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ARTICLE INFO ABSTRACT

Keywords: Disagreements over how to define shear zones within packages of pervasively recrystallized rock impede our
Quartz fabrics ability to map and correlate these structures. Here, we explore a new approach for delineating the spatial extents
Shear zone

of shear zones using quartz petrofabric, temperature, and kinematic data collected from two transects across the
Main Central thrust (MCT) in western Bhutan. We calculated cylindricity, a fabric intensity parameter that has
been previously interpreted as a proxy for finite strain magnitude, for each sample. Cylindricity values (measured
on a scale from 0 to 1) increase upward from 0.11 to 0.47 between 2.3 and 1.3 km below the MCT, vary between
0.55 and 0.93 between 700 m below and 200 m above the MCT, and decrease upward from 0.68 to 0.37 between
2.4 and 11.7 km above the MCT. Fabric intensity increases with proximity to the MCT and defines a ~900 m-
thick zone of elevated intensity that overlaps spatially with an interval of inverted metamorphism. Our results
add to a growing number of recent studies that suggest that spatial patterns of fabric intensity, when integrated
with temperature data and kinematic observations, can be used to delineate relative strain patterns across shear

Main central thrust
Himalayan orogen
Bhutan

zones in the Himalaya and elsewhere.

1. Introduction

In contractional orogenic systems, motion on large-scale shear zones
often accommodates a significant component of cumulative shortening.
Understanding the deformation mechanisms, structural styles, and offset
magnitudes of these major shear zones is fundamental for deciphering
the tectonic evolution of an orogen. However, disagreements over how
to best define shear zones within packages of rock that have been
pervasively recrystallized, and in which gradients in finite strain (e.g.,
Simpson and De Paor, 1993) are not easily identifiable, impede our
ability to accurately map and correlate these structures. For example,
the Main Central thrust (MCT), a top-to-south shear zone mapped along
the length of the Himalayan orogen, has been defined using several
different criteria. These criteria include changes in lithology, isotopic
signatures of footwall and hanging wall rocks, deformation temperature
patterns, metamorphic mineral assemblages, and the conditions and
timing of peak metamorphism (e.g., Gansser, 1983; Catlos et al., 2001;
Robinson et al., 2001; Yin, 2006; Searle et al., 2008; Webb et al., 2013;
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Long et al.,, 2016; Martin, 2016). Interpretations drawn from these
different defining criteria have led to significant variation in the mapped
position of the MCT (Martin, 2016).

A series of recent studies by Hunter et al. (2016a; 2016b; 2018;2019)
have demonstrated the potential for utilizing quartz petrofabric devel-
opment (i.e., development of a crystallographic preferred orientation
(CPO)) to identify zones of high strain in orogenic systems. The rela-
tionship between CPO development and strain magnitude has also been
demonstrated in both modeling-based studies (e.g., Lister and Hobbs,
1980) and experimental studies (Barnhoorn et al., 2004; Heilbronner
and Tullis, 2006; Muto et al., 2011; Wilson et al., 2019). Several
field-based studies have also demonstrated that a correlation between
CPO development and finite strain magnitude can occur in
naturally-deformed rocks (e.g., Knipe and Law, 1987; Bhattacharya and
Weber, 2004; Barth et al., 2010). In a recent study in Nepal, Larson et al.
(2017) proposed that shear zone boundaries can be defined using sta-
tistical intensity parameters of quartz c-axis fabrics. This approach in-
volves interpreting the intensity of fabric development as a proxy for
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relative finite strain magnitude. Because finite strain magnitude is pre-
dicted to increase both in proximity to, and within, a shear zone (e.g.,
Ramsay and Graham, 1970; Simpson and De Paor, 1993), fabric in-
tensities may be able to provide a quantifiable way to delineate the
upper and lower boundaries of shear zones.

The goal of this study is to further test the applicability of this new
approach, by collecting statistical indices of the intensity of quartz
petrofabrics on two transects across the MCT in western Bhutan (Fig. 1).
Importantly, previous interpretations of the location of the MCT in
Bhutan, which are based on a variety of different defining criteria, have
all resulted in general agreement on its location (Gansser, 1983; Bhar-
gava, 1995; Grujic et al., 1996, 2002; Daniel et al., 2003; Long et al.,
2011a, 2011b; 2016). This allows us to place our fabric intensity data
within a rich context of lithologic, structural, kinematic, and tempera-
ture data, to compare how multiple datasets change with structural
distance from the MCT. We present new mapping, petrofabric data,
shear-sense observations, kinematic vorticity determinations, and
deformation and peak temperature data from one transect, and combine
new petrofabric intensity parameters with published kinematic and
temperature data from the other transect (Long et al., 2016). We then
explore the implications of this new approach for delineating strain
patterns across the MCT, and shear zones in general, and discuss the
benefits of using this method as part of a suite of quantitative datasets
that provide a detailed structural context across shear zones.

2. Himalayan geologic background

The Himalayan-Tibetan orogenic system has formed from the
Cenozoic collision and ongoing convergence of the Indian and Asian
plates (e.g., Yin, 2006). Initial collision occurred at ~50-55 Ma (e.g.,
Rowley, 1996; Leech et al., 2005; Najman et al., 2012; Najman, 2006),
and the Himalayan orogenic belt, which makes up the southern portion
of the orogen (Fig. 1), began accommodating shortening at ~25 Ma (e.
g., Gansser, 1964; LeFort, 1975; Mattauer, 1986; Yin and Harrison,
2000; Yin, 2006).

The Himalayan orogen has been divided into four tectonostrati-
graphic packages, which are separated by first-order structures that span
the length of the orogen (Fig. 1) (e.g., Gansser, 1964; LeFort, 1975; Yin,
2006). To the south, unmetamorphosed, Neogene syn-orogenic sedi-
mentary rocks of the Subhimalayan package overlie Quaternary fore-
land basin sediments across the Main Frontal thrust. Structurally above
this, the Main Boundary thrust places greenschist-facies Precambrian to
Paleozoic metasedimentary rocks of the Lesser Himalayan (LH) package
over Subhimalayan rocks. LH rocks have been deformed into a
south-vergent thrust belt that contains large duplex systems (e.g., Rob-
inson et al., 2006; Long et al., 2011b; Webb et al., 2013). Moving
northward, the Main Central thrust (MCT) places high-grade (typically
upper amphibolite-facies) metasedimentary and meta-igneous rocks of
the Greater Himalayan (GH) package over LH rocks. Finally, the Tethyan
Himalayan package is a series of low-grade to unmetamorphosed
Paleozoic-Mesozoic sedimentary rocks of the northern Indian margin on
the northern edge of the Himalayan thrust belt. It overlies GH rocks
across the top-down-to-north South Tibetan detachment system.

