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During large scale ductile shear deformation, linear features of the rocks tend to be reoriented towards
the direction of bulk shear. This is demonstrated in a crustal scale shear zone of the Himalaya, the
Main Central Thrust (MCT), typically exposed in the Munsiari–Milam area of eastern Kumaun Greater
Himalaya. Along the MCT, the crystalline rocks of the Greater Himalaya are thrust over the younger
sedimentary belt of the Lesser Himalaya. In the study area, the scatter of lineation orientation in the
vicinity of the MCT has been observed to drastically reduce within 27◦ in a zone of about 18 km (about
13 km in the crystalline rocks and about 5 km in the sedimentary rocks). Beyond this zone, the scatter is
very high, up to 70◦ or more. The low scatter of lineation orientation around the MCT could be related
to the strong ductile shear deformation associated with the movement along this thrust due to which the
linear features got reoriented towards the direction of bulk shear. Away from this zone, ductile shearing
had negligible or no eﬀect on the rocks and, therefore, the scatter of lineation remains very high.

1. Introduction
Most ductile shear zones show the development
of a variety of linear structures developed in the
plane of foliation. In most cases, the geometry
and orientation of the linear structures show variation in space and time. Of special interest is the
phenomenon of reorientation of pre-shearing linear structures during progressive simple shear.
It is only during the seventies that this aspect
has drawn the attention of structural geologists.
Ramberg and Ghosh (1977) were some of the earlier
workers who presented a theoretical model of rotation and strain of linear and planar structures in
homogeneous, three-dimensional progressive deformation. They assumed that the initial marker lines
and the principal strain axes remain in their original plane during the deformation and that the
markers and the principal axes, due to variation
in their rotation rates, will generally not coincide

during the continued deformation. It is only after
a very large homogeneous deformation, the long
principal axis and its initial marker lines tend to
become parallel again. The Ramberg–Ghosh model
thus provides a basis for the study of rotational
behaviour of material lines contained in competent layers of rocks embedded in less competent
layers.
In about the last three decades, a large number of shear zones have been studied from various
angles by different researchers from all over the world.
As a result, a variety of information on the nature
of rotation of marker objects has come to light. Bell
(1978), with the example of Woodroﬀe thrust, has
demonstrated that linear structures (mainly fold
axes) that are initially formed at approximately 90◦
to mineral elongation have rotated with increase
in strain towards the main thrust. Skjernaa (1980)
presented a mathematical solution of how the preshear zone planes and lines undergo reorientation
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and deformation during formation of a shear zone
by simple shear. It has been suggested that during
progressive simple shear, while a layer parallel to
XY plane gets extended in X-direction, it is shortened parallel to Y-direction. To accommodate this
shortening, the material lines reorient themselves in
the direction of bulk shear. According to Sanderson
and Marchini (1984), the fold axes may rotate
towards the shear plane with increasing strain, but
high shear strain is necessary to reduce this angle
to <22.5◦ . Almost a similar opinion has also been
put forward by Ridley (1986) who suggested that
rotation of fold axes into parallelism with the slip
and extension direction in a rock may take place
when the spatial variation in shear strain in a ductile shear zone is perpendicular to the displacement direction. Aubourg et al. (1991) studied the
magnetic fabric of the Callovian–Oxfordian black
of French Alps and have shown that the stretching lineation exhibits a rotation as a result of
shear deformation.
Rotation of material objects during shear deformation has also been viewed from theoretical
angles. Mandal et al. (2005) presented a theoretical model of rotation of elliptical rigid inclusions hosted in a foliated matrix. They suggested
that during deformation, the sense of instantaneous
rotation is dependent on the inclination of the foliation plane to the long axis of inclusion (θ); with
increase in θ, the sense of instantaneous rotation
reverses at a critical value of θ.
In recent years, due to improvement in numerical techniques, the problem of rotation of material
objects during progressive simple shear deformation has added some new dimensions. Griera et al.
(2013) suggest that anisotropic rheology is a primary factor in the rotation as well as the rotation rate of material objects during non-coaxial
deformation.
In the Himalayan domain, however, work on
reorientation of lineation as a result of ductile
shearing is almost absent. Le Fort (1975) and
Schakleton and Ries (1984) had mentioned the
presence of a strong N–S oriented lineation almost
for the entire Himalayan region and they linked this
lineation alignment to the northward motion of the
Indian plate. Brunel (1986) described stretching
lineation from parts of NW Himalaya and related
it to ductile thrusting of the crystalline masses.
Bhattacharya and Weber (2004) made a detailed
study of quartz c- and a axis fabrics of the MCT
zone of the Kumaun and Garhwal sectors along
with some relevant microstructures and stretching
lineations. In this study, although it has been mentioned that the crystalline rocks of the higher
horizons of the Greater Himalaya show mineral
lineations, the lower horizons, i.e., the vicinity of
the MCT, are characterized by stretching lineations.

