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Abstract

Vorticity estimates based on porphyroclasts analysis is limited by the extrapolation to three
dimensions of two-dimensional data. We describe a 3D approach based on the use of X-ray micro-
computed tomography that better reflects the real geometry of the porphyroclasts population. The 3D
kinematic vorticity analysis of the Munsiari Thrust mylonites, the lower boundary of the Main Central
Thrust zone (MCTz) in Indian Himalaya, indicates a large pure shear component during non-coaxial
shearing.

Y0Ar/Ar ages of micas along the mylonitic foliation of the Munsiari and Vaikrita thrusts (the upper
boundary of the MCTz) constrain thrust activity to 5-4 and 8-9 Ma, respectively. Available kinematic
vorticity analyses of the Vaikrita mylonites suggest the dominance of a simple shear component.

Combining these data, we suggest that the southward and structurally downward shift of deformation
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along the MCTz was accompanied by a progressive increase of the pure shear component in a general

shear flow.

Keywords:

Shear zone, Kinematic vorticity RGN method, 3D microCT, Himalayan Main Central Thrust zone,

40Ar/3Ar geochronology.

1. Introduction

The Himalaya is commonly regarded as a cylindrical belt from west to east due to the impressive
lateral continuity of the main litho-tectonic units and faults/shear zones, which is a peculiar feature
of this mountain range. Nevertheless, along-strike differences in geological structures, topography,
convergence rates and geochronology have been described in the literature (Hodges, 2000; Robert et
al., 2011). The occurrence of regional shear zones makes the Himalaya the right place to investigate
large-scale tectonics, kinematics and ages of these structures. The exhumation of the metamorphic
core of the belt (the Greater Himalayan Sequence, GHS) was favored by the Main Central Thrust
Zone (MCTz) at the bottom and the South Tibetan Detachment System (STDS; Caby et al., 1983;
Burg et al., 1984) at the top of the GHS (Hodges et al. 1996). All along the orogenic belt, regional
scale thrusts or shear zones accommodated crustal shortening related to the India-Eurasia
convergence since the Middle-Late Eocene. These thrusts propagated in time and space towards the
foreland, mostly or exclusively in-sequence (Montomoli et al., 2013; Carosi et al., 2016). The most
prominent of these tectonic discontinuities is the MCTz (Heim and Gansser, 1939; Searle ez al., 2008),
a km-thick zone of intensively sheared rocks (Fig. 1), which separates the GHS from the underlying
Lesser Himalayan Sequence (LHS), the latter consisting of low- to medium-grade metamorphic rocks
(Arita, 1983). The exact localization of the MCTz boundaries together with its temporal and structural

evolution are still a matter of debate (Searle et al., 2008; Martin, 2017; Carosi et al., 2018 for updated
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reviews). The time of activity of the MCTz ranges from 23-15 Ma up to c. 3 Ma in different areas of
the belt (Godin et al., 2006; Montomoli et al., 2015). Such a long-lasting activity resulted in a complex
structural and kinematic evolution, with the superposition of several deformation stages whose related
structures are unevenly preserved along the thrust zone.

In the Garhwal Himalaya (NW India), the MCTz is bounded by two discrete fault zones, the Munsiari
Thrust at the bottom and the Vaikrita Thrust at the top (Valdiya, 1980; Jain ef al., 2014). According
to Metcalfe (1993), the deformation towards the structurally upper part of the MCTz is completely
ductile, whereas near the Munsiari Thrust fabrics related to ductile-brittle transition are observed.
Within the MCTz the metamorphic grade increases structurally upward from the Munsiari Thrust to
the Vaikrita Thrust, increasing in temperature from greenschist to amphibolite facies conditions
(Metcalfe, 1993; Searle et al., 1993; Spencer et al., 2012; Jain et al., 2014; Thakur et al., 2015). The
mylonitic foliation is associated to kinematic indicators that indicate a top-to-the-south movement in
a flow regime apparently dominated by simple shear flow (Metcalfe, 1993).

