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The Greater Himalayan Sequence (GHS), constituting the anatectic core of the Himalaya, is generally
modelled as a mid-crustal southward extruding channel or wedge. Movements along the Main Central
Thrust (MCT) in the south and the South Tibetan Detachment System (STDS) in the north and
exhumation along the Himalayan front played an important role in the extrusion of the GHS from
beneath the Tibetan plateau during the Miocene. To understand the kinematics of these orogen-scale
shear zones, it is important to constrain the percentage of pure shear associated with them. In this paper,
we present the kinematic vorticity data from the Main Central Thrust Zone (MCTZ), Alaknanda and
Dhauli Ganga Valleys (Garhwal), Uttarakhand Himalaya. The mean kinematic vorticity number (Wm),
which can be used to calculate the percentage of pure shear, has been estimated by analysing the
rotational behaviour of rigid grains in a ductile matrix. The analysis reveals that pure shear provides
significant contribution (30–52%) to the deformation associated with southward ductile shearing along
the MCT, with the highest mean kinematic vorticity number (Wm) values close to the MCT. The results
provide important quantitative constraints for the boundary conditions in the extrusion models. The Wm
values from within the anatectic core have not been reported as most of the vorticity gauges fail due to
increased deformation temperatures in this region.
Keywords. Main Central Thrust (MCT); Greater Himalayan Sequence (GHS); South Tibetan
Detachment System (STDS); vorticity measurements; tectonic models.

1. Introduction
Collision of the north-moving Indian Plate with the
Asian Plate at about 55 Ma has resulted in intense
crustal shortening and uplift of the highest Himalayan mountain chain from Pakistan to Arunachal
as a continuous arc of about 2500 km (Searle et al.
1987; Zhu et al. 2005; Yin 2006; Jain 2014; Jain
et al. 2020a). Foreland propagating in-sequence
thrusts, a characteristic feature of many converging orogenic belts around the world, also occur in

the Himalaya. However, at the highest structural
levels of the Himalaya, amphibolite–granulite
facies grade metamorphics of the Greater Himalayan Sequence (GHS) are bounded by a normal
sense ductile shear zone, known as the South
Tibetan Detachment System (STDS) as an enigmatic tectonic feature due to its development in a
compressional setting (Grujic et al. 2006; Yin et al.
2010; Long et al. 2011). The base of the GHS is
marked by a reverse ductile shear zone, called as
the Main Central Thrust (MCT) (Heim and
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Gansser 1939; LeFort 1975; Hodges 2000; Jain
et al. 2002, 2014; Yin 2006). This structural
geometry, thrust at the base and normal fault at
the top, together with coeval movements along
these bounding faults (BurchBel and Royden 1985;
Searle and Rex 1989; Hodges et al. 1992; Hodges
2000), have resulted in the exhumation of the midcrustal GHS rocks during from Early-Middle Miocene (Grujic et al. 1996; Grasemann et al. 1999;
Beaumont et al. 2006; Godin et al. 2006). Tectonic
models to explain this exhumation are (i) extrusion
of a rigid wedge (BurchBel and Royden 1985;
BurchBel et al. 1992; Hodges et al. 1993), (ii) isoclinal folding and ductile extrusion of the GHS
(Searle and Rex 1989), (iii) ductile extruding
wedge with deformation concentrated near its
boundaries (Grasemann et al. 1999; Vannay and
Grasemann 2001), (iv) extrusion due pervasive
SW-directed ductile shearing (Jain and Manickavasagam 1993), (v) ductile extruding wedge under
pervasive general shearing, with opposite senses of
shearing in the upper and lower halves of the
evolving wedge (Grujic et al. 1996), (vi) buoyant
rise of subducted upper continental crust due to
normal faulting and slab break-oA (Chemenda
et al. 1995), and (vii) extrusion of low-viscosity
middle-crust in a channel, driven by horizontal
lithostatic pressure gradients between the Himalayan front and the Tibetan Plateau (Bird 1991;
Beaumont et al. 2001, 2004, 2006; Jamieson et al.
2002, 2004; Grujic et al. 2002; Grujic 2006).
In the last two decades, thermo-mechanical
models of intracrustal channel Cow of weak and
partially molten rocks, explaining the metamorphism and exhumation of the high-grade metamorphic terranes in several collisional orogenic
systems, have gained importance (Law et al. 2006).
Within the Himalaya, this channel is postulated for
a 10–30 km thick slab of high-grade metamorphics
 the Higher Himalayan Crystallines (HHC) belt,
also known as the Greater Himalayan Sequence
(GHS). In this concept, it is postulated that the
GHS, originally located beneath the Tibetan
plateau, was extruded out southwards as a lowviscosity channel of mid-crustal rocks as a
consequence of horizontal pressure gradients along
the MCT and the STDS (Bird 1991; Westaway
1995; Royden 1996; Clark and Royden 2000; Shen
et al. 2001). In the Channel Flow Model, squeezing
mechanism that extrudes the rocks towards the
surface is essentially general shear which includes
components of both simple shear and pure shear.
The vorticity of Cow is a useful criterion to Bnd out
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relative contributions of these shears during
deformation (Means et al. 1980; Passchier 1987;
Wallis 1992, 1995; Law et al. 2004; Jessup et al.
2007). The identiBcation of pure shear deformation
component in the GHS is, hence, important as it
indicates layer-parallel stretching and layer-perpendicular thinning, resulting in the extrusion of
deforming rocks. Pure shear also makes possible to
accommodate an orogen parallel normal sense
shear zone (the STDS) without producing net
extension within the orogen.
Deformation pattern and the vorticity proBle
anticipated across a crustal channel have been
discussed in detail by Grujic et al. (2002) and
Grujic (2006). The channel Cow model has two
end-member components (Bgure 1): (i) Couette
Cow, and (ii) Poiseuille Cow. The Couette Cow is
produced as a result of relative motion between the
rigid boundaries bounding the channel and gives a
linear velocity proBle and, thus, constant vorticity
across the channel (Bgure 1a). On the other hand,
the Poiseuille Cow is established due to pressure
gradient within the channel. This Cow is analogous
to the Cow of water in a pipe under pressure gradient (Bgure 1b). The velocity is maximum at the
apex of the channel and zero at the boundaries.
However, the velocity gradient is maximum at the
boundaries and zero at the apex. This velocity
gradient proBle produces maximum vorticity at the
top and bottom of the channel and zero at the
apex.
The Couette Cow is thought to be the result of
underplating of the Indian Plate beneath the Asian
Plate during continent–continent convergence.
Underplating also has eAects on crustal thickness
and topography. These, combined with buoyancy
and tectonic overpressure, can cause the underplated rocks to extrude back to the earth’s surface
in a return Cow. This is the Poiseuille Cow. The
actual channel Cow is a hybrid of the two (Bgure 1c).
Pure Couette Cow will result in burial, as
shown by the downward pointing velocity vectors
in Bgure 1(a). Figure 1(b) shows the Poisuelle Cow
with all the vectors pointing upwards in the
channel, therefore the extrusion will take place.
Figure 1(c) is the combination of the two end
members with the resultant burial in the lower
portion and extrusion of the upper portion due to
the superposition of velocity vectors from the two
Cow regimes. The positions of the bounding shear
zones and the apex will vary depending on the
relative contributions of these two end members.
High convergence rate and high viscosity favour
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Figure 1. Idealized channel Cow (after Grujic et al. 2002). (a) Couette Cow component. (b) Poiseuille Cow component.
(c) Return channel Cow for a particular set of parameters. The vorticity xk values are indicated by the width of the black bar Wc:
Vorticity in pure Couette Cow xp. Vorticity in pure Poiseuille Cow xx: Vorticity in a hybrid channel Cow. lh is the viscosity of the
upper plate, lch is the viscosity of the channel and lf is the viscosity of the lower plate. The bounding plates have been assumed to
be rigid but deformable.