However, there is no discussion on the rotational
nature of lineation for the crystalline mass. Thus in
the Himalayan region, practically no work is available as yet on the rotation of lineation in shear
regime.
To summarise, the literature on reorientation
of linear structures and marker objects in simple
shear regime reveals that the subject has been
viewed from several angles, viz., experimental
deformation, numerical simulation, mathematical
modelling, and ﬁeld and microstructural data. Also,
each shear zone has its own geological, lithological, and tectonic settings. As such, no shear zone
can be compared with others. Possibly because of
this, the results obtained from diﬀerent methods
do not lead to a single conclusion and, therefore,
every shear zone may have its own speciﬁc model
under a broader framework.
Keeping all these in mind, we have provided
inputs from ﬁeld data for the MCT zone in this
paper. Our work reveals that azimuthal values
of lineation orientation hold good potential for
working out a model for the MCT zone of the study
area. We have observed the occurrence of a zone
showing low scatter of lineation orientation in the
vicinity of the MCT and a zone of high scatter
outside this zone. We link this low scatter to the
proximity of the thrust and conclude that at high
ductile shear strains, lineations tend to reorient
themselves in the direction of bulk shear. Quantitative demonstration of lineation reorientation, as
presented in this paper, has not yet been done for
the Himalayan region. This automatically speaks of
the high signiﬁcance of the work in the Himalayan
context.
2. Geological set-up
The Kumaun Himalaya represents all the four
major lithotectonic subdivisions (ﬁgure 1) of the
Himalaya (Gansser 1964), from S to N, these are:
(1) Outer Himalaya that is mainly represented by
Siwalik Supergroup (Upper Tertiary) rocks and
their equivalents, and is bound to the north by
the Main Boundary Thrust (MBT) and by the
Himalayan Frontal Thrust to the south. (2) Lesser
Himalaya constitutes a widespread sedimentary
belt of upper Precambrian ages together with a
few outcrops of ancient crystalline-metamorphic
rocks that are believed to have come to rest by
tectonic transport from the Greater Himalayan
crystalline zone; southern boundary of this subdivision is the MBT while the northern boundary
is called the Main Central Thrust (MCT). (3)
Greater Himalaya exposes a persistently northdipping thick pile of crystalline-metamorphic rocks
that are bound to the south by the MCT and
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Figure 1. Geological sketch map of the Himalaya (after Gansser 1964) showing the study area. A: Outer Himalaya, B:
Lesser Himalaya, C: Greater Himalaya, D: Tethys Himalaya. An index map of the Kumaun Himalaya has been provided
on the top right corner showing the study area.

by the Martoli Fault (MT) or the South-Tibetan
Detachment to the north. (4) Tethys Himalaya that
shows a massive pile of sedimentary rocks of Cambrian to Lower Eocene ages and is bounded by the
Dar–Martoli Fault to the south and by the Indus
Suture Zone to the north.
This paper incorporates a study of the lineation
pattern in the crystalline rocks of the Greater
Himalaya in the Munsiari–Milam transect of the
eastern Kumaun Himalaya. The area exposes a
massive pile of medium to high grade crystallinemetamorphic rocks called the Central Crystalline
Zone (CCZ). The CCZ is tectonically delimited to
the south by the MCT against the sedimentary