The aim of this paper is to constrain age and kinematics of the upper and lower boundaries, the
Munsiari and Vaikrita Thrust respectively, of the MCTz in the Garhwal Himalaya (Bhagirathi valley,
NW India). The kinematic analysis has been performed with a new three-dimensional approach,
described below, which improves the reliability of kinematic vorticity numbers estimated using the

stable porphyroclasts method (Jessup et al., 2007).

2. Ages of mylonitic foliation along the Munsiari and Vaikrita Thrusts
Two mylonitic orthogneiss from the Munsiari Thrust (UT15-5; UT15-6) and one mylonitic micaschist
from the Vaikrita Thrust (UT15-10) from the Bhagirathi valley, and one mylonitic calcschist from
the Munsiari Thrust (AK18-13) in the Alaknanda valley (Fig. 1b-c), have been selected for “°Ar/3°Ar
dating (following the protocols of Bosio et al., 2019). A well-developed mylonitic foliation is

observed in the selected samples; no evidence of brittle deformation was found.
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Sample UT15-5 (Fig. 2a-b) contains quartz, K-feldspar, biotite, rare muscovite, monazite, allanite
and zircon. The mylonitic foliation (S2 following Metcalfe, 1993) is defined by the shape preferred
orientation (SPO) of micas, and can be defined as a disjunctive schistosity due to the alternation of
granoblastic quartz-feldspathic layers and lepidoblastic ones. UT15-6 (Fig. 2c-d) contains quartz, K-
feldspar, biotite, rare muscovite, titanite and zircon. As in the companion sample UT15-5, the SCC’
fabric is ubiquitous and the mylonitic foliation (S2) is defined by the SPO of biotite. In both samples,
we separated biotite for dating. As shown by Fig. 2, the different mica generations are intergrown at
a scale <10 pm.

AKI18-13 consists of quartz, calcite, muscovite and biotite (Fig. 2e-f). The S2 is a disjunctive
mylonitic foliation locally crenulated by a successive deformation. Sporadic S1 relict domains and
late static micas occur (Fig. 2e).

Sample UT15-10 (Fig. 2g-h) contains muscovite, quartz, K-feldspar, garnet and post-mylonitic late
chlorite. [Imenite also grew along the main foliation. The S2 is an anastomosing crenulation cleavage,
in which both the cleavage and pre-S2 microlithon domains are mica rich. S1 domains are ubiquitous,
but have been almost totally overprinted by polygonal arcs (Fig. 2h; Passchier and Trouw, 2005),
which predominate over the S1. Large crystals of post-S2 static muscovite also occur. In samples
UT15-10 and AK18-13 we separated muscovite for “°Ar/3°Ar dating. Dated mica separates were
prepared by microdrilling the mylonitic foliation domains, crushing of the drilled cores, magnetic
separation of micas and final hand picking. The age of biotite growth along the mylonitic foliation of
the Munsiari Thrust in the Bhagirathi valley has been constrained at 4.81 + 0.02 Ma and 4.78 = 0.02
Ma for UT15-5 and UT15-6 respectively, whereas in the Alaknanda valley the S2 muscovite from
the Munsiari Thrust gives 5.4 £ 0.02 Ma. For the Vaikrita Thrust we dated both syn-kinematic and
post-kinematic muscovite of sample UT15-10 obtaining ages of 8.17 £ 0.06 Ma and 7.44 + 0.12 Ma,
respectively (Fig. 3, see Table 1 SUPP for “°Ar/3°Ar data). The latter age likely represents the final
phases of post-kinematic muscovite growth on the main foliation that follow the structurally

downward propagation of the deformation. The argument that M2 biotites date the formation of the
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main foliation, and not some later cooling, is discussed in greater detail by Montemagni et al. (2019),
who observed that if three coexisting mica generations give three different ages, then at least two of
them must be formation ages. This applies to the Vaikrita Thrust, and a fortiori to the Munsiari Thrust,

whose peak temperature was c. 100 °C lower.