Table 1. Results of published vorticity studies in the Himalaya.
Mean kinematic vorticity number (Wm)

Sl.
no.

Rigid grain method
(Wallis et al. 1993;
Jessup et al. 2007)

Porphyroclast
hyperbolic distribution
(Simpson and De Paor
1993, 1997)

Quartz c-axis fabric
(Wallis 1992, 1995)

Region

Tectonic unit

Min Wm

Max Wm

Min Wm

Max Wm

Min Wm

Max Wm

1
2
3

Shimla Klippe; Sutlej Valley
Lower Dolop, Western Nepal
Dhaulagiri Nepal

0.75
0.66
0.69

0.82
0.77
0.8

–
–
–

–
–
–

0.9
–
0.49

0.95
–
0.75

4a
4b

Everest Region, Nepal
Everest Region, Nepal
Everest Region, Nepal
Southern Tibet
Western Bhutan
Southern Tibet

MCTZ
MCTZ
MCTZ; Lower
GHS
MCTZ
STDS
STDS
Mabja Dome
STDS
Kangmar Dome

0.57
0.63
0.73
0.33
0.63
0.25

0.91
0.77
0.85
0.84
0.76
0.89

–
–
0.79
–
–
–

–
–
0.79
–
–
–

–
–
0.78
–
–
0.93

–
–
0.98
–
–
0.99

5
6
7

Data source: (1) Law et al. (2013); (2) Carosi et al. (2007); (3) Larson and Godin (2009); (4a) Jessup et al. (2006), (4b) Law et al.
(2004); (5) Langille et al. (2010); (6) Carosi et al. (2006); (7) Wagner et al. (2010).

Couette Cow, and low convergence rate with
low viscosity favour Poiseuille Cow. Within the
GHS, partial melting (as indicated by migmatites)
could have caused a reduction in viscosity of the
mid-crustal rocks. In such a scenario, the Poiseuille
Cow will become dominant and result in the
extrusion of these rocks. A temporal change in
the proBle of velocity vectors will cause a change
in the position of the apex of the channel resulting
in a zone of normal-sense shear indicators that is
wider than the normal-sense shear zone (Bgure 1).
It should be noted that, implicit in all these channel Cow models is the fact that the deformation is
of plane-strain type.
However, it is difBcult to obtain a vorticity
proBle across the entire GHS and compare it with
Bgure 1, because most of the present vorticity

gauges fail, as we move away from the boundaries
of the GHS towards the core. Previous studies
have, therefore, reported vorticity numbers from
the rocks in the vicinity of the MCT or the STDS
(table 1). The Brst vorticity study in the Greater
Himalayan Sequence was carried out along the
Sutlej Valley section by Grasemann et al. (1999),
using quartz c-axes fabric data to characterize
vorticity (Wm) associated with the earlier stages of
deformation and the fringe folds around tension
gashes cross-cutting the mylonitic foliation
(Bgure 2). Subsequent investigations used rigid
grains rotating in a ductile matrix to characterize
the vorticity, starting with Law et al. (2004) who
carried out vorticity analysis within the STDS zone
along the Everest transect in the Nepal Himalaya
and southern Tibet. They also provided a relation
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Figure 2. Regional geological map of the Himalaya showing the lithotectonic divisions (after Singh 2019). Locations from where
vorticity numbers have been reported in previous studies are shown by red circles: (1) Grasemann et al. (1999) and Law et al.
(2013); (2) Carosi et al. (2007); (3) Larson and Godin (2009); (4a) Law et al. (2004); (4b) Jessup et al. (2006); (5) Langille et al.
(2010); (6) Carosi et al. (2006); (7) Wagner et al. (2010). The red square represents the location of the present study.

to estimate the percentage of pure shear from Wk,
which has also been used in this study. Jessup et al.
(2006) carried out more detailed studies in the
same area, but also analyzed samples from the
MCTZ and brought out the differences in noncoaxiality between the STDS and the MCTZ rocks.
It was observed that a greater percentage of pure
shear is associated with deformation near the
MCTZ than with deformation close to the STDS.
Carosi et al. (2006, 2007) reported vorticity numbers from the Bhutan Himalaya and western Nepal
using the rigid grain method. In fact, they have
probed deepest into the GHS rocks and reported
vorticity numbers from more than 10 km below the
STDS along the tectonic discontinuities within the
GHS. Langille et al. (2010) and Wagner et al.
(2010) carried out vorticity analysis in the GHS
rocks, exposed in the gneiss domes in southern
Tibet – the Majba Dome and the Kangmar Dome,
respectively. Both these studies reported an
increase in pure shear component with structural
depth. Law et al. (2013) calculated vorticity numbers on a number of samples from the Sutlej Valley
and Shimla Klippe in Himachal Pradesh using rigid
grain and quartz petrofabric techniques, while
Montemagni et al. (2020) used 3-D micro-computed tomography in calculating vorticity from
two samples from the MCT zone of the Bhagirathi
valley. Hence, the Garhwal Himalaya was selected
for the vorticity analysis to characterize the
deformation in this region and to compare the

