs[X/Z] and Rs[Y/Z] ratios vary between 1.2e4.1
and 1.1e2.8 for quartzite, and between 1.6e8.5 and 1.4e3.8 for
phyllite and schist. Median strain ellipsoids for quartzite and schist/
phyllite have axial ratios of 1.6:1.5:1.0 and 3.0:2.2:1.0, respectively
(Table 1), and the median strain ellipsoid for all GHeTH samples is
2.1:1.8:1.0 (Table 1). On a Flinn diagram, the majority of GHeTH
ellipsoids plot in the flattening field (Fig. 12C). The majority of q’
values in both the N-S (Fig. 13C) and E-W directions (Table SM1) are
very low (median N-S q’ is �6�, median E-W q’ is �8�; Table 2), and
decrease sharplywith increasing Rs (Fig.13C). This indicates that for
the majority of GHeTH samples the XY strain plane is subparallel to
bedding or tectonic foliation (Figs. 2,4 and 10).

A significant across-strike trend in strain magnitude is observed
from north to south (Fig. 2). North of the syncline axial plane at
Shemgang (samples #69e82; Trongsa transect of Long and
McQuarrie, 2010), strain magnitudes in GH and TH rocks are
generally higher than to the south of the syncline axial plane
(samples #83e103; Sure transect of Long and McQuarrie, 2010).
The lower strain magnitudes on the Sure transect coincide with the
coolest-temperature GH section, which only displays partial melt
textures just above the MCT. Note that high-strain samples
#106e109 are from the Gonphu transect of Long and McQuarrie
(2010), which displays partial melt textures as high as 4000 m
above the MCT.
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In summary, GH and TH rocks in central Bhutan show evidence
for heterogeneous LNF strain (�6e8� median q’), with significant
lithologic control on strain magnitude. Strain can be approximated
with median strain ellipsoids of 3.0:2.2:1.0 for phyllite/schist,
1.6:1.5:1.0 for quartzite, and 2.1:1.8:1.0 for all lithologies, with the X
direction trending approximately N-S.

5.3. Kinematic vorticity of Greater-Tethyan Himalayan and Baxa
Group thrust sheets

Assuming plane strain, the angle between the long axis of the
strain ellipse and the shear zone boundary starts at 45� and
decreases exponentially with higher Rs for the case of ideal simple
shear (e.g. Ramsay, 1967). This relationship is plotted with black
curves on Fig. 13 for both top-to-the-south sense (positive q’) and
top-to-the-north sense (negative q’) simple shear. While measured
q’ values do show a systematic decrease with increasing Rs, note
that nearly all Baxa Group and GHeTH strain analyses (Fig. 13B,C)
yield much smaller q’ angles than predicted by ideal simple shear.
For the case of the opposite end member, ideal layer-normal pure
shear deformation, q’ would be predicted to be 0�, with the XY
strain plane perfectly parallel to bedding/foliation. Note that the
median q’ of all (includes both positive and negative q’) N-S and
E-W Baxa Group strain analyses are �1� and �2�, respectively, and
that these values are exactly the same for the GHeTH strain anal-
yses (Table 2). At a first approximation, this is a very good fit for
pure shear deformation with an approximately layer-normal
(subvertical) Z direction. However, the significant variability
observed in q’ values indicates a combination of simple and pure
shear deformation. To quantify the relative contributions of these
strain end-members, mean kinematic vorticity numbers (Wm) are
estimated for individual Baxa Group and GHeTH strain analyses.
Wm is defined as the non-linear ratio of pure shear (Wm ¼ 0) and
simple shear (Wm ¼ 1) end-member components of deformation
(e.g. Means et al., 1980; Means, 1994). For calculation and inter-
pretation of Wm, steady-state, plane-strain deformation is
assumed. Pure and simple shear components make equal contri-
butions at Wm ¼ 0.71. Wm values of 0.0e0.4 correspond to ca.
70e100% pure shear, Wm values of 0.4e0.7 correspond to ca.
50e70% pure shear, and Wm values of 0.7e1.0 correspond to
ca. 0e50% pure shear (Law et al., 2004).

We estimate Wm values by matching our data to lines of
constant Wm on a q’ vs. log Rs[N-S] diagram (Fig. 14; curves from
Sanderson, 1982 and Yonkee, 2005). We estimate uncertainties for
Wm by projecting 2s (95%) Rs and 4 errors (Section 5.1, Table SM1)
onto Fig. 14. For high-strain analyses (Rs>2.6, n ¼ 24), typical Wm
uncertainty is �0.15. For moderate strain analyses (Rs ¼ 1.6e2.5,
n ¼ 43), which comprise the majority of our data, typical Wm
uncertainties are between �0.1 and 0.2. For low-strain analyses
(Rs<1.5, n ¼ 10), Wm values are not well-constrained, with typical
uncertainties between �0.2 and 0.3. This illustrates the strong
effect that higher errors in 4 inherent in lower strain analyses has
on Wm uncertainty. However, note that low-strain (Rs<1.5) anal-
yses make up only 10 out of 77 total Baxa and GHeTH analyses.