The MCT has long been considered to be one of the most important
structures in the Himalaya (e.g., Gansser, 1964, 1983; LeFort, 1975;
Grujic et al.,, 1996). The MCT was originally defined by the
structurally-upward change in lithology from quartzite and schist of the
LH package to gneisses of the GH package (e.g., Gansser, 1964). How-
ever, more recently, some researchers have defined the boundaries of
the MCT on the basis of rheology and map the MCT at the transition from
brittle-to-ductile deformation (e.g., Searle et al., 2008). The MCT has
also been defined based on the age of shearing (e.g., Webb et al., 2013)
or the age (e.g., Harrison et al., 1997) or conditions (e.g., Daniel et al.,
2003; Long et al., 2016) of peak metamorphism above and below the
fault. Not surprisingly, these different definitions have yielded differing
interpretations for the location of the MCT across the Himalaya. For
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example, in some transects in Nepal the structural position of the MCT
varies by as much as ~5 km between different studies (Martin, 2016).

3. Tectonostratigraphy of Bhutan

Bhutan, which is located in the eastern portion of the Himalaya
(Fig. 1), exhibits a similar first-order structural architecture to the rest of
the orogen (e.g., Long et al., 2011b, 2011c). In western Bhutan, three LH
units are mapped, the Manas Formation, Daling Formation, and Jaish-
idanda Formation. The Manas Formation is the structurally lowest LH
unit and consists of coarse-grained, thick-bedded quartzite that is
interlayered with dark-gray phyllite (Tangri, 1995; Long et al., 2011a,
2016). The Manas Formation has a minimum thickness of ~2100 m
(Long et al.,, 2016) and is estimated to have a Neoproterozoic to
Cambrian maximum depositional age range (Long et al., 2011b;
McQuarrie et al., 2013).

The Daling Formation overlies the Manas Formation across the
Shumar thrust (ST), a top-to-south thrust fault mapped along the length
of Bhutan (Fig. 1B-C) (McQuarrie et al., 2008; Long et al., 2011b). The
age of motion along the ST has been estimated between ~10 and 17 Ma
in eastern Bhutan (Long et al., 2012) and ~9-15 Ma in western Bhutan
(McQuarrie et al., 2014). The Daling Formation consists of thin-bedded,
light gray to white quartzite, which is interlayered with dark green
phyllite and schist (Dasgupta, 1995a; Long et al., 2011a). The Daling
Formation is interpreted to have a Paleoproterozoic depositional age
(Daniel et al., 2003; Richards et al., 2006; Long et al., 2011a). In our
study area, the Daling Formation has a minimum structural thickness of
~1550 m (Long et al., 2016).

The Jaishidanda Formation lies above the Daling Formation across a
contact that has been interpreted as originally depositional, but later
deformed by pervasive shearing in the footwall of the MCT (e.g., Long
et al., 2011a). The Jaishidanda Formation consists of interlayered gray,
biotite-rich quartzite, and muscovite-biotite-garnet schist. In our study
area, the Jaishidanda Formation exhibits a minimum structural thick-
ness of ~800 m (Long et al., 2016). Detrital zircon from Jaishidanda
quartzite samples collected along the length of Bhutan define a
maximum depositional age range between Neoproterozoic and Ordovi-
cian (McQuarrie et al., 2008, 2013; Long et al., 2011a).

Above the MCT, the GH section has been divided into a lower met-
asedimentary unit (GHIml), an orthogneiss unit (GHlo), and an upper
metasedimentary unit (GHImu) (Long et al., 2011c). In our study area,
GHIml exhibits a structural thickness of ~6500 m and consists primarily
of interlayered garnet-bearing schist, paragneiss, quartzite, and
orthogneiss, which contain granitic, layer-parallel leucosomes. On the
basis of youngest detrital zircon populations and crystallization ages of
orthogneiss bodies, the deposition of the sedimentary protoliths of unit
GHIml is bracketed between Neoproterozoic and Ordovician (Long and
McQuarrie, 2010; McQuarrie et al., 2013; Long et al., 2011b). Unit GHlo
is an ~1000 m-thick section of granitic orthogneiss rich in feldspar
augen, interpreted to represent Cambrian-Ordovician granite that
intruded the sedimentary protoliths of GH rocks (Long and McQuarrie,
2010; Long et al., 2011b). Unit GHImu is found at the structurally
highest levels. It exhibits a minimum structural thickness of ~6000 m
and is exposed within the hinge zone of a synform that can be mapped
across much of western and central Bhutan (Fig. 1B) (Long et al.,
2011b). Unit GHlmu is composed of interlayered garnet-bearing schist,
paragneiss, and quartzite. The deposition of the sedimentary protoliths
of unit GHlmu is bracketed between Neoproterozoic and Ordovician
(Long and McQuarrie, 2010; Long et al., 2011b; McQuarrie et al., 2013).

The MCT, which places GH rocks over LH rocks, is estimated to have
been active between ~23 and ~16 Ma in Bhutan (Long et al., 2012;
Tobgay et al., 2012; McQuarrie et al., 2014). Previous studies in Bhutan
have mapped the MCT at the top of the Jaishidanda Formation (e.g.,
Bhargava, 1995; Daniel et al., 2003; Long et al., 2011b, 2011c). This
contact generally coincides with the structurally lowest appearance of
aluminosilicate minerals, gneissic banding, and granitic-composition
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Fig. 1. A) Simplified geologic map of the Himalayan-Tibetan orogen, showing tectonostratigraphic divisions of the Himalayan thrust belt (modified from Long et al.,
2016). B) Geologic map of Bhutan showing first-order units and structures (modified from Long et al., 2012, 2016). MBT — Main Boundary thrust, MCT — Main Central
thrust, MFT - Main Frontal thrust, ST — Shumar thrust, STD — South Tibetan Detachment. C) Geologic map of the Puna Tsang Chu and Sarpang transects, showing
structural measurements and sample locations. Inset shows equal-area stereonets of all measurements of tectonic foliation (poles to planes plotted) and lineation
(poles plotted) (generated using Stereonet 10; Allmendinger et al., 2011). D) Zoomed-in portion of the geologic map showing closely spaced samples and mea-
surements collected in proximity to the MCT on the Puna Tsang Chu transect.
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section showing closely spaced samples and measurements collected in proximity to the MCT.

leucosomes, which lie in close proximity to each other (often within the
same outcrop, or within a few 10’s of meters structural thickness) (e.g.,
Long et al.,, 2011b, 2011c). Most previous studies have mapped the
position of the MCT at a similar location in Bhutan (e.g., Gansser, 1983;
Bhargava, 1995; Grujic et al., 1996, 2002; Daniel et al., 2003; Long and
McQuarrie, 2010; Long et al., 2011b, 2011c, 2016). However, the
structural thickness of rocks involved in shearing during motion on the
MCT remains enigmatic (Long et al., 2016). It is this aspect that we hope
to address in this paper.

4. Transects across the MCT in western Bhutan

We collected data from two transects across the MCT in western
Bhutan, the Puna Tsang Chu and Sarpang transects (Fig. 1C). We present
new mapping, kinematic observations, quartz fabric data, and temper-
ature data from the Puna Tsang Chu transect. Similar datasets were
collected from the Sarpang transect by Long et al. (2016); here we
present new fabric intensity parameters for Sarpang transect samples.