3. Three-dimensional vorticity analysis

The theory of the stable porphyroclasts method relies on the fact that in a general shear flow
porphyroclasts are partitioned into two populations. One rotates continuously and therefore does not
develop a preferred orientation, the other aligns along a minimum energy position ("stable sink”
position of Jessup et al., 2007). The stable orientation analysis has yielded vorticity estimates
(Xypolias, 2010 and references therein) to deduce large-scale tectonics of shear zones (Li and Jiang,
2011 and references therein) from different tectonic settings (Xypolias, 2010; Fossen and Cavalcante,
2017). However, severe limitations arise because a complex three-dimensional problem, the motion
of rigid clasts, is reduced to its two-dimensional section or projection in the plane of the thin section
(Iacopini et al., 2011; Li and Jiang, 2011; Mancktelow, 2013). We addressed the loss of
dimensionality information by resorting to X-ray micro computed tomography (X-ray microCT), a
non-destructive technique used since 90s in different fields of geological sciences to image a rock
sample in three dimensions (Denison and Carlson, 1997; Denison ef al. 1997; Ketcham and Carlson,
2001).

MicroCT analyses were performed with a BIR Actis 130/150 Desktop Micro-focus CT/DR system at
Dipartimento di Scienze dell’Ambiente e della Terra, Universita degli Studi di Milano — Bicocca (see
Zanchetta et al., 2011 for method details). The samples were attached to a plastic sample holder with
their maximum axis in a vertical position. The dimensions of the voxel (3D pixel, i.e. the resolution
of the images) of the obtained images are x, y, z = 19 um. The obtained 3D microCT image stacks

were processed with the software Avizo™.



For Review Only Page 6 of 23

124  X-ray microCT produces stacks of 2D grey-scale value images (referred to as “slices”) that allow
125  observing the internal structure of a scanned object. As exhaustively reported in Denison et al. (1997),
126  the contrast in an X-ray CT image is mainly caused by differences in X-ray absorption within the
127  object due to variation in density and chemical composition. K-feldspar porphyroclasts and the matrix
128  dominated by quartz appear generally lighter in color than biotite sheets (Fig. 4a, c, e), which define
129  the main foliation. Mineral phases were identified by comparing grey-scale colored slices with grey
130  values of the Back Scattered Electrons (BSE) images on thin section (Fig. 4): the comparison between
131 SEM data (compositions and BSE images) and corresponding microCT slices allowed a reliable
132 identification of mineral phases. As quartz and K-feldspar display grey values that are close to each
133 other, it is difficult to apply a segmentation. In order to process the image automatically, we applied
134  athreshold value to the main foliation to highlight wrapped porphyroclasts, making them appear dark
135  on segmented images (Fig. 4b,d,f). The stable porphyroclasts method requires processing the slices
136  representative of the XZ plane of the strain ellipsoid. Factors such as the isolation factor and the
137  slipping effect (Passchier, 1987; lacopini ef al., 2011) were evaluated also on the XY and YZ planes
138  (Fig. 4c-f).

139  The first and foremost consideration is that the use of microCT certainly increases the number of
140  investigated clasts because hand samples are scanned. MicroCT minimizes the problems due to the
141  isolation factor, as it becomes possible to only select the clasts that do not interact with each other.
142 Moreover, observation in three dimensions allows a correct evaluation of the aspect ratios and radii
143  of clasts, avoiding erroneous measurements that generate systematic errors in the vorticity evaluation
144  (lacopini et al., 2011).

145  X-ray microCT scanning was performed on the same two mylonitic orthogneisses from the Munsiari
146  Thrust, on which we obtained the “°Ar/3° Ar ages of the mylonitic foliation. Vaikrita Thrust rocks were
147  not suitable for vorticity analysis. We analysed 152 and 32 porphyroclasts, ranging in size from 2.5
148  to 12 mm, from UT15-5 and UT15-6, respectively, to derive vorticity estimates (Fig. 5). The analysed

149  sample volume was 130 cm? for UT15-5 and 10 cm? for UT15-6. We adopt the plot proposed by
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Wallis et al. (1993) and the Rigid Grain Net (RGN) plot suggested by Jessup et al. (2007), considering
all porphyroclasts as tailless. Vorticity numbers range between 0.53-0.58 (Fig. 5a) and 0.49-0.57 (Fig.