Including estimated error, Wm values from the Baxa Group
(Fig. 14A) have a total range from ca. 0.0 to 1.0 (n ¼ 39), but the
majority of samples (n ¼ 29) yield Wm values <0.7, and nearly half
(n ¼ 16) of analyses are<0.4. Including estimated error, Wmvalues
for the GHeTH section in central Bhutan (Fig. 14B) are similar, and
yield a total range from ca. 0.0e1.0 (n ¼ 37), with the majority of
samples (n ¼ 26) yielding Wm values <0.7, and about half (n ¼ 18)
of analyses are <0.4. For both the Baxa Group and GHeTH section,
the wide range in Wm numbers indicate that strain partitioning
was heterogeneous. This is particularly evident in the GHeTH data,
which also shows a strong lithologic control on strain magnitude,
rain and deformation temperature in the eastern Himalaya, Bhutan:
ural Geology (2011), doi:10.1016/j.jsg.2010.12.011



Fig. 14. Plots of log Rs in N-S direction vs. q’ for (A) Baxa Group thrust sheets and (B) the GHeTH section in central Bhutan. Data are split out by lithology. Contours of constant layer-
parallel shear strain (g), stretch in the direction of shear (a), and mean kinematic vorticity for plane-strain deformation (Wm) are shown (modified from Sanderson [1982] and
Yonkee [2005]). 2s (95%) error bars for Rs and q’ are shown for samples with representative error for low (Rs<1.5), moderate (Rs ¼ 1.6e2.5) and high (Rs>2.6) strain. These errors
result in typical Wm uncertainty ranges of �0.2e0.3 (Rs<1.5, n ¼ 10), �0.1e0.2 (Rs ¼ 1.5e2.6, n ¼ 43), and �0.15 (Rs>2.6, n ¼ 24). Within estimated error, the majority of Baxa
Group samples (n ¼ 29) yield Wm values <0.7, with nearly half (n ¼ 16) �0.4, and the majority of GHeTH samples (n ¼ 26) also yield Wm values <0.7, with about half (n ¼ 18) �0.4.
Samples with q’ values greater than �40� are not plotted (n ¼ 1 for Baxa Group, n ¼ 3 for GHeTH units).
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with quartzite generally yielding a higher component of simple
shear (Fig. 14B). Despite the wide overall range of Wm, the majority
of values for both the Baxa Group and GHeTH section are <0.7
(approximately equal contributions of simple and pure shear; Law
et al., [2004]), and nearly half are <0.4, indicating a domination of
pure shear (coaxial) deformation (70e100% pure shear, 0e30%
simple shear; Law et al., 2004). In summary, pure shear deforma-
tion in the form of approximately layer-normal thinning was the
dominant strain mechanism for the Baxa Group and the GHeTH
section in central Bhutan.

The above interpretations must be viewed with caution due to
two caveats: 1) For estimation of Wm, plane strain is assumed
(Means et al., 1980), and our data for both the Baxa Group and
GHeTH section (Figs. 12 and 14) plot in the flattening strain field
(Fig. 12), which violates this assumption. This means that layer-
normal thinning must be accompanied by components of layer-
parallel stretching in both transport-parallel and transport-normal
directions or volume loss in the Z direction; 2) Another significant
observation is that q’ values are both positive and negative, with
approximately equal numbers and ranges of both. This range in q’ is
not consistent with one dominant sense of simple shear. This raises
questions about the origin and significance of the range of q’ values
observed. It is possible that some of the positive and negative q’
values arise from geometries that pre-date strain, such as initial
grain preferred orientations oriented at an angle to bedding (i.e.
clast imbrication). The initial angle that a preferred orientation
makes with bedding/foliation would be rotated to a smaller final
angle during layer-normal, pure-shear flattening strain. If pre-
existing orientations did exist, this wouldminimize the component
of simple shear even further.

6. Discussion

Workers across the Himalaya have documented structural and
stratigraphic evidence for CambrianeOrdovician (ca. 490e530 Ma)
tectonic activity that affected the northern Indian margin (Garzanti
et al., 1986; Gehrels et al., 2003, 2006a, 2006b; Cawood et al., 2007;
Martin et al., 2007), which is represented by Ordovician coarse-
clastic deposits preserved in the TH section, and widespread
CambrianeOrdovician metamorphism and magmatic activity
within the GH section.

It is possible that some metamorphic minerals, microstructural
textures, and strain fabrics that we observe in rocks in the Bhutan
GH and TH sections may, to some extent, have been produced
during the CambrianeOrdovician orogenic event (e.g. Martin et al.,
2010). Since we do not present any data that allow us to quanti-
tatively date the formation of rock microstructure and fabrics that
we use to estimate deformation temperature and strain, the
interpretations we make below assume that all of the microstruc-
tural deformation occurred during the Cenozoic Himalayan event.

6.1. Lesser Himalayan inverted deformation temperature gradient

The LH zone, when viewed in its entirety between the MBT and
the MCT, shows an inverted gradient in metamorphic grade
(Gansser, 1983) and deformation temperature (section 4, Fig. 7).
Quartz and feldspar microstructure show that deformation
temperatures increase from ca. 250�e310� at the MBT to ca.
500�e670� at the MCT (Fig. 7). However, with the exception of the
upper part of lower LH thrust sheets directly below the MCT, there
are discrete increases in deformation temperature that correspond
to the positions of major thrust faults. We suggest that the inverted
S-N deformation temperature gradient observed in the LH zone is
primarily the result of stacking of discrete thrust sheets that were
buried to and internally deformed at greater and greater depths
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toward the hinterland (e.g. Robinson et al., 2003; Martin et al.,
2010). Assuming a geothermal gradient of 25 �C/km, thrust sheets
of the Gondwana succession and Diuri Formation were internally
deformed at depths of ca. 10e12 km, and thrust sheets of the Baxa
Group duplex were internally deformed at depths of ca. 11e16 km.
A few Baxa Group samples just under the ST record higher-
temperature deformation, which could record greater depths of
deformation (ca. 16e18 km) or shear heating at small structural
distances below the ST.