belt of the Lesser Himalaya. To the north, the crystalline zone is juxtaposed against the sedimentary
belt of the Tethys Himalaya and the contact is
deﬁned by the Martoli Fault.
The study area constitutes a very rugged and
diﬃcult terrain in the far interiors of the northeast
Kumaun Himalaya and falls in the Pithoragarh district. The northern part of the area is occupied by
the famous Milam glacier. Diﬀerent parts of the
area are reached on foot only along some bridle
paths, if any, or by trekking. Since the area falls in
the snowy belt, it is free from vegetation, except
around Munsiari where a thick cover of vegetation
is present.
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As yet, the area has drawn very little attention
from geologists. The ﬁrst available geological information of the area can be seen in the work of
Heim and Gansser (1939) and Gansser (1964).
Misra and Bhattacharya (1976) presented a generalized work on the central crystalline of the Greater
Himalaya of the Kumaun region. Bhattacharya
(1982), while describing the geology of the area
around Tejam and Girgaon areas, made a reference
of the area around Munsiari. Bhattacharya and
Siawal (1985) mapped the western adjoining
Tejam–Namik area and worked out the structural
geology, especially the folding pattern, of the rocks.
Patel and Kumar (2009) presented the lithology
and metamorphism of the rocks of the Goriganga
valley. Moharana et al. (2013) studied deformation
style in the Madlakia–Munsiari–Dhapa section. It
thus appears that as far as the Munsiari–Milam
tract is concerned, detailed structural studies are
still lacking. With this background, the authors
have attempted a systematic structural study of
the area. Of the various structural features shown
by the rocks of the area, the authors have observed
some interesting aspects on the orientation pattern
of lineation as described in the present paper.
The area exposes a massive pile of crystalline
metamorphic rocks belonging to the CCZ (Heim
and Gansser 1939; Gansser 1964) of the Greater
Himalaya. The major rock types include gneisses,
augen gneisses, mylonites, quartzites, granites, and
a variety of schists. In the higher horizons to the
farther north, the sequence shows intrusions (dykes
and veins) of acid igneous rocks, mainly granites,
tourmaline-bearing granites, aplites and quartzofeldspathic veins. Typically these granites/aplites
do not show foliation or any imprints of internal
deformation, thus suggesting their emplacement

very late in the geological–structural evolution of
the CCZ.
The CCZ in this sector has been lithologically
subdivided into three units. It may be mentioned
here that since the area is almost uninhabited by
people, no speciﬁc name of these units after the
name of a place can be assigned to these units and
they are, therefore, informally referred to here as
Unit I, II and III. The lower unit (Unit I) is represented by mylonites and mylonitic gneisses. The
middle unit (Unit II) is constituted of gneiss, augen
gneiss, granitic gneiss, muscovite gneiss, and biotite
gneiss. The upper unit (Unit III) is represented by
muscovite schist, garnetiferous mica schist, quartzbiotite schist and quartzite. This Unit III also
typically shows numerous veins, lenses and smaller
dykes of aplite, granite and tourmaline leucogranite
as mentioned above; typically all these igneous
bodies are non-foliated suggesting a later acid
igneous activity after the metamorphism of Unit
III in particular and possibly after the metamorphism of the entire crystalline zone of the Greater
Himalaya.
3. Structural set-up
The foliation of the rocks of the study area persistently dips northwards. This suggests that the
structure of the crystalline zone is a homocline
(ﬁgure 2). Locally the dip of foliation varies from
NW to ENE, from 10◦ to 60◦ . The entire sequence
of rocks seems to show a monotonous structure
practically without any noticeable local change
in structure. However, structural complexities are
noticed in the vicinity of the Martoli Fault only,
e.g., random changes in dip and strike of the rocks,

Figure 2. Geological cross-section showing the structure of the rocks of the area.
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Figure 3. Stereo-plots showing the attitude of lineation in the samples as studied in the present work. In the stereo-plots,
P represents the pole of the mean MCT plane.
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Figure 3. (Continued.)