4.1. Puna Tsang Chu transect

The Puna Tsang Chu transect extends N-S for approximately 60 km
(Fig. 1C), beginning just above the ST, crossing the MCT, and extending
northward through a ~12 km-thick section of N-dipping GH rocks. The
northern half of the transect crosses structurally downward through
nearly the entire GH section within the S-dipping limb of a regional-
scale synform (Long et al., 2011b). A total of 69 outcrops were exam-
ined, with samples collected at 55 localities (see Supplementary Mate-
rial (SM) for a complete list of samples). The apparent dips of tectonic
foliation were plotted on a cross section through the transect (Fig. 2), in
order to calculate structural (i.e., foliation-normal) thicknesses. Most
outcrops exhibit mineral stretching lineations, which have an overall
average N-NNW or S-SSE trend (Fig. 1C inset). All map units, lithologies,
and samples are projected onto a tectonostratigraphic column (Fig. 3),
which are plotted according to structural height relative to the mapped
reference position of the MCT (note that Fig. 3 plots samples projected
from relative foreland and hinterland positions that span up to a ~60 km
N-S distance). Rocks examined on the Puna Tsang Chu transect span a
total structural height between —560 m and +12,300 m. In the text
below, structural heights listed with negative numbers refer to structural
distance below the MCT, and those with positive numbers refer to
structural distance above the MCT.

All LH samples on the Puna Tsang Chu transect were collected from
the uppermost ~525 m of the Jaishidanda Formation (Fig. 3), which
consists of quartzite interlayered with biotite-garnet schist. The upper-
most ~20 m of the Jaishidanda Formation (Fig. 4) exhibits several
features that previous workers in Bhutan have interpreted as criteria
defining the MCT, including the structurally lowest appearance of
kyanite (sample 10D, —21 m), gneissic banding (sample 9C, —6 m), and
leucosomes (sample 11A, 0 m). The contact between the Jaishidanda
Formation and overlying GH rocks is mapped as the structural reference
position of the MCT and is here delineated by the structurally lowest
occurrence of granitic leucosomes.

Above the MCT, the Puna Tsang Chu transect crosses through units
GHIml, GHlo, and GHImu. All three units are exposed in both limbs of a
regional synform (Fig. 1C). GHIml is 6400 m-thick in the southern limb
and has a minimum thickness of 3400 m in the northern limb. GHlml is
dominated by biotite-, garnet-, and locally kyanite-bearing paragneiss
that typically contains foliation-parallel, locally-deformed granitic leu-
cosomes, and is interlayered with biotite-garnet schist and quartzite.
GHlo is 800 m-thick in the southern limb of the synform and 3400 m-
thick in the northern limb, and consists primarily of migmatitic, granitic
orthogneiss. A minimum thickness of 6000 m of unit GHlmu is exposed
and is dominated by biotite-garnet schist and biotite-rich quartzite.
Within unit GHImu, kyanite is absent above +8000 m, leucosomes are
absent above +8800 m, and garnet is not observed above +9800 m,
suggesting an overall upright metamorphic field gradient.

4.2. Sarpang transect

The Sarpang transect is located ~15 km to the east of the Puna Tsang
Chu transect (Fig. 1C). Long et al. (2016) presented a detailed descrip-
tion of the Sarpang transect and collected peak temperature (RSCM and
garnet-biotite thermometry), deformation temperature (quartz c-axis
opening angle thermometry, quartz recrystallization temperature
ranges), shear-sense, finite strain, and kinematic vorticity data. In this
study, we calculate intensity parameters from the nine published pet-
rofabric analyses of Long et al. (2016) and present fabric analyses from
two new samples.

The portion of the Sarpang transect that extends from 2700 m below
to 675 m above the MCT is shown on Fig. 5, and crosses two major shear
zones, the MCT and the structurally-lower ST (Long et al., 2016). LH
rock units include the Manas, Daling, and Jaishidanda Formations. The
Manas Formation consists of light-gray quartzite and dark-gray phyllite.
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Above this, the ST places a ~1500 m-thick section of tan to white
quartzite and green phyllite of the Daling Formation over the Manas
Formation. The ST corresponds with the lowest observed occurrence of
biotite porphyroblasts. A structural thickness of 800 m of the Jaishi-
danda Formation overlies the Daling Formation and is dominated by

biotite- and garnet-bearing schist and quartzite (Long et al., 2016).
Garnet first appears at —675 m, and plagioclase porphyroblasts appear
at —75 m. The contact between the LH and GH rocks is marked by the
appearance of migmatitic, granitic orthogneiss; this contact is mapped
as the structural reference position of the MCT. Above this contact, GH
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{10C: +4m, CBE

Fig. 4. Tectonostratigraphic column of the Puna Tsang Chu zoomed into the mapped location of the MCT, showing field photographs of outcrop-scale observations
and photomicrographs (cross-polarized light) of quartz recrystallization microstructures. A) Stop 11A (0 m), the site of the structurally lowest occurrence of granitic
leucosomes. B) Stop 9¢ (—6 m), which exhibits the structurally lowest occurrence of plagioclase porphyroblasts. C) Stop 9¢ (—6 m), which contains the structurally
lowest observed gneissic banding. D) Sample 10D (—21 m), which contains the structurally lowest kyanite observed on the transect. E) Sample 10C, showing multiple
extinction domains within a large amoeboid quartz grain that intersect at right angles, which is characteristic of chessboard extinction (CBE). F) Sample 9b, showing
large (>0.5 mm) amoeboid quartz grains that are characteristic of grain boundary migration (GBM) recrystallization. G) Sample 8A, showing large amoeboid ‘island
grains’ (one is highlighted in red) within a matrix of small (<~50 pum), polygonal quartz neoblasts characteristic of subgrain rotation (SGR) recrystallization. This is
interpreted as a transitional texture between GBM and SGR recrystallization (e.g., Stipp et al., 2002). H) Sample 6B, showing an equigranular texture of small (<~50

pm) polygonal quartz neoblasts characteristic of SGR recrystallization.

rocks consist of migmatitic orthogneiss,
quartzite.

paragneiss, schist, and

5. Quartz petrofabrics

Quantitative analyses of quartz petrofabrics are frequently utilized to
understand the deformation history of recrystallized, quartz-rich tec-
tonites (e.g., Bouchez and Pecher, 1981; Carreras and Celma, 1982; Law
et al., 1990, 2004; 2011, 2013; Pennacchioni et al., 2010; Hunter et al.,
20164a, 2018; 2019; Larson et al., 2017). Data gleaned from quartz c-axis
pole plots can be used to determine shear-sense, constrain the style of
3-D strain, estimate kinematic vorticity, and bracket deformation tem-
perature (e.g., Kruhl, 1998; Wallis, 1992, 1995; Law et al., 2004; Morgan
and Law, 2004; Passchier and Trouw, 2005; Faleiros et al., 2016). Here,
we also explore the utility of using statistical intensity parameters
calculated from quartz c-axis fabrics to provide insight into strain pat-
terns across shear zones, by testing this method on a known location of
the MCT.