The DalingeShumareJaishidanda section shows a true inverted
metamorphic and deformation temperature gradient within
a single thrust sheet. Between the bottom (ST) to the top (MCT) of
the section, biotite-in and garnet-in isograds are crossed (Gansser,
1983), and quartz and feldspar microstructure indicates a ca.
200e250 �C increase in deformation temperature (Figs. 6 and 7).
However, the majority of deformation temperature increase (ca.
140e170 �C) occurs within �350 m structural distance below the
MCT, which is the lowest observed transition from SGR to GBM
recrystallization (Section 4.1.2, Fig. 6). In addition, shear heating
associatedwith emplacement of theMCTcould also be contributing
to the high deformation temperature gradient observed here.

The approximately exponential form of the deformation
temperature profiles (Fig. 6) indicates a rapid decrease in defor-
mation temperature with structural distance just below the MCT,
followed bymore a gradual decrease at greater structural distances.
This temperature profile is consistent with heating from the hot GH
section in the hanging wall of the MCT (the ‘hot-iron’ effect of
LeFort, 1975) (Fig. 15A). However, we suggest that the entire ‘hot-
iron’ effect in the Bhutan LH section is limited to the Dalinge
ShumareJaishidanda thrust sheets, and therefore occupies
a secondary role for creation of the inverted deformation temper-
ature profile observed through the entire LH zone. The lowest
observable thermal effects are: 1) the transition to K-feldspar
recrystallization, which varies between w1900 and 3600 m struc-
tural distance below the MCT east and west of the Kuru Chu valley
(Fig. 6A, E), and 2) the biotite-in line, which varies between w1300
and 2600 m structural distance below the MCT east and west of the
Kuru Chu, to a maximum of w5800e6000 m beneath the MCT in
the Kuru Chu valley (Fig. 6C). Below these two transitions, at the
base of the section, deformation temperatures are between ca. 400
and 450 �C, indicating depths of ca.16e18 km (assuming a 25 �C/km
geothermal gradient). This indicates that the GH section was
emplaced above LH rocks that were originally at upper greenschist
facies conditions, as originally predicted by Grujic et al. (2002) and
Hollister and Grujic (2006).

Finally, another significant observation is that similar inverted
metamorphic and deformation temperature profiles are repeated
in both of the exposed DalingeShumar Group thrust sheets in the
Kuru Chu valley (Fig. 6C). The structural depth below theMCTof the
first appearance of neoblastic biotite is very similar in both thrust
sheets (5800 and 6000 m). This provides additional support for the
discrete thrust fault that repeats the lower LH section (McQuarrie
et al., 2008; Long et al., 2011b), which must post-date emplace-
ment of theMCTandmetamorphism of footwall LH rocks (Fig.15A).
Thus the MCT acts as the roof thrust for the lower LH duplex (Long
et al., 2011b).

6.2. Strain order of operations

6.2.1. Layer-parallel shortening prior to layer-normal flattening
On the Trashigang transect, the XY strain plane of ellipsoids from

samples in the southernmost Baxa Group horse, the Gondwana
succession thrust sheet, and the Siwalik Group thrust sheet, are
oriented at moderate to high angles to bedding (Figs. 4A and 10A).
This is indicative of layer-parallel shortening (LPS) strain. The
rain and deformation temperature in the eastern Himalaya, Bhutan:
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Fig. 15. Schematic cross-sections illustrating sequential development of strain patterns during specific deformation increments of the Bhutan fold-thrust belt. Active structures are
shown in bold; structures that become active in next time increment are dashed. A) During emplacement of the GHeTH section (MCT and STD active), lower LH units (Shumar,
Daling, Jaishidanda formations) in the MCT footwall were metamorphosed, producing the inverted metamorphic and deformation temperature gradient. Schematic positions of the
biotite-in and garnet-in isograds are shown. Strain ellipsoids showing hypothetical layer-normal flattening (LNF) strain that presumably accompanied tectonic burial and meta-
morphism of these units are shown. LNF strain observed in the GHeTH section in central Bhutan occurred prior to lower LH duplexing, but whether it coincides with or pre-dates
displacement on the MCT and STD is uncertain. Strain ellipsoids showing hypothetical layer-parallel shortening (LPS) strain in SH and upper LH units in front of the growing wedge
are shown. B) During growth of the lower LH duplex (ST active), upper LH units (Baxa Group) underwent LNF strain from tectonic burial under the ST and MCT sheets. Low-
magnitude LPS strain in SH and upper LH units in the foreland occurred above the ca. 250e270 �C isotherm (quartz plastic transition). The transition between LPS and LNF strain
occurs approximately at this isotherm, and this is schematically shown in the subsurface. C) During growth of the upper LH duplex and subsequent deformation of foreland upper
LH units and SH units, Baxa Group horses retaining older LNF strain fabrics were exhumed. Presumably, LPS strain in SH and upper LH units continued into the foreland, possibly as
much as ca. 80 km south of the deformation front.
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medians of Rs[X/Z] and Rs[Y/Z] ratios are 1.1 (n ¼ 7) and 1.1 (n ¼ 3),
respectively. This median ellipsoid (1.1:1.1:1.0) restores to a sphere
of the same volume with a radius of 1.07, indicating a 7% LPS
magnitude. While data supporting LPS strain are only observed on
this transect, this may indicate that low-magnitude LPS strain in the
foreland is the earliest deformation that occurs. LPS strain most
likely developed foreland-ward of the thrust deformation front
(Fig. 15AeC), and preceded the LNF strain observed further to the
hinterland, which we attribute to tectonic loading (Section 6.2.2).
LPS strain may have been initiated from an increase in burial depth
(and corresponding temperature) from subsidence and sedimen-
tation in the foreland basin, and/or an increase in deviatoric stress
near the leading edge of the growing, approaching thrust wedge
(e.g. Yonkee and Weil, 2009). The importance of LPS strain in other
orogenic belts, and the significance of the deformation temperature
of the transition between LPS and LNF strain are discussed below in
Section 6.5.