vorticity values with those obtained from other
areas of the Himalaya.
The Alaknanda–Dhauli Ganga Valleys in the
Uttarakhand Himalaya (erstwhile Garhwal and
Kumaun) provide one of the most accessible and
continuous cross-sections that runs almost perpendicular to the regional trend of the HHC/GHS
belt between the MCT and STDS, and an ideal
opportunity to investigate the mid-crustal processes, which were responsible for the extrusion
and consequential exhumation of the HHC belt.
This paper provides a quantitative estimate of the
vorticity of Cow from the MCTZ by using rigid
clasts rotating in a ductile matrix as vorticity
gauges.
2. Geological setting
Four longitudinal NW–SE trending and thrustbound tectonic belts characterize the Garhwal and
Kumaun regions of the Uttarakhand Himalaya
between the Tons and Kali Rivers (Auden 1935;
Heim and Gansser 1939; Valdiya 1980; Jain and
Anand 1988; Thakur 1993; Hodges 2000; Kohn
et al. 2010; Yin 2006; Webb et al. 2011; Jain et al.
2020a, b).
(i) The southernmost Cenozoic Sub-Himalayan
(SH) foreland belt of marine Paleocene–Eocene
Subathu Formation and Cuvial Neogene–Quaternary Dagshai–Kasauli–Siwalik sequences on
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the subthrust of the Main Boundary Thrust
(MBT).
(ii) The Lesser Himalaya (LH) belt between the
MBT and the Main Central Thrust (MCT)
with three sub-units: (a) Neoproterozoic–
Early-Paleozoic Outer Lesser Himalayan
Sedimentary belt (oLH) containing the Neoproterozoic Jaunsar Group, the Vendian Blaini
Formation, the Krol and the Lower Cambrian
Tal Groups between the MBT and the Tons
(TT)/North Almora Thrust (NAT) in the
north. (b) Synformal klippen of the Lesser
Himalayan Crystalline (LHC) nappes (Garhwal, Almora, Baijnath, Askot, Chiplakot),
which are thrust over the LH belt, and rooted
within the Great Himalaya (Auden 1935; Heim
and Gansser 1939; Valdiya 1980). The lowermost Ramgarh Nappe ca. 1.85 Ga RamgarhDebguru-type mylonite orthogneiss is
overlain by the Nathuakhan Formation of
quartzite–phyllite alternations, containing
detrital zircons of 0.80 Ga (Trivedi et al.
1984; C
el
erier et al. 2009; Mandal et al. 2015).
This unit is thrust over by the Almora Nappe
with ca. 1.85 Ga mylonitized granite gneiss
along the base, garnetiferous quartzite-schist
alternations with 0.85–0.58 Ga youngest detrital zircons and 0.55 Ga intrusive granitoids
(Mandal et al. 2015; Trivedi et al. 1984).
(c) An Inner Lesser Himalayan (iLH) Sedimentary belt between the TT/NAT and the
MCT with the Paleoproterozoic Rautgara
Formation in the immediate vicinity of the
NAT, the Gangolihat–Deoban dolomite-slate
and the Berinag Group quartzite (Valdiya
1980), having maximum depositional age of
*1.85–1.80 Ga (C
el
erier et al. 2009; Mandal
et al. 2016; McKenzie et al. 2011; Mukherjee
et al. 2020; Jain et al. 2020b).
(iii) The Higher Himalayan Crystalline (HHC)
belt between the MCT and the South Tibetan
Detachment System (STDS) with the following sub-units: (a) An outer low to medium
grade intensely mylonitized Munsiari Group
belt (Lesser Himalayan Crystallines (LHC)/
Main Central Thrust Zone (MCTZ)/
Kulu–Bajura nappe in Himachal). This belt
is regionally thrust over the iLH along the
Munsiari Thrust (MT, Valdiya 1980). (b) An
inner Vaikrita Group metamorphics/Greater
Himalayan Sequence (GHS) belt, overriding
the MCTZ along the Vaikrita Thrust (VT,
Valdiya 1980; Spencer et al. 2012)/Main

Central Thrust (MCT) (Jain et al. 2014,
2020b, c; Mukherjee et al. 2020). (c) Low
to medium grade Jutogh Nappe of the
Tethyan Himalayan Sequence (THS) in
parts of the Tons, Pabbar, Satluj, and Beas
valleys between the oLH/iLH and MCTZ
(Bhargava and Srikantia 2014; Webb et al.
2011).
(iv) The Tethyan Himalayan Sequence (THS) of
the late Proterozoic Martoli/Ralam Formation and Paleo-Mesozoic formations above the
GHS and separated by the STDS (Bhargava
1995; Grujic et al. 2006; Yin et al. 2010; Long
et al. 2011).
Low-grade metasedimentary iLH Belt near
Helang is thrust over by the Munsiari Group of
intensely mylonitized imbricated package of porphyroclastic augen mylonite, Bne-grained biotite
gneiss, kyanite-garnet mica schist, phyllonite,
amphibolite and sericite quartzite along the Munsiari Thrust (MT) (Bgure 3) or the Main Central
Thrust (MCT) sensu stricto Heim and Gansser
(1939). The overlying high-grade Vaikrita Group
metamorphics of the HHC belt (the GHS/Tibetan
Slab) is a slab-like north-dipping *15 km thick
sequence, which is bounded by the VT/MCT and
the South Tibetan Detachment System (STDS)
(Trans-Himadri FaultValdiya 1989) along its
lower and upper margins, respectively (Mukherjee
et al. 2020; Jain et al. 2020b, c).
The Vaikrita Group metamorphics are divisible
into three formations in structurally ascending
order (Bgure 4; Gururajan and Chaudhuri 1999;
Spencer et al. 2012; Jain et al. 2013, 2014;
Shreshtha et al. 2015): (i) the lowermost Joshimath
Formation of kyanite-garnet-biotite-muscovite
schist, psammitic gneiss and leucogranite, (ii) the
Suraithota Formation (:Pandukeshwar Fm.) of
Caggy and banded quartzite, psammitic gneiss,
kyanite-garnet-biotite schist/gneiss, calc silicates
and garnet amphibolite, and (iii) the uppermost
Bhapkund Formation of sillimanite-kyanite-garnet-biotite schist/gneiss, psammitic gneiss, pervasive migmatite and concordant to discordant
leucogranite, including the Malari granite.
3. Deformation phases
Multiple phases of deformation are observed within
the HHC, out of which the earliest D1 deformation phase is characterized by relict structures,
such as F1 ‘Came-type’ folds on the original
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Figure 3. SimpliBed geological map of part of the eastern Uttarakhand Himalaya along the Alaknanda–Dhauli Ganga Rivers,
showing parts of the Munsiari Group (Main Central Thrust Zone  MCTZ) and the Great Himalayan Sequence  GHS (Vaikrita
Group) as parts of the Himalayan Orogenic Channel (after Jain et al. 2014).