We collected the orientations of quartz c- and a-axes using electron
backscatter diffraction (EBSD) analysis of foliation-normal, lineation-
parallel thin sections. MTEX, an open-source Matlab toolbox (Bachmann
et al., 2010; https://mtex-toolbox.github.io/), was used to analyze and

reduce the resulting data using a one-per-pixel analysis (i.e., one
orientation data point per individual pixel), to produce c-axis pole plots
(Fig. 6), grain orientation maps (see SM for supporting figures), and
grain counts. MTEX was also used to quantify fabric intensity by
calculating cylindricity (B) (Vollmer, 1990) and the M-index (M)
(Skemer et al., 2005) (see SM for methodology). Cylindricity measures
an orientation tensor that is calculated by matrix summation of
three-unit column eigenvectors that represent the orientation of each
crystal (Vollmer, 1990), while the M-index compares the distribution of
misorientation angles between crystals in a sample with the expected
distribution of misorientation angles in an ideally random fabric
(Skemer et al.,, 2005). In addition to cylindricity and the M-index,
several other parameters for measuring fabric intensity are available,
including the J-index (Bunge, 1982). However, our chosen indices are
ideal because they are not sensitive to the number of grains in each
analysis (e.g., Bunge, 1982; Skemer et al., 2005; Mainprice et al., 2015).
Both B and M are listed as unitless values between 0 and 1 (a random
fabric and a perfectly non-random fabric, respectively). Recent work has
demonstrated that the intensity of fabric development has been shown
to spatially correlate with high strain zones (Hunter et al., 2016a, 2018;
2019; Larson et al., 2017, 2018). Therefore, M and B values may be
interpreted as proxies for relative strain magnitude (Larson et al., 2017),
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with higher intensity fabrics indicative of greater relative finite strain.

On the Puna Tsang Chu transect, EBSD analyses were conducted on
thirteen quartzite samples that ranged between —520 m and +11,500 m,
with all but three of the samples clustered tightly between —520 m and
+5 m (Fig. 3). All samples except for the structurally-highest two
(samples 24A and 31A, at +7600 and + 11,700 m, respectively) exhibit
c-axis pole plot patterns that define a strong CPO (Fig. 6). Ten of these
samples exhibit single-girdle patterns, which are interpreted to form
from a combination of prism <a>, rhomb <a> slip, and basal <a> slip
(Bouchez, 1978; Bouchez et al., 1983; Lister, 1977; Lister and Hobbs,
1980).

B and M values from the Puna Tsang Chu transect define an overall
pattern of higher-intensity (i.e., more ordered) fabrics with proximity to
the reference position of the MCT (Fig. 3; Table 1). Samples between
—520 m and —160 m (n = 5) yielded B values of 0.82, 0.70, 0.61, 0.85,
and 0.59 (in order of ascending structural height), indicating relatively
ordered fabrics. Samples between —45 m and +5 m (n = 5) yielded
higher B values of 0.91, 0.90, 0.86, 0.91, and 0.93, indicating highly
non-random fabrics. Samples collected at +2.4, +7.5, and +11.7 km
yielded B values of 0.68, 0.52, and 0.37, respectively, indicating
decreasing fabric intensity with increasing structural height above the
MCT. M values are overall lower, with a cumulative range between 0.02
and 0.34, but demonstrate a nearly identical trend with structural height
as the B values (Fig. 3; Table 1). Samples between —520 m and —160 m
yielded M values between 0.08 and 0.20, samples between —45 m and
+15 m yielded M values between 0.23 and 0.34, and samples at +2.4,
+7.5 and + 11.7 km yielded M values of 0.27, 0.12, and 0.02.

On the Sarpang transect, eleven quartzite samples have been
analyzed for quartz petrofabrics, and span structural heights between
—2600 m and +200 m (Fig. 5; Table 1). Petrofabric data for the nine
structurally-highest samples were originally presented in Long et al.
(2016), and data from two additional samples (7 and 8), which lie below
the Shumar thrust (ST), were collected in this study. These two new
samples lack evidence for a clearly-defined CPO, exhibiting a nearly
random distribution of c-axes (Fig. 6B). The five structurally-lowest
samples of Long et al. (2016) (samples 10, 12, 16, 18, and 21), which
are spread between —2300 m and —675 m, yielded crossed-girdle pat-
terns. Moving structurally higher, samples 23 and 29A, collected at
—550 m and —75 m, yielded single-girdle patterns, and samples 31 and
36, collected at —25 m and +200 m, yielded center point maxima.

We calculated B and M values for all 11 samples on the Sarpang
transect. The two samples collected below the ST (7 and 8) yielded B
values of 0.05 and 0.07 and M values of 0.01 and 0.00 (Fig. 5),
respectively. This defines a lack of fabric development, which is
corroborated by partial recrystallization observed in thin sections of
Manas Formation quartzite (Long et al., 2016). Above the ST, six sam-
ples spread between —2200 m and —550 m exhibit a general increase in
fabric strength with increasing structural height, with B values that in-
crease gradually upward from 0.12 to 0.55, and M values that corre-
spondingly increase from 0.0 to 0.11 (Fig. 5). Samples collected at —75
m, —50 m, and +200 m yielded higher B values of 0.69, 0.51, and 0.70,
and higher M values of 0.15, 0.11, and 0.20.

It has been demonstrated that strain partitioning due to the presence
of mica can affect CPO development in quartz-rich rocks (e.g., Starkey
and Cutforth, 1978; Little et al., 2015), and can play a role in controlling
the overall grain size of dynamically recrystallized quartz (i.e., Song and
Ree, 2007; Herwegh et al., 2011). These effects are generally interpreted
as the result of the predominant mechanism of quartz recrystallization in
rocks with higher mica content (i.e., grain boundary sliding rather than
grain boundary migration-induced dislocation creep; Starkey and Cut-
forth, 1978; Little et al., 2015). Additionally, Hunter et al. (2016b)
demonstrated that a higher degree of interconnectivity between mica
grains can decrease the overall strength of a quartz-bearing rock, even in
areas of the sample where the mica grains are not in contact with quartz.
Therefore, it is unsurprising that strain partitioning due to the presence
of mica can also affect fabric intensity parameters (Larson et al., 2017;
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Hunter et al., 2016b, 2019). To determine if mica content affected the
cylindricity and M-indices of our samples, we calculated the area per-
centage of mica in thin sections of each EBSD sample (Figs. 3 and 5,
Table 1, Supplementary Material Fig. S3). Mica area percentage ranged
between 0 and 13.5% for the Puna Tsang Chu transect samples and
0.7-19.2% for the Sarpang transect samples. While the sample with the
lowest fabric intensity (Sample 5A) did also have the highest measured
mica percent area, comparison of the patterns of B and M values with
mica area percentage from the rest of the samples does not demonstrate
a correlation (i.e., low-mica samples yielded both high and low cylin-
dricity, and vice versa; see Fig. S3).