6.2.2. Layer-normal flattening prior to thrust imbrication
The majority of finite strain ellipsoids from the Diuri Formation,

Baxa Group, and GHeTH section indicate that these map units
underwent LNF strain, with the principal shortening direction (Z)
oriented subperpendicular to bedding or tectonic foliation. The
bedding/foliation-subparallel orientation of the XY strain plane
persists regardless of the dip angle and dip direction at any given
location. This is evident in areas of all four cross-sections, including:
1) the folded Diuri Formation thrust sheet on the Trashigang cross-
section (Fig. 10A), 2) the foreland- and hinterland-dipping parts of
the Baxa Group duplex on the Kuru Chu cross-section (Fig. 10B), 3)
the southernmost exposed BaxaeGondwana thrust sheet on the
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Bhumtang Chu cross-section (Fig. 10C), which exhibits multiple
folds, and 4) the GHeTH section on the Mangde Chu cross-section
(Fig. 10D), which is folded into a regional-scale synform. The
orientations of ellipsoids are folded to the same degree as the thrust
sheets in which they lie, which indicates that LNF strain preceded
thrust imbrication and southward translation. We interpret this
early LNF strain as the result of tectonic loading due to emplace-
ment of thick overriding thrust sheets (Fig. 15A, B). LNF strain
observed in Baxa Group horses (upper LH duplex) is attributed to
burial and loading from emplacement of lower LH thrust sheets,
which previously had been loaded by the GHeTH section (Fig. 15B).
The strain observed in each individual Baxa Group horse had to
precede the imbrication of that thrust sheet into the construction of
the upper LH duplex. The minimal data that we present from the
foreland exposures of the Daling, Shumar, and Jaishidanda forma-
tions suggest that LNF strain presumably occurred in these rocks as
well. This is attributed to loading and burial from emplacement of
the GHeTH section above the MCT (Fig. 15A).

Flattening strain recorded in the GHeTH section on the Mangde
Chu transect must have preceded the construction of the lower and
upper LH duplexes that fold the overlying section into a broad
synform. In addition, based on Wm values calculated in this study
(Section 5.3), and assuming that an approximate medianWmvalue
of 0.4 (30% simple shear, 70% pure shear) is representative for the
GHeTH section, the majority of strain the GHeTH rocks have
experienced is pure-shear LNF strain. This is similar to data pre-
sented in the previous paragraph that suggest that LNF strain of LH
units took place during tectonic burial that preceded thrust
imbrication. If the LNF strain observed in the GHeTH section pre-
dates slip on the MCT and STD, it could be related to burial during
rain and deformation temperature in the eastern Himalaya, Bhutan:
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earlier deformation of the TH section (e.g. Searle, 1986;
Ratschbacher et al., 1994; Corfield and Searle, 2000; Murphy and
Yin, 2003; Aikman et al., 2008). Implications of strain data on the
style and magnitude of GH deformation is further explored in
Section 6.4.

6.2.3. Strain order of operations: summary
As deformation progressed, and areas in the front of the wedge

were incorporated into the foreland-propagating thrust system, the
record of early LPS fabrics in hinterland units, if it was ever present,
was overprinted by higher-magnitude LNF strain fabrics when
units were tectonically buried by thick hinterland thrust sheets
(Fig. 15AeC). Subsequently, deformation became localized along
thrust faults, as these previously-strained map units were imbri-
cated and translated in individual thrust sheets separated by
discrete fault zones (Fig. 15B, C). After thrust emplacement, strata
retaining older LNF fabrics were then passively folded and trans-
lated as thrusting propagated toward the foreland (Fig. 15B, C).

For the Baxa Group horses (upper LH duplex), graphs of struc-
tural distance of each strain sample above the basal horse thrust
versus kinematic vorticity number (Wm) and versus Rs[N-S]
(Fig. 16) show no correlation between strain magnitude and the
component of simple shear with structural distance. This is in
Fig. 16. Top graph plots structural distance of strain samples above the basal thrust in
each horse in the upper LH duplex vs. mean kinematic vorticity (Wm), and bottom
graph plots structural distance vs. Rs[N-S]. Note that there is no discernable trend in
Wm or Rs[N-S] with structural distance that shows an increasing component of simple
shear or strain magnitude toward the base of thrust sheets. 2s (95%) error bars for Rs
[N-S] and Wm are shown for samples with representative error for low (Rs<1.5),
moderate (Rs ¼ 1.6e2.5) and high (Rs>2.6) strain.
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contrast to studies of internal thrust sheets that document
a component of simple shear distributed throughout the hanging
wall section, which increases toward the base, causing a concave-
up strain profile (Wotjal, 1986; Mitra, 1994; Yonkee and Weil,
2009). The lack of this relationship in the upper LH duplex
strongly supports the interpretation that internal deformation pre-
dates thrust imbrication and translation.