Paleoproterozoic (Wiedenbeck et al. 2014) sedimentary/metamorphic layering S0 within the
MCT zone (Bgure 5a). This fabric is superposed by
the most conspicuous, intense, and widespread D2
deformation phase and is marked by the development of small-scale tight to isoclinal F2 folds on S1
foliation whose axial surfaces parallel the penetrative S2 foliation (Bgure 5b). Non-coaxial ductile
shearing has resulted in the development of the
NE-dipping composite S-C shear fabric (Bgure 5d),
wherein the S2 foliation and the superposed shear
fabric are most likely the results of the same progressive D2 deformation phase (Shreshtha et al.
2015). A prominent mineral stretching lineation
(L2) plunges NE, and has developed as a result of
extensive Cow within the GHS. The subsequent D3
phase of deformation has produced near-isoclinal,
recumbent to gently-inclined F3 folds on the earlier
S1–S2 foliation (Bgure 5c); discrete S3 crenulation
foliation parallels the axial surfaces of the F3 folds
and L3 mineral lineation. Joints, kink bands, tension gashes, and slickensides have formed on the
earlier foliations during the D4 deformation phase.
The non-coaxial deformation within the HHC/
GHS, associated with the D2 deformation phase,
has produced numerous shear sense indicators such

as S-C and S-C0 fabrics (Bgure 5d), asymmetrical
folds, mineral Bshes, asymmetric porphyroclasts
and porphyroblasts with strain shadows, duplextype structures, and asymmetric boudins (see
Shreshtha et al. 2015 for details). The MCTZ, from
where most of the samples for vorticity measurements have been collected, has only top-to-the-SW
shear sense indicators (Bgure 5d). The top-to-theSW shear sense indicators are observed throughout
the GHS. However, the lower portion of the GHS
from the MT to the middle portion of the Suraithota Formation has only top-to-the-SW shear
sense indicators and lacks the extensional fabric. In
the upper parts of the GHS between Juma and
Malari, extensional top-to-the-NE shear sense
indicators become dominant and are marked by
NE-verging tight asymmetrical layer-parallel
folds, steeper NE-dipping shear bands having
leucogranite veins (Bgure 5e, f). Their presence
within the NE-dipping foliation indicates a normalsense of shearing, superposed upon top-to-the-SW
shear indicators. Stromatic migmatites start
appearing in the Bhapkund Formation and reveal
evidence of partial melting, including various
phases of melt accumulation (Jain et al.
2003, 2013). Together with the development and
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Figure 4. Geological map of the AlaknandaDhauli Ganga valley section. The circles represent the location of samples and their
sizes are proportional to the Wm value. It is evident from the trend in the size of the circles that Wm decreases up to the structural
section along the MCTZ.

dominance of the top-to-the-NE shear sense indicators in this formation (Bgure 5e), a different
tectono-thermal regime for the upper parts of the
GHS is visualized where migmatization, partial
melting, leucogranite generation, and extensional
ductile shearing is prevalent. A few older structures
of the top-to-the-SW reverse shear sense are also
preserved up to the STDS. Beyond STDS, i.e., in
the Martoli Formation, only top-to-the-NE shear
sense indicators are preserved. This pervasive
ductile shearing, with different senses of shearing in
the lower half and the upper half of the GHS, is
consistent with the channel Cow model in which
hot and low viscosity rocks are pushed southwards
under pressure gradient.
The rigid grains, used in our study, have been
rotated during the pervasive D2 deformation
phase, and thus, the vorticity numbers most likely

reCect the non-coaxiality of Cow during this
phase.
4. Vorticity measurements: Analytical
techniques
Of the many different techniques developed over
the years to estimate xk, the present work uses the
rigid grains rotating in a ductile matrix during
shearing. Jeffrey’s (1922) model, describing the
behaviour of an ellipsoidal particle, forms the theoretical basis of the rigid grain method. Using this
model, Ghosh and Ramberg (1976) argued that the
rotational behaviour of rigid porphyroclasts,
embedded in a matrix undergoing ductile deformation, depends on vorticity among several other
factors. This model predicts that for simple shear
Cow, xk = 1, all the ellipsoidal particles,
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Figure 5. Deformation phases from the Higher Himalayan Crystalline (HHC) belt from the Alaknanda–Dhauli Ganga valleys.
(a) Earliest D1 deformation phase showing F1 ‘Came-type’ folds in granitoids and S1 axial plane foliation. Loc. Between
Tapovan and Rini. (b) D2 deformation phase on amphibolite-gneiss alternating S1 foliation with development of small-scale
tight to isoclinal F2 folds whose axial surfaces parallel the penetrative S2 foliation. Loc. About 4 km ESE from Joshimath on a
side road. (c) D3 deformation phase producing near-isoclinal, recumbent to gently-inclined F3 folds on an earlier S1–S2 foliation
and S3 crenulation foliation paralleling the S3 axial surfaces. Loc. Near Barhgaon on main Joshimath–Malari Road. (d) Typical
S-C shear structures on S2 foliation having top-to-the-SW shear sense of ductile shearing. Loc. Between Helang and Joshimath on
the road loops. (e) NE-verging tight asymmetrical layer-parallel folds on main stromatitic foliation in upper parts of the GHS
between Juma and Bhapkund. (f) Steep NE-dipping shear bands having leucogranite veins on migmatitic foliation. Loc. Between
Juma and Bhapkund.