6. Shear-sense and kinematic vorticity data
6.1. Shear-sense indicators

Multiple shear-sense indicators were observed in outcrops and in
thin sections (Fig. 7) and were also defined by asymmetric quartz c-axis
fabrics of several EBSD samples from the Puna Tsang Chu transect
(Fig. 6). Shear-sense indicators were observed at all structural levels
(Fig. 3) but are more abundant in proximity to the reference position of
the MCT. Outcrop- and thin section-scale shear-sense indicators include
quartz vein boudins sheared into sigma objects, delta and sigma clasts
(typically plagioclase), SC fabrics, C'-type shear bands, mica fish, and
asymmetric folds (Fig. 7). Overall, these features dominantly define top-
to-the-south shear. Quartz c-axis pole plots of ten EBSD samples exhibit
girdles that are inclined to the south, all defining a top-to-S shear sense.
Only one sample (9B) exhibited a top-to-N single girdle. Samples from
the Sarpang transect also exhibit a dominance of top-to-S shear-sense
indicators (Fig. 5), as observed in outcrops, thin sections, and c-axis pole
plots (Long et al., 2016).

6.2. Kinematic vorticity data

The mean kinematic vorticity number (Wy,) is a dimensionless value
between 0 and 1 which measures the ratio of pure to simple shear (e.g.,
Passchier, 1987; Tikoff and Fossen, 1993; Means, 1994). A Wy, of 0 in-
dicates entirely pure shear deformation, a Wy, of 1 indicates entirely
simple shear, and values in between represent a combination of the two.
Here, we used the quartz shape-preferred-orientation (SPO) method of
Wallis (1992, 1995) to calculate Wy,. This technique utilizes the angle
between foliation and the center segment of the girdle on a quartz c-axis
pole plot () combined with the angle between foliation and the domi-
nant stretching direction of recrystallized quartz grains (6';sa1) in a thin
section of the same sample to calculate Wy, (see SM for details on
methods). Wp, values were calculated from 11 of the 13 Puna Tsang Chu
samples, which are spread between —525 m and +2000 m (Table 1,
Fig. 6) (the structurally highest two samples, 24A and 31, did not yield
girdle patterns necessary for calculating a p angle). Wy, values are var-
iable, and range between 0.07 and 0.78, which indicates a pure
shear-dominant component that ranges between 45 and 100% (Law
etal., 2004). Wp, values do not exhibit any pattern with structural height
(Fig. 3).

W, values previously reported for the nine published Sarpang
transect samples typically range between 0.00 and 0.40, indicating a
higher component of pure shear deformation (70-100%; Table 1) (Long
et al., 2016). The two new samples analyzed here (samples 7 and 8) did
not yield pole plots suitable for calculation of § angles.

7. Peak and deformation temperature data

Temperature data on the Puna Tsang Chu transect were collected
using Raman spectroscopy of carbonaceous material (RSCM) ther-
mometry, opening angle thermometry of quartz c-axis plots, and semi-
quantitative deformation temperature bracketing using quartz recrys-
tallization microstructures.
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Table 1

Summary of kinematic vorticity, cylindricity, and m-index from EBSD samples on the PTC and Sarpang transect.

Puna Tsang Chu Samples

Thin Section Lithology Unit Structural Height Relative to the MCT (m) P G R Cylindricity M-index Mica % B (deg) 0" 1sa1 (&1 SE) Wi % Pure Shear
31A quartzite GHImu 11722 0.27 0.10 0.63 0.37 0.02 0.0% - - - -

24A quartzite GHImu 7622 0.30 0.22 0.48 0.52 0.12 5.5% - - - -

17C quartzite GHIml 2422 0.57 0.11 0.32 0.68 0.27 4.7% 20 -1 +3° 0.52-0.70 50-65%
10C quartz vein GHIml 4 0.60 0.33 0.07 0.93 0.34 0.0% 4 54 1° 0.44-0.48 65-70%
9B quartzite Jaishidanda -19 0.44 0.47 0.09 0.91 0.23 4.9% 13 —-5+1° 0.23-0.30 80-85%
10D quartzite Jaishidanda —22 0.47 0.38 0.14 0.86 0.23 6.5% 16 7 +3° 0.63-0.78 40-55%
8A quartzite Jaishidanda —40 0.51 0.39 0.10 0.90 0.29 4.8% 6 5+2° 0.31-0.41 70-80%
7B quartzite Jaishidanda —44 0.47 0.44 0.08 0.92 0.25 4.9% 14 9+1° 0.69-0.75 45-50%
5A quartzite Jaishidanda —157 0.21 0.38 0.41 0.59 0.08 13.5% 14 8+ 2° 0.66-0.75 45-55%
4A quartzite Jaishidanda —-277 0.33 0.52 0.15 0.85 0.20 6.4% 6 5+1° 0.33-0.40 70-80%
3A quartzite Jaishidanda —307 0.15 0.46 0.39 0.61 0.08 9.1% 4 0+ 2° 0.07-0.22 85-100%
2A quartzite Jaishidanda —437 0.28 0.42 0.30 0.70 0.13 5.6% 6 4+1° 0.28-0.37 70-80
1A quartzite Jaishidanda —517 0.21 0.61 0.18 0.82 0.14 7.3% 14 8+2° 0.62-0.74 45-55%
Sarpang Samples

Thin Section Lithology Unit Structural Height Relative to the MCT (m) P G R Cylindricity M-index Mica % B (deg) 0 1sa1 (1 SE) W % Pure Shear
36 paragneiss GHIml 200 0.48 0.23 0.30 0.70 0.20 18.5% - 5+ 3° 0.10-0.35 75-95%
31 quartzite Jaishidanda —-25 0.36 0.16 0.48 0.52 0.11 0.9% 8° 9+ 3° 0.30-0.50 65-80%
29A quartzite Jaishidanda -75 0.37 0.31 0.31 0.69 0.15 10.3% 6° -7 £ 4 0.15-0.45 65-90%
23 quartzite Jaishidanda —550 0.16 0.23 0.61 0.39 0.04 19.2% 5° 2+3 0.00-0.20 85-100%
21 quartzite Jaishidanda —675 0.33 0.22 0.45 0.55 0.11 4.9% 2° 5+ 3° 0.10-0.35 75-95%
18 quartzite Daling —1300 0.12 0.26 0.62 0.38 0.03 4.3% 4° 6+ 2° 0.20-0.35 75-85%
16 quartzite Daling —1700 0.18 0.29 0.53 0.47 0.05 8.2% 0° -2+2 0.00-0.20 85-100%
12 quartzite Daling —2175 0.08 0.23 0.68 0.32 0.02 0.7% —-5° 4+ 3° 0.05-0.30 80-95%
10 quartzite Daling —2300 0.03 0.08 0.89 0.11 0.00 7.5% 0° 3+3° 0.00-0.25 80-100%
8 quartzite Manas —2425 0.04 0.03 0.93 0.07 0.00 2.2% - - - -