6.3. Implications of layer-normal flattening strain data for
deformation restoration

By assigning median LPS (frontal Trashigang section only;
Section 6.2.1) and LNF strain ellipsoids to the restored lengths of SH
and upper LH units reported in Long et al. (2011b), we can estimate
the changes in restored length that occur when internal strain is
taken into account, by restoring these ellipsoids to spheres of the
same volume. For the LNF domains, the restored length (in both
N-S and E-W directions) decreases and thickness increases. For the
LPS domain on the Trashigang transect, the restored length in the
N-S direction increases. For the four cross-sections, the restored
length of SH and upper LH map units collectively decreases
between 22 and 42 km, which would correspond to a 15e31%
decrease in shortening accommodated by SH and upper LH units
on individual transects (Long et al., 2011b). This is in contrast to the
common conception that not quantifying internal strain of thrust
sheets results in underestimates of shortening in balanced cross-
sections.

This simple restoration technique assumes that the median
ellipsoids are representative of bulk strain, that LNF strain occurred
entirely through pure shear deformation (Wm ¼ 0.0), and more
importantly, that there was no bulk volume change during defor-
mation. The latter factor can be very significant in compressional
environments (e.g. Ring et al., 2001 and references therein; Yonkee,
2005). Since our data show significant E-W ellipsoid elongations,
and we observe no areas where this E-W strain could be accom-
modated (i.e. strain ellipsoids with E-W-trending Z axes), LNF strain
of the magnitude that we document causes a significant space
problem. A bulk volume decrease, such as mass loss through
solution accompanying vertical thinning, would be necessary to
allow for the apparent stretching in the X and Y directions that we
document. Yonkee (2005) documented LNF strain in basal levels of
the Willard thrust sheet in the Sevier fold-thrust belt. However,
semiquantitative estimation of volume loss through analysis of
fibers and seam lengths at clast boundaries indicated limited
extension in the Y direction, which corresponded to volume losses
between 10 and 40%. Ring et al. (2001) observed plane-strain
vertical thinning through pure shear in greywacke above and below
the Glarus Thrust in Switzerland, which is balanced by an average
volume loss of 36%, through solution and cleavage development. In
addition, multiple studies in convergent wedge settings have also
documented significant volume loss associated with regional-scale,
plane-strain, pure shear deformation (Brandon and Kang, 1995;
Maxelon et al., 1998; Feehan and Brandon, 1999; Ring and
Brandon, 1999; Bolhar and Ring, 2001).

Studies that quantify bulk volume change often utilize methods
such as estimating the magnitude of solution mass transfer at
cleavage planes (i.e. Ring et al., 2001; Yonkee and Weil, 2009). In
Bhutan, the majority of examined strain samples are quartzite and
sandstone, which did not exhibit cleavage planes or other solution
features. As a consequence, we report no quantitative estimate of
bulk rock volume change. However, in line with the studies from
orogenic belts and accretionary complexes cited above (Ring et al.,
2001, and references therein; Yonkee, 2005), we argue that the LNF
strain ellipsoids we obtain from the Baxa Group, Diuri Formation,
and GHeTH section, which in many samples display nearly equal X
rain and deformation temperature in the eastern Himalaya, Bhutan:
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and Y elongations, require significant volume loss to maintain
spatial compatibility. As a consequence, we suggest that the
potential changes in restored length and shortening for SH and
upper LH units calculated above should be considered maximum
permissible values, and when significant flattening strain is
observed, it must be accompanied by volume loss to maintain
spatial compatibility.

6.4. Style and magnitude of deformation within the Greater
Himalayan section

Using kinematic data through a low-temperature section of GH
rocks, Long and McQuarrie (2010) documented a w2 km-thick
section immediately above the MCT exhibiting a top-to-the-south
shear sense, which is overlain by an w11 km-thick section exhib-
iting top-to-the-north shear, which defines the kinematic profile of
a channel. They related preliminary strain data to channel flow
(syn-STD and syn-MCT motion; e.g. Grujic et al., 1996, 2002) by
assuming that all the strain the rocks record occurred during their
exhumation path and not their burial path. Based on a preliminary
strain dataset, and assuming only ideal simple shear, Long and
McQuarrie (2010) estimated the top-to-the-north component of
channel flow to be between w23 and 34 km. However, based on
Wmvalues calculated in this study (Section 5.3), and assuming that
an approximate median Wm value of 0.4 (30% simple shear, 70%
pure shear) is representative for the GHeTH section, the top-to-
the-north component of channel flow is minimized to w7e10 km.
Under this interpretation, the majority of strain the GHeTH rocks
have experienced (pure-shear LNF strain) could pre-datemotion on
the MCT and STD and be related to burial during earlier deforma-
tion of the TH section (e.g. Searle, 1986; Ratschbacher et al., 1994;
Corfield and Searle, 2000; Murphy and Yin, 2003; Aikman et al.,
2008).