irrespective of their aspect ratio, rotate indefinitely
and synthetically to the direction of shear. However, in case of general shear, all the rigid clasts are
not free to rotate indefinitely. Moreover, these
might not necessarily rotate synthetically to the
direction of shear. In general shear, depending
upon xk, clasts of aspect ratio greater than a critical value, Rc, will stop rotating and attain a
stable sink orientation. Those clasts having an
aspect ratio less than Rc will keep on rotating
continuously. Thus, analysis of the stable orientation of a population of rigid clasts in a matrix,

which has undergone ductile deformation, can be
used to estimate xk (Passchier 1987). In natural
regimes, Cow is rarely in steady-state, implying
that xk does not remain constant with time. Hence,
rotating clasts in a ductile matrix yield a vorticity
number that corresponds to the Bnal stage of
deformation. This is known as the mean kinematic
vorticity number Wm. The vorticity analysis using
rigid clasts assumes that (i) particles are ellipsoidal
in shape, (ii) these behave as rigid objects embedded in a matrix with no internal deformation, (iii)
there is perfect bonding between the particles and
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Figure 6. Conceptual model of a channel. (a) Variations in non-coaxiality due to channel Cow within the Greater Himalayan
Sequence (GHS) can result in development of different orientations of clast populations which can be characterized by
orientation vs. aspect ratio plots. LH: Lesser Himalaya. THS: Tethyan Himalayan Sequence. MCT: Main Central Thrust. STDS:
South Tibetan Detachment System (STDS). (b) Schematic diagram showing the orientation (h) of a rotating porphyroclast with
respect to the foliation and its aspect ratio (long to short axis). (c) Example of one of the plots (PAR) which can be generated
after analyzing a population of clasts for orientation and aspect-ratio after Passchier (1987), Wallis et al. (1993) and Wallis
(1995).

the matrix, (iv) the matrix behaves as Newtonian
linear-viscous Cuid, and (v) no interaction between
two particles takes place during deformation.
Applying the above-mentioned principles, vorticity
analysis is commonly performed using rigid clasts
by (i) Porphyroclast Aspect Ratio (PAR) method
(Passchier 1987; Wallis et al. 1993; Wallis 1995),
(ii) Porphyroclast Hyperbolic Distribution (PHD)
method (Simpson and De Paor 1993, 1997), and
(iii) Rigid Grain Net (RGN) method (Jessup et al.
2007).
In this study, the PAR method (cf., Wallis et al.
1993) and the RGN method (cf., Jessup et al. 2007)
are used to estimate the Wm. In the PAR method,
the rotational behaviour of rigid porphyroclasts
with varying aspect ratios, R (R = long axis of
clast/short axis of clast) in XZ plane is recorded by
plotting a graph between R and the angle h, made
by long axes of clasts with macroscopic foliation
(Bgure 6a b). On such a graph, two different Belds
of behaviour are observed for sub-simple shear
(Bgure 7):

(i) a Beld in which clasts with aspect ratio lower
than a cut-oA value rotate inBnitely, which
results in d-type tails and wide range in the
orientation of long axes of the clasts, and
(ii) a Beld where clasts with an aspect ratio higher
than a cut-oA value rotate slowly and attain a
stable sink orientation. This results in r-type
tails and a narrow range in the orientation of
long axes of the clasts.
Aspect ratio that demarcates these two Belds of
behaviour is called the critical aspect ratio, Rc. Wm
can be calculated from Rc using the formula
(Passchier 1987):
 2

Rc  1
:
ð1Þ
Wm ¼  2
Rc þ 1
The Rigid Grain Net method (cf., Jessup et al.
2007) uniBes the Porphyroclasts Aspect Ratio
(PAR) method of Passchier (1987), Porphyroclast
Aspect Ratio (PAR) method of Wallis et al. (1993),
and the Porphyroclast Hyperbolic Distribution
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Figure 7. Wallis plot showing two different Belds of behaviour of rotating rigid clasts (garnets) in a mylonitic sample RM122
from the basal parts of the GHS, Dhauli Ganga valley.

Figure 8. RGN plot of same mylonitic sample RM122 showing behaviour of rigid garnet grains from the basal parts of the
Greater Himalayan Sequence (GHS).

(PHD) method. It includes a series of semihyperbolas for different Wm values, derived from
the following equation (Bgure 8):
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ




h ¼ 1=2 sin
1  Wm2 
B 2  Wm2
1


 

B  ¼ 1  R2 = 12 þ R2

ð2Þ
ð3Þ

where B* is known as the shape factor.
This series of semi-hyperbolas forms a hyperbolic
net that describes the relationship between h and
the shape factor. The second set of curves

represents Wm = B*. B* values for which h lie
outside the Wm = B* curve correspond to inBnitely
rotating clasts, whereas those which lie inside correspond to clasts in stable sink orientation. The
cut-oA B* value is equal to Wm.
Samples for vorticity analysis were collected
from the Alaknanda and Dhauli Ganga valleys
transect during two Beld trips in May and
December, 2014. More than 60 thin sections were
prepared from the iLH rocks close to the MCT, the
entire HHC belt, and the Tethyan Himalayan
Sequence (THS). All the sections were cut perpendicular to the foliation and parallel to lineation.

Page 11 of 21 31

J. Earth Syst. Sci. (2021)130:31

Figure 9. Photographs showing rigid mineral grains used for the vorticity analysis along the AlaknandaDhauli Ganga valleys.
(a) Feldspar in ductile quartz–mica matrix with an aspect ratio of 1.9 and making an angle of 47.9o with the folia (sample
RM114). (b) High aspect ratio feldspar in ductile quartz–mica matrix (sample RM130) and parallel to the main mylonitic
C-plane foliation. (c) Rigid pre-tectonic opaques in ductile quartz matrix (sample RM130). (d) Garnet porphyroblasts in
mylonitized mica schist (sample T30). Length of hand specimen is 15 cm. (e) Enlargement of lower right-hand margin of sample
T30 showing measurements of aspect ratio R and angle h in garnet crystals.