5b-c) for UT15-6 and UT15-5, respectively.

4. Discussion

In the frame of exhumation models proposed for the GHS, adding as much information as possible
to the knowledge on the bounding shear zones of the GHS itself is a crucial task. Quantitative
estimates of the flow kinematics have been increasingly used to deduce large scale tectonics from a
variety of geodynamic settings (Iacopini et al., 2008; Xypolias, 2010; Xypolias et al., 2010 and
references therein). The kinematic vorticity of major Himalayan tectonic discontinuities has been
determined both for the STDS, especially in the Eastern Himalaya (Law et al., 2004, 2011; Jessup et
al., 2006; Carosi et al., 2006, 2007) and for several sectors of the MCTz: NW India (Grasemann et
al., 1999; Law et al., 2013), central Nepal (Larson and Godin, 2009; Larson et al., 2010), eastern
Nepal (Jessup et al., 2006) and Bhutan (Long et al., 2011).

Our stable porphyroclasts analysis results (W, = 0.49-0.58, Fig. 5) on two mylonitic orthogneisses
from the Munsiari Thrust reveals a dominance of the pure shear component (65-60 %), which is
higher than, but overlaps with, literature reports from the MCTz.

In the Sutlej valley (NW India), Grasemann et al. (1999) support a large pure shear component
throughout the entire MCTz from ductile to late stage of ductile-brittle transition. They relate the shift
from a simple shear dominated to a pure shear dominated flow to a decelerating strain path. In the
same area, Law et al. (2013) combining stable porphyroclasts and quartz c-axis methods, obtained
Wi = 0.75-0.82 (Sutlej valley) and 0.90-0.95 (Shimla klippe transect), suggesting a predominantly
simple shear flow moving upward from the MCT towards the core of the GHS. In central Nepal, both
Larson and Godin (2009) and Larson et al. (2010) obtain a large pure shear component (66-41 %)

that decreases with structural distance from the MCTz (W, = 0.50-0.68 to 0.78-0.87). In eastern
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175  Nepal, Jessup et al. (2006) find W, = 0.63-0.77, i.e. a pure shear component of 44 — 58 %. In Bhutan,
176  Long et al. (2011) find a large component of pure shear.

177  The progressive rejuvenation of the structures toward the foreland (i.e. from Vaikrita to Munsiari
178  Thrust) is supported by the age of shearing constrained along these structures. In the Bhagirathi
179  valley, our results support an in sequence shearing from c. 8.17 to 4.8 Ma from Vaikrita to Munsiari
180  Thrust. The same result has been obtained in the Alaknanda valley, where the age of the Vaikrita
181  Thrust, 9 Ma (Montemagni et al., 2019) is older than that of the Munsiari Thrust, 5.4 Ma (this work).
182  The age of both faults is similar but not identical in the two neighboring valleys, suggesting that
183  movement in the MCTz was not rigorously cylindrical.

184  Our results (Fig. 6) support the model of decelerating strain path of Grasemann et al. (1999): at 9-8
185  Ma Vaikrita shearing records a higher vorticity, in agreement with Law ef al. (2013), who analysed
186  samples in the hangingwall of the MCT. At 5-4 Ma, well after the cessation of Vaikrita thrusting
187  (Montemagni et al., 2019), the Munsiari Thrust becomes active. Our vorticity data together with
188  published data support an increase of the pure shear component toward the base of the MCTz: we
189  argue that the exhumation of the GHS is dominated by simple shear at deeper crustal level and, when
190  deformation shifted toward shallower structural levels, simple shear decreases in favor of an
191  increasing pure shear component. This shift in space of deformation regime is mirrored by a younging
192  of mica ages.

193

194 5. Conclusions

195 1. The microCT, as already widely used in geological studies, is a useful tool to improve the estimate
196  ofkinematic vorticity using rigid porphyroclasts embedded in a matrix, thanks to its spatial resolution,
197  the high number of investigated clasts and the possibility to inspect the third dimension.