Alternatively, if we assume that all LNF strain took place during
channel flow (i.e. during the exhumation path rather than the
burial path), and that all strain occurred through ideal pure-shear
deformation, using a simple model we can calculate the magnitude
of channel flow in a differentway for comparison to the preliminary
estimates of Long and McQuarrie (2010). By assuming that median
strain ellipsoids for all GH lithologies (2.8:1.9:10) and all TH
lithologies (1.6:1.5:1.0) in central Bhutan are representative of bulk
strain, stretch in the X direction (N-S) can be calculated at 60% for
GH rocks and 19% for TH rocks by restoring these median strain
ellipsoids to spheres. Our strain data in GH rocks covers a final
(deformed) across-strike length of w50 km (Fig. 4E). Restoring the
GH median strain ellipsoid to a sphere indicates a 31 km original
length of this section, indicating that 19 km of N-S extrusion of GH
rocks (central part of the channel) took place during channel flow.
By assuming a similar 31 km-long original length of the overlying
TH section, the final length would increase to 37 km (note that the
total across-strike length of the Shemgang TH exposure is only
w25 km), indicating only 6 km of N-S extrusion of the higher part
of the channel. Note that the amount of N-S extrusion increases
toward the center, with a 13 km difference between GH rocks
(center of channel) and TH rocks (higher part of channel, presum-
ably near the top). These larger extrusion magnitudes toward the
center of the channel would result in an overall top-to-the-north
shear sense, which is supported by kinematic indicators observed
across the GHeTH section (Long and McQuarrie, 2010).

Under all the above scenarios, which include: 1) all GHeTH
strain is attributed to simple shear deformation during channel
flow (Long and McQuarrie, 2010); 2) only a small component of
simple shear (w30%) of GHeTH rocks occurred during channel
flow, and the majority of strain (LNF) pre-dates channel flow; and
3) all GHeTH strain is attributed to pure-shear LNF strain during
Please cite this article in press as: Long, S., et al., Quantifying internal st
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channel flow, the top-to-the-north component of channel flow
shows a total range between 7 and 34 km, and is likely 19 km or
less. It is important to mention that this corresponds to only 2e9%
(and likely 2e5%) of the minimum total mass added to the Mandge
Chu cross-section through shortening of SH, LH, and GHeTH rocks
(387 km; Long et al., 2011b). In addition, since we present no
quantitative estimate of volume loss in GHeTH rocks, which we
argue must have accompanied the stretching in the X and Y
directions that we document in order to maintain spatial compat-
ibility, we suggest that the top-to-the-north extrusion magnitudes
discussed above should be considered maximum permissible
values.

For the GHeTH section in central Bhutan, wewould hypothesize
that an increasing component of simple shear is concentrated in the
bottom w2 km of the section, which exhibits a top-to-the-south
motion sense, and likely had a low viscosity during deformation
based on the presence of partial melt textures (Long and
McQuarrie, 2010). However, since the majority of the GH orthog-
neiss unit underwent GBM quartz recrystallization, we do not have
a record of strain at the base of the section, only kinematic data
(Long and McQuarrie, 2010).

Our vorticity data for the GHeTH section in central Bhutan
(Section 5.3) can be compared to published vorticity estimates for
the GH section along-strike. Law et al. (2004) and Jessup et al.
(2006) obtained mean kinematic vorticity numbers (Wm)
between 0.67 and 0.98 (13e53% pure shear) from the top of the GH
section at the Everest Massif in Tibet, and Carosi et al. (2006)
obtained Wm values of 0.63e0.76 from the mid-upper part of the
structurally-higher GH section in northwest Bhutan. Grasemann
et al. (1999) and Jessup et al. (2006) obtained Wm values of
0.57e0.71 and 0.63e0.77 (44e58% pure shear), respectively, from
the basal part of the GH section (MCT zone) in NW India and
eastern Nepal.

These kinematic vorticity numbers indicate a substantial
component of pure shear at the basal and upper parts of the GH
section, which requires a degree of stretch or elongation.
Grasemann et al. (1999) presented a model for extrusion of the GH
section that calls for a stronger pure shear component, and thus
a higher elongation, in the central part of the slab, in order to
maintain the requirements of strain compatibility. Our GHeTH
vorticity data from central Bhutan are from samples between 2.5
and 9.5 km structural distance above the MCT. Though the struc-
tural distance to the STD, which projects above the erosion surface
on this transect (Long and McQuarrie, 2010), is unknown, these
structural distances presumably occupy the majority of the middle
of the GHeTH section. About half of our Wm numbers for the
GHeTH section are �0.4 (within error), indicating a �70%
component of pure shear. These vorticity numbers are much lower
than those reported for the top (STD zone) and bottom (MCT zone)
of the GH section in Tibet, Nepal, northwest Bhutan, and northwest
India (Grasemann et al., 1999; Law et al., 2004; Carosi et al., 2006;
Jessup et al., 2006). Thus, our data support a greater component of
pure shear toward the center of the GH section, as predicted by the
ductile extrusion model of Grasemann et al. (1999).

Since the peak temperatures and volume percent of partial melt
in the GH section show significant along-strike changes between
central and eastern Bhutan (Grujic et al., 2002; Daniel et al., 2003;
Long and McQuarrie, 2010), which are presumably accompanied
bysignificant changes in rheology (e.g. Rosenberg andHandy, 2005),
we are reluctant to apply the LNF strain orientations, magnitudes,
and Wm numbers that we observe for GHeTH rocks in central
Bhutan to thehigher-gradeGH rocks in easternBhutan. In support of
along-strike strain changes, note that Grujic et al. (1996), based on
theasymmetryof<c> and<a> axes inquartzCPOplots, interpreted
a moderately-rotational, plane-strain to weakly-constrictional
rain and deformation temperature in the eastern Himalaya, Bhutan:
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strain regime, with the coexistence of pure- and simple-shear
components, for the GH section in eastern Bhutan.