Only the most appropriate samples, having sufBcient number of freely rotating clasts where these
do not show any internal deformation, were chosen
for the vorticity analysis (Bgure 9). Out of these, 10
samples were identiBed to be ideal for the vorticity
analysis. Rigid grain plots by both the PAR and
the RGN methods were plotted to estimate the Wm
values (Wallis et al. 1993; Jessup et al. 2007).
These plots between grains aspect ratios (R) and
their angles (h) of the long axis with macroscopic
foliation (Bgure 6b) were used to get the cut-oA
value (Rc). The value of Wm was then calculated
using the formula given in equation (1). In the
RGN, the semi-hyperbolas were generated using
equations (2 and 3). The scatter plot of the rigid
grain’s shape factor (B*) and angle (h) of the long
axis with macroscopic foliation were used to
directly estimate the Wm values. More grains allow
better accuracy in determining the cut-oA between
the permanently rotating grains and the grains
which have attained stable sink orientation. Components of pure shear to simple shear are calculated
by the method suggested by TikoA and diagrammatically presented in Bgure 9 by Law et al. (2004)

in which both are directly measured from values of
kinematic velocity number Wm.
5. Results
The results obtained from vorticity analysis, using
Wallis plots and Rigid Grain Net (RGN) plots for
all the analyzed samples, are given in table 2, and
Bgures 10 and 11 in which minerals such as feldspar
(Bgure 9a, b), amphibole, garnet (Bgure 9d, e) and
opaques (Bgure 9c) have been used. Figure 12(a
and b) shows the results of mean kinematic vorticity number, obtained by RGN (Jessup et al.
2007) and Wallis et al. (1993) methods, respectively, for the distance from the Munsiari Thrust
(MT). The distance of each sample from this thrust
has been calculated from the straight line difference between the point, elevation difference, and
the dip angle of the Munsiari Thrust which has
been considered as 40°. It is apparent that the Wm
values decrease as we move away from this thrust
and become quite low at the higher structural
levels. It can also be observed that the results
obtained by these two methods are more or less

56.6
48.1
53.8
44.5
51.9
43.2
40.1
42.8
37.9
42.8
0.658
0.774
0.724
0.787
0.774
0.811
0.841
0.811
0.849
0.794
0.625
0.75
0.7
0.75
0.75
0.8
0.825
0.875
0.875
0.775
0.6
0.7
0.625
0.725
0.675
0.75
0.775
0.8
0.8
0.75
2.2
2.8
2.5
2.9
2.8
3.1
3.4
3.1
3.5
2.9
2.1
2.5
2.2
2.7
2.3
2.8
3
2.9
3.2
2.7
4516
2032
1719
1200
716
267
206
90
1656
12264
Augen mylonite
Gr-mus-bt schist
Gr-mus-bt schist
Banded mylonite
Mylonitized mica schist
Augen mylonite
Augen mylonite
Augen Mylonite
Quartzite
Mylonite
RM51
RM123
RM122
RM121
T30
H22
H17
RM114
RM33
RM130

1

58.7
49.9
56.4
48.1
52.4
45.6
42.8
40.1
40.1
45.6

PSmax%
Wmax
Wmin
Rmax
Rmin

Lithology
Sample

MT: Distance above Munsiari Thrust. 2PSmax%: pure shear maximum percent. 3PSmin%: pure shear minimum percent.

0.63
0.724
0.658
0.759
0.682
0.774
0.8
0.787
0.822
0.78
56.4
45.6
49.9
45.6
45.6
40.1
37.8
31.0
31.0
42.8

PSmin%
PSmax%
Wmax
PSmin%

Wmin

Wallis method

3
2

RGN method
Grain size

Distance
above 1MT

Table 2. Results of vorticity measurements and calculation of pure shear component from the Alaknanda–Dhauli Ganga valleys, Uttarakhand Himalaya.
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53.8
43.2
48.1
41.8
43.2
38.9
35.7
38.9
34.7
41.2
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similar, with a slight difference in the range of
uncertainties. The locations of samples for the
vorticity measurements are shown in Bgure 4 and
the corresponding vorticity values are represented
by the diameter of the circles depicting the
locations.
Two samples (RM130, RM33) belong to the
LHS, Bve are selected from the Munsiari Group
(RM114, H17, H22, T30, RM121) and three
(RM122, RM123, RM51) belong to the Vaikrita
Group. Vorticity numbers are observed to decrease
progressively from the LHS rocks to the Munsiari
Group rocks (MCTZ) to the Vaikrita Group rocks.
A mylonite sample (RM51) collected from the
Joshimath Formation is the furthermost sample
from the MT that has yielded grains suitable for
the rigid grain analysis. This sample shows Wm
range of 0.63–0.66 (Wallis plot) and 0.60–0.625
(RGN Plot) with an average pure shear component
of 57.5%. Two other samples (RM122 and RM123)
from the Vaikrita Group are garnet-mica schists,
which were collected just above the VT. Sample
RM122 yields Wm range of 0.66–0.724 (Wallis
plot) and 0.625–0.70 (RGN Plot) with a range of
pure shear components between 43.2 and 56.4%.
Sample RM123 has maximum and minimum Wm
values of 0.724–0.774 (Wallis plot) and 0.70–0.75
(RGN Plot), displaying pure shear component of
43.2–49.9%.
The samples collected from within the Munsiari
Group between the MT and the VT show a vorticity range of 0.675–0.875, which corresponds to
a pure shear percentage between 52% and 31%.
Below the Munsiari Thrust, quartzite sample
RM33 yields Wm values between 0.80 and 0.875
(30% pure shear) by the RGN method, while its
values are between 0.822 and 0.849 by the Wallis
method. Sample RM130 is a mylonite sample that
was collected 12.25 km below the Munsiari Thrust.
The Wm values for this sample are between 0.75
(44% pure shear) and 0.775 (42% pure shear) by
RGN method and 0.78–0.794 by the Wallis’s
method. Small differences in results between these
methods are not significantly different and may
even be caused by analytical subjectivity.