198 2. Inthe Garhwal Himalaya, our results combined with already published data support an in-sequence

199  shearing from c. 8 to c. 5 Ma from Vaikrita to Munsiari Thrust.
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3. At the time the S2 foliation was formed, the Munsiari Thrust had a large pure shear component,

compatible with a decelerating strain path.
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Figure captions

Figure 1. (a) Simplified geological map of the Himalaya (modified after Weinberg, 2016). (b) The
Bhagirathi area (after Searle et al., 1993 and Singh, 2019). The yellow stars show the structural
position of the analyzed samples. (¢c) The Alaknanda — Dhauli Ganga area (from Montemagni et al.,
2019). Position of analyzed sample is highlighted with a yellow star; samples from Montemagni et

al., 2019 are shown with green stars.

Figure 2. Microstructures of selected samples. (a) K-feldspar porphyroclasts embedded by S2 biotite
shows a top-to-the-SW shear sense (UT15-5); (b) quarter mats around K-feldspar porphyroclasts are
coherent with a top-to-the-SW shear sense (UT15-5); (¢) twinned feldspar porphyroclast wrapped by

the S2 foliation, with asymmetric tails, show a top-to-the-SW shear sense (UT15-6); (d) group 4
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366  Dbiotite fish shows a top-to-the-SW shear sense (UT15-6); (¢) muscovite forming the S2 schistosity in
367  the calcschist of Munsiari Thrust; note bulging recrystallization in quartz (white arrow). Sigmoid
368  aggregates show a top-to-SW shear sense (AK18-13); (f) type-1 (white arrow) and II (black arrow)
369  twinning in calcite (Ferrill ef al., 2004; AK18-13); (g) garnet porphyroclast with inclusion-free rim.
370  Note that garnet rim truncates the mylonitic S2 foliation (white arrow, Vaikrita Thrust, UT15-10);
371 (h) late static muscovite crystals (white arrows; UT15-10). Mineral abbreviation after Whitney and
372 Evans (2010).

373

374  Figure 3. 0Ar/*°Ar age spectra and Ca/K vs age correlation diagrams. (a) and (b) Munsiari Thrust
375 samples; (c) and (d) Vaikrita Thrust sample. In (b) and (d), range of Ca/K measured by EMP is
376  highlighted by the grey inset.

377

378  Figure 4. MicroCT processed images of sample UT15-5. (a), (c) and (e) grey-scale images; (b), (d)
379  and (f) threshold images. (a) and (b) 3D visualization of the sample; (c) and (d) visualization on the
380 XY plane; (e) and (f) XZ plane. A scanned image of sample UT15-5 is also reported.

381

382  Figure 5. Results of the vorticity estimate using the (a), (b) RGN plot of Jessup et al. (2007) and (c)
383  Wallis plot (Wallis et al., 1993). (c) The rose diagram outlying the main trend of the S2 foliation is
384  also reported.

385

386  Figure 6. Schematic model for the study area. Our data and literature data suggest that deformation,
387  at the base of the MCTz, is dominated by pure shear, which decreases moving structurally upward.
388  (a) The shearing along the VT is recorded by micas on the main mylonitic foliation at 9-8 Ma.In that
389  time span kinematic vorticity in the hangingwall of the VT is simple shear dominated (Law ef al.,
390 2013); (b) deformation shifted southwards: Vaikrita Thrust becomes inactive and static micas

391  overgrow the main foliation at 7-6 Ma. Shearing along the MT is constrained by micas along the main
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392

393

394

395

396

397

398

foliation at c. 5 Ma. Kinematic vorticity recorded at the base of the MCTz suggests a large pure shear
component. Temporal bracket for the end of STDS shearing in the Alaknanda — Dhauli Ganga valleys
from Montemagni et al. (2018). The simple and pure shear components of the general flow are
qualitatively represented in the grey boxes.

STDS: South Tibetan Detachment System; VT: Vaikrita Thrust; MT: Munsiari Thrust; MCTz: Main
Central Thrust zone; W,,: mean kinematic vorticity number. Mineral abbreviation as Whitney and

Evans (2010).
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(a) stage 1: shearing along Vaikrita Thrust
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