6.5. Comparison of Himalayan strain data to other orogens

LNF strain was accomplished with a dominant pure shear
component in the Baxa Group thrust sheets and the GHeTH section
in central Bhutan. This observation is similar to results from
multiple studies in thrust sheets deformed at temperatures above
those for quartz plasticity (ca. 250e270 �C) (Fig. 17). Ring et al.
(2001) studied greywacke deformed at greenschist-facies condi-
tions (ca. 300 �C) above and below the Glarus Thrust in Switzerland,
and documented pure shear, thrust-normal thinning (30%),
accompanied by significant volume loss (36%), with typical Rs
values of 1.5e2, and q’ values, defined by thrust-subparallel
cleavage, typically <10�. Yonkee (2005) observed simple shear
dominated deformation of quartzite and micaceous strata at higher
structural levels within the Willard thrust of the Idaho-Wyoming-
Utah fold-thrust belt, but greywacke and slate at basal levels were
dominated by thrust-subparallel foliation, extensive crystaleplastic
quartz deformation, typical Rs values of 2e4, the majority of q’
values <20�, and typical Wm values <0.7. Sanderson (1982)
documented large-magnitude (Rsw50), thrust-subparallel (q’<2�)
strain in localized mylonite zones adjacent to the Moine thrust in
Scotland, indicating significant thrust-parallel elongation and Wm
values <0.7. Kligfield et al. (1981) documented high-magnitude
(Rsw5e10), thrust-subparallel (q’<10�) strain in limestone
deformed at ca. 400 �C in the Northern Appenines in Italy, indi-
cating substantial thrust-normal thinning and thrust-parallel
extension.
Fig. 17. Plot of Rs[XZ] vs. q’, showing Bhutan strain data compared to data compiled for
studies of thrust sheets in different orogens (diagonally-ruled patterns; light gray
patterns), transpressive belts (dark gray patterns) and shear zones (stippled patterns);
modified fromYonkee (2005). Typical values for BaxaGroup (blue) andGHeTHsection in
central Bhutan (pink) shown (absolute value of q’was used to project our data onto this
graph). Abbreviations and data sources: Wq e micaceous to arkosic quartzite at inter-
mediate levels of Willard thrust sheet, Sevier fold-thrust belt (Yonkee, 2005); Wm e

micaceous strata at lower levels ofWillard thrust sheet (Yonkee, 2005);Wbebasal levels
of Willard Thrust sheet (Yonkee, 2005); Mq eMoine thrust quartzite (Coward and Kim,
1981); Mm e Moine thrust mylonite zones (Sanderson, 1982); Gl e Glarus thrust grey-
wacke (Ring et al., 2001); ApeNorthern Appenine limestone (Kligfield et al., 1981); Lie
Ligurian Alps meta-conglomerate (Seno et al., 1998); Su - Superior Province belt (Czeck
and Hudleston, 2003); Sa e Sambagawa belt (Wallis, 1995); SZ e examples from
various shear zones (EysterandBailey, 2001). Contours of thrust-parallel shear strain (G),
ratio of thrust-parallel to thrust-perpendicular stretch (a1/a3), and mean kinematic
vorticity for plane strain (Wp) shown. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article).
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The low-magnitude (7%) LPS strain observed on the Trashigang
transect indicates that LPS strain in the foreland of the deformation
front preceded LNF strain from tectonic loading (Section 6.2.1). Early
LPS strain concentrated in front of the thrust wedge, with the Z
direction oriented sub-normal to structural trend, and is an impor-
tant deformation mechanism in many fold-thrust belts. LPS defor-
mation is often the most significant internal strain mechanism that
affects external, unmetamorphosed thrust sheets (Wotjal, 1986;
Mitra, 1994; Yonkee and Weil, 2009). In the foreland parts of the
Pennsylvania salient of the Appalachian orogen, LPS values between
ca. 13 and 20% are reported (Nickelsen, 1963, 1983; Engelder, 1979;
Gray and Mitra, 1993; Faill and Nickelsen, 1999). In exterior thrust
sheets of the IdahoeWyomingeUtah salientof theSevier fold-thrust
belt, LPS values between ca. 5e30% are reported (Crosby, 1969;
Gockley, 1985; Craddock, 1992; Mitra, 1994; McNaught and Mitra,
1996; Mukul and Mitra, 1998; Yonkee and Weil, 2009). Our median
value of 7% LPS falls toward the low end of values reported in these
other orogens. Yonkee and Weil (2009) estimate that LPS strain
preceded the Sevier thrust deformation front by a transport-parallel
map distance of ca. 60 km, which is similar to the 82 km restored
distance between the southernmost and northernmost LPS samples
on the Trashigang transect.

The spatial transition between LNF and LPS strain observed in
Bhutan, in conjunction with the results of strain studies from other
orogens discussed above, illustrates the first-order control of
deformation temperature on rock rheology and therefore the
resulting strain mechanism. On the Trashigang transect, the tran-
sition between LPS and LNF strain occurred at an approximate
deformation temperature range of ca. 250e310 �C, the minimum
temperature for BLG recrystallization (Stipp et al., 2002), which
coincides with the lower temperature limits for crystaleplastic
quartz deformation (ca. 250e270 �C; Dunlap et al., 1997; van
Daalen et al., 1999; Stipp et al., 2002). In general, external thrust
sheets deformed below this temperature range will be strong,
particularly if dominated by quartz-rich strata, and will exhibit
limited-magnitude LPS strain, possibly combined with a compo-
nent of low-magnitude simple shear toward the base (e.g. Wotjal,
1986; Mitra, 1994; Yonkee and Weil, 2009). More interior thrust
sheets, if deformed at temperatures above those for quartz plas-
ticity, will generally have higher strain magnitudes, and may
exhibit a layer-normal, pure shear-dominant component of strain.
Intervals of thrust sheets comprised of quartz- or mica-rich rocks at
these elevated temperatures may be sufficiently weak to lose
significant shear strength, causing far-field tectonic stresses
inclined at a low angle to layering to rotate into a layer-subnormal
orientation, resulting in layer-normal thinning and layer-parallel
stretching (Means, 1989; Yonkee, 2005).