7 quartzite Manas —2550 0.03 0.02 0.95 0.05 0.01 4.9% - - - -
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7.1. RSCM thermometry

The peak metamorphic temperature attained by a metasedimentary
rock that contains organic matter can be measured using RSCM ther-
mometry (e.g., Beyssac et al., 2002, 2003; Rahl et al., 2005). The relative
heights and areas of four Raman peaks for carbonaceous material in the
wavenumber offset range between 1200 and 1800 cm™! have been
calibrated to peak deformation temperatures between ~100 and ~740
°C (Rahl et al., 2005). RSCM temperatures from nine samples on the
Puna Tsang Chu transect were measured using a spectrometer at the
LeRoy Eyring Center for Solid State Science at Arizona State University
(see SM for methodology and supporting data) (Fig. 3). Representative
examples of analyzed carbonaceous material and Raman spectra are
shown on Fig. 8, and mean RSCM temperatures (reported at the two
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Fig. 7. Photographs and photomicrographs
showing representative outcrop- and thin section-
scale top-to-south shear-sense indicators observed
on the Puna Tsang Chu transect. A-B) mica fish in
sample 5A (XPL). C) C'-type shear band in sample
4BA (PPL). D) S-C fabric in sample 3BA (plane-
polarized light; PPL). E) rotated garnet porphyro-
blast in sample 8B (PPL). F-H) Quartz vein boudins
sheared into sigma objects; photo F taken near
sample 2, photo G taken near sample 26, and photo
H taken near sample 24. I) S-C fabric; photo taken
near sample 24.

standard error level) are summarized on Table 2. Four schist samples
from the Jaishidanda Formation, collected at —520 m, —310 m, —285 m,
and —160 m, yielded temperatures of 498 + 31 °C, 519 + 57 °C, 475 +
37 °C, and 541 + 36 °C, respectively (Fig. 3). Five GH samples, collected
at +0.03, +3.3, +4.9, +9.0, and +10.6 km, yielded temperatures of 623
+ 83 °C, 646 + 49 °C, 600 £ 47 °C, 615 + 40 °C, and 689 + 39 °C,
respectively. Collectively, these data demonstrate a 125 + 72 °C increase
in peak temperature between 550 m below and 50 m above the reference
position of the MCT, and approximately constant temperatures in GH
rocks above.

Long et al. (2016) presented RSCM temperatures and garnet-biotite
thermometry from the Sarpang transect, which demonstrated an up-
ward increase from ~400 to 500 °C to ~700-750 °C between 675 m
below and 200 m above the MCT (Fig. 5). Temperatures below and



J.K. Starnes et al.

29, spot 16
T=695*50°C

27C, spot 6
T=639+50°C

20A, spot 11
T =599 £ 50°C

—

49A, spot 1
T =642 150°C

—

13B, spot 13
T =622 % 50°C

2

5B, spot 6
T =547 + 50°C

4BA, spot 16
T=474+50°C

T

3BA, spot 9
T=511+50°C

1BA, spot 10
T=500%50°C

D1 G
D3 J AheD2?
) o s o o g
o [=] o (=3 o o
™0 < el «© ~ e

Raman Shift (cm™)

Fig. 8. A-E) Photomicrographs (PPL) of analyzed carbonaceous material
(highlighted by red arrows). The green spot is the Raman laser beam. F)
Representative examples of Raman spectra collected from Puna Tsang Chu
transect samples, showing spot number and calculated temperature. Samples
are arranged according to structural height, and positions of the graphite (G)
and defect (D1, D2, D3) bands are shown on the lowest spectra. Single spot
analyses are shown with +50 °C uncertainty, which is the internal uncertainty
from the Rahl et al. (2005) RSCM calibration.
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above this interval were approximately constant at ~400-500 °C and
~650-700 °C, respectively (Long et al., 2016).

7.2. Quartz c-axis opening angle thermometry

The opening angle between the legs of a crossed-girdle pattern on a
quartz c-axis pole plot has been demonstrated to increase proportional to
the temperature at which the fabric was generated (e.g., Kruhl, 1998;
Morgan and Law, 2004; Faleiros et al., 2016). Only one of the analyzed
Puna Tsang Chu samples (3A; —310 m) yielded a crossed-girdle pattern
(Fig. 3), which exhibits opening angles of 48°. Using the Faleiros et al.
(2016) calibration, this corresponds to a deformation temperature of
380 + 50 °C. On the Sarpang transect, Long et al. (2016) obtained
opening angle temperatures from five quartzite samples distributed
between —2.2 km and —0.7 km, which ranged from 54 to 64°, corre-
sponding to deformation temperatures between ~400 and 500 °C
(Fig. 5).

7.3. Deformation temperature ranges from quartz recrystallization
microstructures

Approximate deformation temperature ranges can be estimated
using optical analysis of dominant quartz recrystallization microstruc-
tures in thin sections (e.g., Stipp et al., 2002; Law, 2014), assuming the
samples in question experienced a similar strain rate as those used to
define the quartz recrystallization temperature thermometer calibrated
for Himalayan rock samples by Law (2014). These mechanisms include:
bulging (BLG), subgrain rotation (SGR), grain boundary migration
(GBM), and chessboard extinction (CBE). BLG is characterized by small
(<10-20 pm) bulges or distinct subgrains localized at quartz boundaries.
SGR recrystallization is characterized by equigranular, polygonal,
~20-50 pm subgrains. GBM recrystallization produces large (up to
multiple mm size), cuspate, ‘amoeboid’ grains with characteristic
interfingering boundaries, and CBE is indicated by multiple extinction
domains intersecting at right angles within large, amoeboid quartz
grains (e.g., Stipp et al., 2002). Temperature ranges calibrated for Hi-
malayan rocks have been estimated as follows: BLG = ~350-450 °C,
SGR = ~450-550 °C, GBM = ~550-650 °C (Law, 2014), and CBE =
~630-750 °C (not Himalayan specific) (Stipp et al., 2002).

Quartz recrystallization observations provide the most comprehen-
sive temperature data set for the Puna Tsang Chu transect. Jaishidanda
Formation samples between —560 m and —460 m exhibit SGR micro-
structures, and between —460 m and —30 m exhibit either SGR micro-
structures, GBM microstructures, or an SGR-GBM transitional
microstructure (Figs. 3 and 4). In the interval between —30 m and +4 m,
samples primarily exhibit GBM microstructures, and between +4 m and
+2000 m a combination of GBM and CBE microstructures were
observed. Between +2.0 km and +8.0 km, GH rocks are dominated by
CBE microstructures. Moving structurally higher, deformation temper-
atures then begin to decrease, with samples between +8.0 km and
+11.0 km exhibiting GBM microstructures, and samples between +11.0
km and +12.0 km yielding SGR microstructures. Collectively, these
observations define an upward increase in deformation temperature
from ~450 to 550 °C to ~630-750 °C between —550 m and +4 m,
approximately constant deformation temperatures of ~630-750 °C be-
tween +4 m and +8.0 km, and an upward decrease from ~630 to 750 °C
to ~450-550 °C between +8.0 km and +12.0 km.