Reorientation of lineation in Central Crystalline Zone, Kumaon Greater Himalaya
local development of fault scarps, small scale (synthetic) faults, siliciﬁcation, crushing, etc. All these
features are noticed in the rocks of the crystalline
zone as well as those of the Tethys zone.
In general, the lower unit is dominated by
mylonites, the middle unit by gneissic rocks and the
upper unit by schistose rocks. As such, the rocks
of the lower unit are characterized by a tectonic
(mylonitic) foliation while those of the higher units
by lithological or metamorphic foliation.
4. Lineation pattern
Occurrence of lineation is a common feature of the
rocks of the CCZ. Lineation in the rocks of the
higher horizons (Units II and III) could be considered as structural lineations represented by preferred orientation of linear features formed from
the planar features during deformations (Twiss
and Moores 1992, p. 274). These lineations may
have formed prior to the MCT emplacement and
have been named here as L1 and mainly include
alignment of platy and ﬂaky minerals such as
hornblende, tourmaline, and micaceous minerals.
The lineations developed in the lower horizons
(Unit I), on the other hand, are represented by
stretched porphyroclasts, elongated trails of quartz
and quartzo-feldspathic minerals and stretched
mica aggregates, and as such could be considered
as stretching lineations formed at depth during
the strong ductile deformation associated with
the movement of the crystalline mass along the
MCT. That is why these lineations are conﬁned
to the vicinity of the MCT and have been named
here as L2 . The L2 lineations progressively become
stronger towards the trace of the MCT from both
the up-thrust (crystalline rocks) and sub-thrust
(sedimentary rocks) blocks. Further, in addition
to stretching lineations, Unit-I also shows some
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mineral lineations given by muscovite, biotite and
hornblende. These lineations, like stretching lineations, also show low scatter up to 27◦ and are
therefore included under L2 lineation. Since lineations shown by muscovite and biotite are also
present in the upper units of the crystalline zone
where they show high scatter (up to 70◦ and even
more), it is possible that L2 mineral lineations of
Unit-I represent the rotated counterparts of the
L1 lineations. This further strengthens the fact
that material lines have been reoriented due to
movements associated with the MCT.
Because of intense shear deformation associated with the MCT, stretching lineations are also
developed in the rocks situated at the top of the
sedimentary belt in the vicinity of the MCT. In
the sedimentary belt, the rock types in the vicinity
of the MCT mainly include quartzite, sericite
quartzite, and marble. All these rocks up to a
distance of 3–4 km from the trace of the MCT
prominently show stretching lineation shown by
the stretching of quartzo-feldspathic mineral aggregates and stretched trails of recrystallized quartz.
The lineations in the sedimentary rocks located
further south of this distance can be described as
structural lineation (see Twiss and Moores 1992,
p. 274).
Attitude of lineation has been systematically
measured in the crystalline rocks from the base to
the top of the crystalline zone, while in sub-thrust
block (sedimentary belt) up to about 5 km only
because beyond this distance the eﬀect of MCT in
reorienting the lineation pattern is not observed.
The amount and direction of plunge have been
noted and plotted on stereo net. From the plots, the
scatter of lineation orientation has been noted and
the mean plunge direction has thus been obtained
for each sample. The various stereo plots have been
shown in ﬁgure 3. The lineation developed in each
rock specimen has been found to show varying