In Bhutan, strain fabrics in upper LH and GHeTH thrust sheets
thatweredeformedat temperatures� ca. 250-270 �Caredominated
by pure-shear LNF strain, illustrating the strong control of defor-
mation temperature on strain magnitude and orientation. In addi-
tion, the sequential progression from layer-normal thinning due to
tectonic loading was followed by localization of deformation along
discrete thrust faults. This is supported by: 1) strain ellipsoids being
folded the same amount as the thrust sheets in which they lie
(Fig.10), and 2) no systematic increase in Rs orWmwith decreasing
structural distance (at the scale of 10’s of meters) above thrusts
(Fig.16), indicating that internal strain pre-dated thrusting, and that
internal straindidnot extendoutside of fault zonesduring thrusting.
This indicates that fault zones were significantly weaker than the
previously-strained rocks carried in their hanging wall (e.g. Mitra
and Boyer, 1999). This supports the existence of discrete faults
with large translations as depicted in balanced cross-sections, even
when the rocks within the thrust sheets have undergone significant
internal strain.
rain and deformation temperature in the eastern Himalaya, Bhutan:
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7. Conclusions

1. Low-magnitude (w7%) layer-parallel shortening (LPS) strain
observed in the foreland part of the Trashigang transect
suggests that LPS strain in front of the propagating wedge was
the earliest internal deformation that occurred.

2. The majority of foreland LH thrust sheets and a composite
GHeTH thrust sheet in the hinterland underwent layer-normal
flattening (LNF) strain, with the X direction generally coinciding
with N-S mineral stretching lineation. Kinematic vorticity
numbers for the majority of LNF samples indicate that pure
shear (�70%)was the dominant strainmechanism. LNF strain is
interpreted as the result of tectonic loadingdue to emplacement
of thick overriding thrust sheets. As deformation propagated
toward the foreland, the record of early LPS fabrics in hinterland
units, if it was ever present, was overprinted by higher-magni-
tude LNF fabrics when units were tectonically buried.

3. The transition between low-magnitude (Rsw1.1e1.2) LPS and
higher-magnitude (Rsw1.8e2.0) LNF strain occurs approxi-
mately at the lower temperature limits for crystaleplastic
quartz deformation (ca. 250e270 �C), which illustrates the
strong control of deformation temperature on strain magni-
tude and orientation. Thrust sheets comprised of quartz- or
mica-rich rocks above this temperature range were sufficiently
weak enough due to loss of shear strength to cause far-field
tectonic stresses oriented at a low angle to layering to rotate
into a layer-normal orientation (e.g. Means, 1989).

4. The orientations of LNF ellipsoids are folded to the same degree
as the thrust sheets in which they lie, indicating that LNF strain
preceded thrust imbrication and southward translation.

5. After LNF strain, deformation became more localized, as these
previously-strained rocks were imbricated and translated in
thrust sheets separated by discrete fault zones. After thrust
emplacement, strata retaining older LNF fabrics were then
passively folded and translated as thrusting propagated toward
the foreland.

6. A lack of increase in Rs and Wm with decreasing structural
distance above thrusts in the upper LH duplex indicates that
significant internal strain did not extend more than 10’s of
meters outside of fault zones during thrusting. This supports
the existence of discrete faults with large translations, as
generally depicted in balanced cross-sections, even when the
rocks within the thrust sheets have undergone significant
internal strain.

7. Simple restoration of LNF strain would result in decreasing
shortening estimates in Bhutan balanced cross-sections, in
contrast to commonly-held views that not accounting for
internal strain results in under-estimation of shortening.
However, we suggest that when significant flattening strain is
observed, it must be accompanied by volume loss to maintain
spatial compatibility. As a consequence, strain ellipsoids
become decoupled from the bulk thrust translation. Thus their
strongest utility lies in illuminating the mechanisms and order
of operations of strain, rather than the cumulative effect of
strain in restoration of deformation.

8. The inverted gradient in deformation temperature observed in
the LH zone can be attributed primarily to stacking of discrete
thrust sheets of LH rocks that were deformed at progressively
higher temperatures (and depths) toward the hinterland. The
‘hot-iron’ effect of the MCT hanging wall only affects LH thrust
sheets directly below the MCT. The majority of the upsection
temperature increase associated with the ‘hot-iron’ effect
occurs within ca. 350 m structural distance of the MCT.

9. Strain data distributed through low-grade GHeTH rocks in
central Bhutan that exhibit the kinematic profile of a channel
Please cite this article in press as: Long, S., et al., Quantifying internal st
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(Long and McQuarrie, 2010) argue for minimal magnitudes
(7e34 km range, andmost likely less than 19 km) of the top-to-
the-north component of channel-flow extrusion. This corre-
sponds to only 2e9% (and likely 2e5%) of the minimum total
mass added to the central Bhutan thrust belt through short-
ening of SH, LH, and GHeTH rocks.
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