On the Sarpang transect (Fig. 5), Long et al. (2016) documented
BLG-dominant recrystallization below the ST, SGR recrystallization be-
tween —2.2 and —0.6 km, GBM between —0.6 and —0.05 km, and CBE
between —0.05 and + 0.7 km. This corresponds to an upward increase in
deformation temperatures from ~450 to 550 °C to ~630-750 °C be-
tween —0.6 and —0.05 km, which closely parallels the inverted thermal
field gradient exhibited by peak temperature data (Fig. 5).



J.K. Starnes et al. Journal of Structural Geology 131 (2020) 103941

Table 2
Summary of RSCM peak temperature determinations from Puna tsang Chu transect samples.
Thin Section Lithology Unit Structural Height Relative to the MCT (m) RI R2 Peak Temperature (°C) n
Mean 1o Mean 1o Mean 1o 2SE
BU13-62 schisty quartzite ~ GHImu 10,600 0.036  0.033  0.056  0.059 689 53 39 14
BU13-61C qtzite GHImu 9000 0.049  0.030 0128  0.063 615 60 40 15
BU13-56A quartzite GHIml 4900 0.073  0.029  0.150  0.070 600 67 47 13
BU13-75A paragneiss GHIml 3300 0.045  0.025  0.099  0.053 646 49 38 14
BU14-41B schist GHIml 28 0.078  0.075 0129  0.098 623 83 41 22
BU14-45B schist Jaishidanda ~ —380 0.162  0.057  0.230  0.074 541 63 36 20
BU14-44BA schist Jaishidanda ~ —445 0.233 0101 0311  0.096 475 76 37 24
BU14-43BA schist Jaishidanda ~ —455 0.273  0.060  0.280  0.051 519 39 57 5
BU13-47B schist Jaishidanda ~ —560 0.195  0.047  0.280  0.041 498 33 31 15
Temperature (C°) Cylindricity Temperature (C°) Cylindricity
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Fig. 9. A) Simplified tectonostratigraphic column, which combines temperature and cylindricity data from the Puna Tsang Chu and Sarpang transects. MCT — Main
Central thrust, ST, - Shumar thrust. B) Portion of the same tectonostratigraphic column as A, but zoomed in to the section between —2.6 km and +0.3 km.
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Puna Tsang Chu Transect

Journal of Structural Geology 131 (2020) 103941

Fig. 10. Ternary plots showing point (P), girdle
(G), and random (R) values for A) Puna Tsang Chu
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8. Discussion

Ongoing disagreements over how to best define shear zones within
packages of rock that have been pervasively recrystallized impede our
ability to accurately map and correlate shear zones in the Himalaya and
elsewhere (e.g., Searle et al., 2008; Martin, 2016). Here, we integrate the
fabric and temperature datasets discussed above to demonstrate that
quartz fabric intensity parameters can help delineate spatial patterns of
relative strain magnitude across the MCT in western Bhutan. We then
explore implications for the application of this technique to other shear
zones.

8.1. Integration of fabric, temperature, and structural datasets

The temperature and fabric intensity datasets for both the Puna
Tsang Chu and Sarpang transects are graphed together on Fig. 9. In
general, the deformation and peak temperature data at any given
structural level overlap within error, which indicates that shearing and

.) /Structurally
Upward =

14

associated recrystallization and fabric development took place while the
rocks were at or near their peak temperature (e.g., Law, 2014; Long
et al., 2016). Therefore, here we interpret the deformation and peak
temperature datasets together, in order to define temperature patterns
with structural level. The temperature data delineate a narrow (~900 m;
between —700 m and +200 m) zone of inverted metamorphism that
crosses the mapped reference location of the MCT. Temperatures in-
crease upward from ~450 °C to ~725 °C in this interval. This zone of
inverted metamorphism is corroborated by the structurally-upward
appearance of garnet at —675 m (Fig. 5), and kyanite, gneissic band-
ing, and leucosomes between —20 m and 0 m (Figs. 3 and 4). Above the
MCT zone, between +0.2 and + 7.5 km, there is an interval of approx-
imately constant (~600-750 °C) temperature and eventually a gradual
upsection decrease to ~450-550 °C by +12 km. This correlates with the
successive disappearance of kyanite, leucosomes, and garnet with
increasing structural height between +8 km and +10 km (Fig. 3).

On both transects, a pattern of increasingly non-random fabrics with
proximity to the mapped position of the MCT is also observed (Figs. 9
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and 10). When fabric intensity data from both transects are plotted
together, they define an interval of elevated intensity distributed
through a structural thickness of ~900 m (Fig. 9). Cylindricity values
above the ST increase upward from 0.11 to 0.47 between —2.3 km and
—1.3 km. Between —0.7 km and +0.2 km, 15 samples exhibit cylin-
dricity values that range between 0.55 and 0.93, with the highest values
(0.86-0.93; n = 5) attained between —45 m and +5 m. The M-indices
show similar trends as the B values. M-indices above the ST increase
upward from 0.00 to 0.05 between —2.3 and —1.3 km. Between —0.7 km
and +0.2 km, 15 samples exhibit M-indices that range between 0.11 and
0.20, with the highest values (0.23-0.34; n = 5) attained between —45 m
and +5 m. The ~900 m-thick interval of elevated fabric intensity
directly overlaps the interval of inverted metamorphism. Between +2.4
and + 11.7 km, three samples define an upward-decreasing trend in
cylindricity and M-indices, with values decreasing from 0.68 to 0.37 and
0.27 to 0.02, respectively.

8.2. Interpretation of trends in fabric intensity, and some caveats

Many studies have established that finite strain magnitude is ex-
pected to increase with proximity to a shear zone, with the greatest
strain predicted at the center of the zone (e.g., Ramsay, 1967; Ramsay,
1980; Simpson and De Paor, 1993; Evans and Dunne, 1991; Vitale and
Mazzoli, 2009). Quantifiable measures of fabric strength can, in prin-
ciple, be used as a proxy for relative strain magnitude because increased
dynamic recrystallization and fabric development occurs with increased
strain magnitude (e.g., Rahl and Skemer, 2016; Xia and Platt, 2018).
Moreover, recent work has demonstrated that the non-randomness of
quartz c-axis fabrics can be used to quantify the fabric strength of
quartz-rich tectonites (e.g., Hunter et al., 2016b, 2018; Larson et al.,
2017, 2018). The degree of non-randomness has been interpreted as a
relative measure of finite strain magnitude and has been used to confirm
qualitative field observations of strain adjacent to Himalayan shear
zones (Larson et al., 2017, 2018; Hunter et al., 2018, 2019; Long et al.,
2019). Our data demonstrate that fabric intensity increases with prox-
imity to an uncontested location of the MCT, further demonstrating the
viability of this approach.