6. Discussions
The ideal channel, as deBned by Grujic et al. (2002)
in a homogeneous medium, predicts a vorticity
proBle in which non-coaxiality of the Cow is maximum along its boundaries and minimum near the
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Figure 10. Plots of aspect ratio R and angle h between clast long axis and macroscopic foliation for the vorticity analysis from the
AlaknandaDhauli Ganga tectonic belts, using porphyroclasts-based approach after Passchier (1987), Wallis et al. (1993) and
Wallis (1995).

core or the apex. The vorticity data, presented in
this paper from the MCTZ, are in agreement with
this predicted trend. The Wm values decrease with
structural distance above the MT. The observed

Wm values also imply that the penetrative deformation within the MCTZ is essentially under
general Cow conditions, in which sub-simple shear
is dominant below and near the MT and general
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Figure 11. Plots of aspect ratio and angle between clast long axis and macroscopic foliation for the vorticity analysis from the
AlaknandaDhauli Ganga tectonic belts, using Rigid Grain Net (RGN) approach after Jessup et al. (2007).

shear becomes progressively dominant above the
MT and VT. It has been demonstrated by Fossen
and TikoA (1998) that combination of pure shear
and simple shear is the most eAective strain history

at accumulating oAset in a shear zone for a given
amount of strain. In other words, for steady-state
deformation, general shear produces smaller strain
than for either pure shear or simple shear
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Figure 12. Results of vorticity analysis obtained from (a) RGN method, and (b) Wallis’s method. Lengths of black bars indicate
uncertainty in Wm. Wm for the Lesser Himalayan sample RM130 is plotted about 12.5 km from the MT on the y-axis. See text for
Montemagni et al. (2020) data along the Munsiari Thrust, Bhagirathi valley.

(minimum strain path). The presence of pure shear
component associated with deformation indicates
layer-parallel stretching and layer-perpendicular
thinning resulting in extrusion of the deforming
rocks. This also makes it possible to accommodate
a normal sense shear zone (the STDS) without
producing net extension within the orogen.
Our observation that pure shear decreases with
structural depth in the MCTZ is contrary to what
Grasemann et al. (1999) observed in the Sutlej
Valley section, where pure shear increases with
structural depth. Grasemann et al. (1999) used different generations of tension gashes with associated
fringe folds, and quartz c- and \a[-axes pole diagrams to estimate the vorticity of Cow. The tension
gashes and associated fringe folds overprint the
mylonitic foliation and, thus, the vorticity numbers
arrived by this technique characterize only the late
stage of the ductile Cow. Because the deformation
progressively moved to lower structural levels,
Grasemann et al. (1999) attributed the observed
vorticity trend to the temporal variations in Cow
type – simple shear dominated the Cow at hotter
temperatures and higher structural levels, and pure

shear dominated the Cow at cooler temperatures
and lower structural levels. They relate the shift
from a simple shear dominated to a pure shear
dominated Cow to a decelerating strain path from
ductile to the late stage of ductile–brittle transition.
In the same region but using samples from the
Shimla Klippe and the Sutlej Valley, Law et al.
(2013) performed vorticity studies using the rigid
grain method and quartz c-axis analysis along the
main foliation, and calculated Wm = 0.90–0.95 in
the Shimla Klippe transect and 0.75–0.82 in the
Sutlej valley, and indicated a predominantly simple
shear Cow moving upward from the MCT towards
the core of the GHS. However, Wm obtained from
quartz c-axes studies were consistently found to be
greater than those from the rigid grain method.
Others have also reported that a greater Wm is
obtained from the same samples using the quartz
c-axes technique compared to Wm from the rigid
grain method (table 1), except Langille et al. (2010).
These differences have been attributed to either
underestimation of vorticity numbers by the rigid
grain technique (see Wallis 1992, 1995; Law et al.
2004; Xypolias 2010) or to temporal Cow
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partitioning in which only the latest deformation
increments are recorded by the quartz petrofabric
method.
Vorticity numbers in the vicinity of the MCT or
the STDS have been reported in other studies (Law
et al. 2004; Carosi et al. 2006, 2007; Jessup et al.
2006; Larson and Godin 2009; Montemagmi et al.
2020). In western Nepal, Carosi et al. (2007)
obtained Wm of 0.66–0.77 from the MCTZ mylonites. Combining results from vorticity studies in
the Everest section by Law et al. (2004) and Jessup
et al. (2006), it is observed that the pure shear
component increases with structural depth from
STDS towards the MCT (Larson and Godin 2009).
Vorticity numbers from the Tethyan Himalayan
sequence rocks, exposed along Mabja Dome (Langille et al. 2010) and Kangmar Dome (Wagner et al.
2010), also indicate an increase in the pure shear
component with structural depth below an imaginary boundary deBned by the chloritoid isograd.
The increase in pure shear component with depth is
positively correlated with the increased deformation temperature (Law et al. 2004; Jessup et al.
2006; Langille et al. 2010; Wagner et al. 2010). This
correlation is opposite to the one observed by
Grasemann et al. (1999), in which pure shear
component was negatively correlated with temperature. Larson and Godin (2009), Larson et al.
(2010) and Wagner et al. (2010) attribute the
increasing pure shear component from 66% to 41%
(Wm = 0.50–0.68 to 0.78–0.87) towards the base of
the GHS to lithostatic loading. Jessup et al. (2006)
attribute a pure shear component of 44–58% (Wm
= 0.63–0.77) to spatial and temporal Cow partitioning in which the fabrics of the structurally
higher low-temperature rocks represent the later
stages of the channel Cow and the fabrics of the
structurally deeper high-temperature rocks represent the earlier stages of the channel Cow. In
Bhutan, Long et al. (2011) Bnd a large component
of pure shear. Describing a 3D X-ray micro-computed tomography approach, Montemagni et al.
(2020) calculated Wm between 0.49 and 0.58 from
two samples along the MT in the Bhagirathi valley
with a pure shear component (65–60%) during noncoaxial shearing, with the 40Ar/ mica cooling ages
along the Munsiari and Vaikrita Thrusts between
5–4 and 8–9 Ma, respectively. It should be
remembered that in a natural setting, the Cow
character does not remain constant through time, a
condition known as unsteady-state deformation.
Without the means to unravel the unsteady-state
deformation paths, it is difBcult to resolve the
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temporal pattern of vorticity variation from the
spatial one.
Results from previous vorticity studies in the
Himalaya employing rigid grain technique have
been compiled and plotted against distance above
the MCT and below the STDS (Bgure 13). For the
studies in which the sample distances from the
MCT or the STD were not explicitly mentioned, an
estimate of the distance has been made from the
sample locations provided on the map in relation to
the tectonic boundaries at that location. It is
interesting to note that although no clear spatial
trends in vorticity are observed from individual
studies, combined results from multiple investigations indicate that the vorticity numbers decrease
away from the STD or the MCT towards the core of
the GHS (Bgure 13). The correlation is stronger for
the MCT samples than the STD samples. The
spread in the data probably implies that, in addition to the velocity proBle within the channel, other
factors also aAect the Wm values. Grujic et al.
(2002) provided a velocity proBle in a homogeneous
channel. In a natural setting, the Cow proBle is
complicated by other factors including Cow partitioning due to lithological variations, spatio-temporal variations in Cow type, and the non-steady
nature of deformation. Furthermore, the established techniques of vorticity analysis are not foolproof (cf., Xypolias 2010). Thus, in this context, it
becomes difBcult to correct for vorticity variations
produced by factors other than the velocity proBle
in a channel. Nevertheless, we believe that the trend
of decreasing Wm (increasing pure shear) above the
MCT and below the STDS is a result of spatiotemporal Cow partitioning, whereas the nonsystematic variations in Wm are a result of measurement errors and Cow partitioning due to other
variables such as lithological variation.
Jain et al. (2014) and Shreshtha et al. (2015)
mapped in detail the shear sense indicators prevalent between the MCT and the STDS along the
Dhauli Ganga section. The shear sense indicators
are spatially distributed mimicking the shear proBle
expected in a channel Cow model, with top-to-thesouth shear indicators in the MCTZ and the basal
part of the GHS and top-to-the-north shear indicators in the top part of the GHS. They observed a zone
in the middle of the GHS in which the rocks appear
to have undergone extreme ductile Cowage with no
observable shear sense indicators. This zone is
interpreted by Jain et al. (2014) to coincide with the
apex of the channel. To verify this interpretation it is
necessary to estimate the vorticity number from this
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Figure 13. Plot of Wm vs. distance above the Main Central Thrust (MCT) and below the South Tibetan Detachment System
(STDS). The plot has been generated from the vorticity data, compiled from various studies carried out in the Himalaya (Law
et al. 2004, 2013; Jessup et al. 2006, Carosi et al. 2006, 2007; Larson et al. 2009) and the present study. Wm is observed to be
decreasing away from the bounding faults. A stronger relation is observed for the rocks near the MCT (R2 = 0.505) than those
near the STDS (R2 = 0.233).