Figure 4. Scatter-distance diagram showing the scatter of lineation orientation with respect to the distance from the MCT
(in both the crystalline zone as well as in the sedimentary belt).
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Table 1. Showing the direction and amount of plunge of lineation in the rocks of the area with respect to the
distance from the MCT.
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orientations in diﬀerent parts of the specimen thus
giving diﬀerent azimuthal values for the lineations
present in the specimen. The diﬀerence between
the smallest and the highest azimuthal values has
been noted for each specimen and this diﬀerence
has been considered in this paper to represent the
‘scatter’ of lineation for that specimen. In order to
understand the structural control of the lineation
pattern, if any, the amount of scatter has been plotted against the distance of the samples from the
trace of the MCT (scatter-distance plot) (ﬁgure 4).
In the area, the lineation in both the up-thrust
and sub-thrust blocks typically shows northward
plunge, varying from 15◦ to 50◦ . In the vicinity
of the MCT, however, the dominant lineation is
given by stretched porphyroclasts, elongated trails
of quartz, and quartzo-feldspathic minerals and
this lineation has been assigned here as stretching
lineation which is characteristic of Unit-I; it
shows plunge of 15◦ –40◦ in the northern direction
suggesting a dominant dip-slip component of
movement (see ﬁgure 3). The stretching lineation
progressively becomes stronger towards the trace of
the MCT. We, therefore, consider the stretching
lineation as characteristic of, and conﬁned to,
Unit I only. Within Unit-I, as mentioned above, the
lineation scatter varies from 10◦ to 27◦ . The lineation conﬁned to the rocks of the higher units,
on the other hand, has been assigned as mineral
lineation and this lineation shows wider scatter of
orientation than that of Unit-I (table 1).
5. Discussion
In the light of the above data and information, it
appears that there is some control in the orientation of lineation in the vicinity of the MCT. In the
higher horizons of the crystalline zone, the scatter of lineation orientation is high, up to 70◦ and
even more. Further southwards, i.e., towards the
trace of the MCT, the scatter gradually falls down
and shows a range of 27◦ to 10◦ in the vicinity of
the MCT. The minor variations observed within
the low-scatter zone in Domain-I could be linked
to some variations in lithology, and hence rheological properties, of the rock types. In the sub-thrust
block also, i.e., in the sedimentary belt, the scatter remains in the lower range, up to 27◦ up to a
distance of about 5 km from the trace of the MCT
and further southwards in the sedimentary belt, the
scatter gradually becomes higher. It is therefore
apparent that within a distance of about 18–13 km
in the crystalline rocks and 5 km in the sedimentary rocks – the scatter of lineation orientation is
much lower as compared to higher scatter outside
this zone in both the crystalline zone as well in
the sedimentary belt. We assign this low scatter
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of lineation orientation to the presence of the
MCT.
The MCT has been described as a ductile thrust
developed at deeper levels of the crust (see Le Fort
1975; Bouchez and Pêcher 1981; Bhattacharya
1987; Bhattacharya and Weber 2004). The MCT
had developed due to the India–Asia plate collision
that resulted in the concentration of very high
ductile shear strain at deeper levels. This triggered uplift/movement of a portion of the basement (crystalline) rocks along the MCT. Since the
MCT is a crustal scale shear zone, a wide zone of
rocks was aﬀected by ductile shear deformation. As
a result, a variety of thrust-related structural features were developed on both the up-thrust and
sub-thrust rocks adjoining the MCT. It is therefore
quite possible that the scatter of lineation was also
controlled by the MCT shearing. We thus assign
the entire tract with low scatter of lineation orientation to constitute a single domain, i.e., Domain-I
or the MCT zone, and the tract away from this one
as Domain-II.
It may be mentioned that in Domain-I, in addition to the stretching lineation (given by stretching
of quartzo-feldspathic mineral aggregates and
stretched trails of recrystallized quartz), occasionally the lineation is also shown by some other
minerals such as muscovite, biotite, and hornblende. The latter minerals, on the other hand,
show high scatter in Domain-II. It is therefore
possible that with progressive shearing further
southward, the mineral lineation of Domain II got
rotated towards the bulk shear in the vicinity of the
MCT. Mineral lineations (L2 ) of Domain-I can thus
be distinguished from those of Domain-II by their
near-parallelism to each other (i.e., with low scatter) and their association with mylonites (products
of shear zone), stretching lineation and a variety of
shear-related structures and microstructures such
as rotated porphyroclasts, S-C structures, shear
bands, etc. Mineral lineations (L1 ) of Domain-II,
by contrast, are characterized by their high scatter, association with schistose rocks (not products
of shear zone) and occur in rocks that are devoid
of shear-related structures and microstructures.
The present work is based on ﬁeld observations
only and not on model experimental deformation.
As such, the rotation of a line in response to
shear zone shortening can at best be expressed by
a conceptual model only, of which the Skjernaa
(1980) model seems to be quite appropriate. It
seems possible that during large scale shear movements along the MCT, as triggered by India–Asia
plate collision, the extension of XY plane along X
direction may have been associated with a sympathetic shortening along Y direction (assuming
a constant-volume deformation). With progressive
shear, therefore, the otherwise randomly oriented
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pre-shear lineations had developed a tendency to
reorient themselves in the direction of bulk shear
in order to keep them compatible, or in physical
equilibrium, with the prevailing stress ﬁeld. Likewise, with progressive shear the axes of several
early-developed folds formed at high angles with
the X direction may also have reoriented themselves towards the bulk shear. Unfortunately, the
eﬀect of local folding, that might have aﬀected lineation dispersion, is not observed in the area. The
reason is not clear; it may be due to some rheological constraints of the rocks or may also be due to
the fact that several points of the area are inaccessible because of very rugged and diﬃcult terrain.
However, in other sectors of the MCT the eﬀect of
local folding has been observed (Bhattacharya and
Siawal 1985; Bhattacharya 1987).
One more aspect needs consideration here. Considering the entire crystalline zone, the strike of
foliation shows a change from NW to ENE. It is
therefore possible that the direction of bulk shear
kept on changing slightly with the advancement of
the thrust mass. At this stage we link this perturbation to the undulations of the ground surface
over which the thrust mass had moved. Considering all aspects together, it can therefore be said
that in this part of the Himalaya the MCT played a
great role in the reorientation of the linear features
in its vicinity and the ground undulations during
thrust movement may have controlled the minor
variations in the direction of the bulk shear.
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