Several additional caveats to this method merit further mention,
namely that there should be negligible hydrolytic weakening (e.g.,
Blacic, 1975), no visible annealing of the quartz fabrics (e.g., Heil-
bronner and Tullis, 2002; Augenstein and Berg, 2011; Wilson et al.,
2014), and an invariant strain rate (e.g., Kruhl, 1998; Morgan and Law,
2004; Faleiros et al., 2016). Furthermore, lithologically-controlled
strain partitioning within shear zones can be a significant potential
source for deviation from the predicted spatial patterns of finite strain
(e.g., Sanderson, 1982; Ramsay and Huber, 1983; Evans and Dunne,
1991; Simpson and De Paor, 1993; Vitale and Mazzoli, 2009). In
particular, strain partitioning within lithologies that contain a
high-volume percentage of mica would be predicted to result in lower
quartz fabric intensity when compared to proximal, low-mica, quartz--
rich rocks (Hippertt, 1994; Tullis and Wenk, 1994; Larson and Cottle,
2014). Experiments have demonstrated that mica volume percentages of
25% or higher can greatly reduce the amount of dynamic recrystalli-
zation of quartz, mainly due to the overall decrease in contact area be-
tween quartz grains (Tullis and Wenk, 1994). For this reason, we
selected samples that exhibited the lowest amount of mica for EBSD
analysis. As discussed above, comparison of mica content from our EBSD
samples with patterns of B and M values did not demonstrate a corre-
lation (i.e., low-mica samples yielded both high and low cylindricity
values and M-indices, and vice versa) (Figs. 3 and 5, Table 1, SM Fig. S3).
This suggests that mica content in the analyzed samples did not signif-
icantly affect strain partitioning. Rather, we suggest that it is more likely
that strain was partitioned into mica-rich lithologies that are interlay-
ered on our studied transects, including schist and phyllite intervals
within LH units, and schist and paragneiss intervals within GH units. As
is it unknown how much of the overall strain was partitioned into the
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micaceous intervals, the intensity parameters measured in our study
should not be considered to represent absolute strain magnitude, but
rather should be viewed as a means of determining spatial variation in
relative finite strain magnitude. Overall, the trends defined by our fabric
intensity parameters show a clearly defined interval of elevated in-
tensity that we interpret as broadly representative of the spatial patterns
of relative finite strain magnitude.

8.3. Implications for delineation of Himalayan shear zones

The importance of the MCT as a first-order structure in the Himala-
yan orogen is well established (e.g., Heim and Gansser, 1939; Gansser,
1964, 1983; LeFort, 1975; Searle et al., 2008; Martin, 2016). Decades of
debate have centered on the ideal method for mapping the location of
the MCT. As noted by Martin (2016) in his review of the various defi-
nitions of the MCT, consensus about how best to map this structure
would greatly facilitate direct comparison of interpretations along the
length of the orogen. Rather than provide a new, independent means of
defining shear zone boundaries, we propose that the fabric intensity
approach that we utilized is best implemented in conjunction with
supporting datasets, including temperature measurements, shear-sense
observations, and field observations of mineral assemblages and fabrics.

Our results for western Bhutan demonstrate that an interval of
elevated quartz fabric intensity corresponds spatially with a ~900 m-
thick zone of inverted metamorphism that surrounds the mapped
reference location of the MCT. We argue that this zone of inverted
metamorphism delineates the approximate upper and lower boundaries
of the zone of high-magnitude shearing associated with MCT motion.
Together, these datasets support the characterization of the MCT as a
zone of higher strain and inverted metamorphism, rather than a discrete
structure (e.g., Daniel et al., 2003; Long et al., 2016). This aligns with
the widely accepted interpretation of the MCT as a shear zone (e.g.,
Martin, 2016), which inherently encompasses a thicker section of
deformed rocks than a brittle thrust fault (e.g., Ramsay, 1980). Addi-
tionally, the fabric data presented here are consistent with the location
of the MCT in Bhutan that has been mapped using differing criteria in
multiple previous studies (e.g., Gansser, 1983; Bhargava, 1995; Grujic
et al., 1996, 2002; Daniel et al., 2003; Long and McQuarrie, 2010; Long
et al., 2011a, 2011c, 2016; Corrie et al., 2012).

Elsewhere in the orogen, the MCT has been mapped at the location of
a metamorphic discontinuity (i.e., the contact between higher-grade
rocks in the hanging wall and lower-grade rocks in the footwall; e.g.,
Gansser, 1964) or at the base of prominent recrystallization (e.g., Searle
et al., 2008). Other studies have defined the MCT based on the age of
shearing (e.g., Yin, 2006; Webb et al., 2013), the age of footwall meta-
morphism (e.g., Harrison et al., 1997), or on the isotopic compositions of
sedimentary protoliths above and below (Ahmad et al., 2000; Martin
et al., 2005). As demonstrated in Martin (2016), each of these definitions
fails in some regions of the orogen, leaving no conclusive definition of
the MCT that works everywhere. We suggest that by integrating quartz
fabric intensity patterns with temperature and kinematic datasets, zones
of high finite strain can be delineated in regions where the location of
the MCT is debated. An ideal suite of datasets would include peak and
deformation temperatures, shear-sense observations, field observations
of metamorphic mineral assemblages and fabrics, and if possible,
geochronology and pressure data as well.

This approach is suitable to application in other orogens where the
locations of shear zones are difficult to constrain, provided the samples
exhibit the ideal petrology (i.e., low mica content). Shear zones of po-
tential interest for such a study would include the Monashee decolle-
ment (e.g., Brown et al., 1992; McNicoll and Brown, 1995) and Western
Idaho Shear Zone (e.g., McClelland and Oldow, 2007; Tikoff et al., 2001)
in the North American Cordillera, and the El Pichao shear zone in
Argentina (Hunter et al., 2012; Hasalova et al., 2013), among others. In
many cases, researchers have already conducted quantitative fabric
analyses on quartz-rich tectonites in order to determine deformation
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temperature and/or collect information about 3D strain (e.g., the data
for the Sarpang transect from Long et al. (2016) that was utilized in this
study, or, for example, data-rich studies such as Law et al., 2004, 2011;
2013). It is relatively simple to retroactively calculate quartz intensity
parameters from existing fabric datasets, allowing this method to be
implemented without additional sample collection.

9. Conclusions

1. Quartz fabric intensity values across the MCT define a ~900 m-
thick interval of elevated intensity that corresponds spatially with an
interval of inverted metamorphism. We suggest that the MCT is best
described as a zone of higher strain and inverted metamorphism, and we
interpret the upper and lower limits of intense fabrics to approximately
delineate the boundaries of the high-strain MCT zone.

2. Patterns of fabric intensity with structural distance can be used as
a proxy for relative finite strain magnitude; therefore, this approach has
utility for delineating shear zones within thick packages of pervasively
recrystallized rocks. Successful application of this method to a shear
zone with an uncontested location, such as the MCT in western Bhutan,
demonstrates its viability for constraining the spatial extents of con-
tested shear zones in other orogens. We recommend applying this
technique in conjunction with peak and deformation temperature data
and kinematic observations.
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