zone; a low vorticity number (high pure shear percentage) would support the interpretation and a
high vorticity number (low pure shear percentage)
would refute it. However, it is difBcult to estimate
the vorticity of Cow in the apex zone because the
rocks here experienced metamorphic temperatures
[700°C (Spencer et al. 2012; Bgure 1(d) in Hunter
et al. 2018). Under such high temperatures, the
mineral grains start deforming internally and
undergo dynamic recrystallization, precluding their
use for the vorticity measurements (Passchier 1987).
Our results from the vorticity study in the MCTZ
conBrm the presence of a pure shear component
operating during the extrusion of the GHS. Despite
our best eAorts to perform measurements on more
than 50 samples across the whole of GHS, we could
not carry out such measurements due to recrystallization and absence of suitable markers. Due to the
lack of vorticity measurements from within the core
of the GHS, it is however, impossible to discriminate
between different competing models for the extrusion of the slab: (i) ductile extrusion of wedge with
deformation concentrated near the boundaries
(Grasemann et al. 1999; Vannay and Grasemann
2001), (ii) ductile extrusion of wedge under pervasive general shearing (Grujic et al. 1996) or (iii)
extrusion in the form of a channel (Beaumont et al.
2001, 2004, 2006; Jamieson et al. 2002; Grujic et al.

2002; Grujic 2006), or pervasive ductile shearing
(Jain and Manickavasagam 1993; Jain et al. 2005),
based only on vorticity studies. However, when
these trends are considered in conjunction with
other observations from the Himalaya such as the
prevalence of shear sense indicators across much of
the slab rather than just along the boundaries, partial melting as indicated by migmatite, coeval
movements along the MCT and the STDS, inverted
metamorphism along the MCTZ and right way up
metamorphism near the STDS, and numerical
modelling (Beaumont et al. 2001, 2004, 2006;
Jamieson et al. 2002, 2004), the channel Cow model
appears to be the most likely mechanism that has
resulted in the extrusion of the GHS slab during the
Miocene. In the Alakhnanda–Dhauliganga section,
we believe that the channel Cow model Bts in all
these observations and is the strongest candidate
amongst the aforementioned models, that explains
the evolution of the GHS.

7. Conclusions
In this paper, kinematic vorticity analysis was
carried out from the Main Central Thrust Zone
(MCTZ) along parts of the AlaknandaDhauli
Ganga valley sections to understand the
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kinematics of these orogen-parallel shear zones,
and to constrain the percentage of pure shear
associated with them. The mean kinematic vorticity number (Wm) has been used to calculate the
percentage of pure shear by analyzing the rotational behaviour of rigid grains in a ductile matrix.
1. The results of this study show that the mean
kinematic vorticity number (Wm) values vary
between 0.675 and 0.875 within the MCTZ.
These values of Wm correspond to a pure shear
percentage between 30% and 52%, associated
with southward ductile shearing along the MCT
with highest Wm values close to the thrust.
2. There is a general trend of decreasing pure shear
component with structural depth. This trend of
increasing vorticity towards the basal Munsiari
Thrust (MT) can be explained by the velocity
proBle within an extruding channel of hot and
low viscosity mid-crustal rocks. According to
this model, vorticity is minimum in the apex of
the channel and maximum near the bounding
faults. However, not all of the previous vorticity
studies from other GHS sections have reported
this spatial vorticity trend.
3. It is difBcult to obtain vorticity numbers from
within the core of the channel, the Greater
Himalayan Sequence (GHS), where high temperatures ([700°C) make the present methods
of vorticity analysis ineffectual. Hence, most of
the vorticity studies focus on the MCT and/or
the STDS.
4. Other factors including Cow partitioning due to
lithological variations, temporal–spatial variations in Cow type, and non-steady nature of
deformation can produce the observed variation
in the vorticity numbers. It is, thus, not possible
to unequivocally attribute our observation of
increasing vorticity numbers towards the MCT
to the velocity proBle in a channel.
5. Our values of the percentage of pure shear
component corroborate previous studies that a
combination of pure shear and simple shear
drives the deformation within the GHS. The
identiBcation of pure shear component within
MCTZ is significant, because, it indicates layerperpendicular shortening and layer-parallel
transport of rocks. Our results provide quantitative constraints on the deformation within the
GHS and have direct implications for the
extrusion models. Nevertheless, more data are
needed and better vorticity techniques are
required from high-temperature regimes.
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