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In ductile shear zones, the strain shown by the rocks depends much on the composition and shape of the
mineral constituents. Under simple shear, quartz grains commonly reorient themselves in the direction of
tectonic transport or Cow. In ductile shear zones, quartz grains are elliptically stretched in the direction of
mylonitic foliation to accommodate the imposed ductile strain. Our observations on the rocks of a crustal
scale shear zone, the Main Central Thrust (MCT) of the Himalaya, however, reveal that at several places
of the shear zone the quartz grains are polygonal and show planar boundaries. The fabric of rocks at such
places is not compatible with that of the prevailing fabric of rocks, and can be described as strain insensitive
fabric. Following the Panozzo (J. Struct. Geol. 6:215–221, 1984) method, we have estimated strain
from quartz grains that show planar boundaries. Our results show that in the MCT zone, the areas of high
ductile strain, as existing near the trace of the MCT, the amount of strain shown by such grains of quartz
is low, while in areas of low strain, as existing in areas away from the MCT, the amount of strain is relatively
higher. As such, the method holds importance in those cases where grain shapes (i.e., planar boundaries)
put constraint on estimation of strain because the conventional methods of strain estimation require
elliptical shape of objects. This is possibly the Brst application of the Panozzo method on deformed rocks
from India.
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1. Introduction
It is a known fact that the nature of deformation of
a rock depends much on the nature of the original
constituents of the rock, especially the grains and
various mineral constituents. In crustal rocks,
quartz is one of the most common mineral constituents and it is also highly sensitive to deformation under most conditions. For this reason,
presence or absence of quartz is an important
factor of rock deformation.

Quartz commonly occurs as single grains or
as aggregate of grains. Under simple shear (Mukherjee
2012), quartz grains tend to realign themselves in the
direction of tectonic transport or Cow. Individual
quartz grains show a variety of shapes and sizes. In
quartz-rich rocks, the pattern of deformation, including the Bnite strain acquired, depends to a large extent
on the shapes and sizes of quartz. This is however not
so for dynamically recrystallized grains of quartz. A lot
of work has been done on the nature and behaviour of
quartz during deformation (e.g., Mukhopadhyay 1973;
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Figure 1. Geological sketch map of the Himalaya (Gansser 1964) showing the various lithotectonic units. A: Outer Himalaya,
B: Lesser Himalaya, C: Greater Himalaya, D: Tethys Himalaya. The study area has been indicated.

Panozzo 1984; Panozzo and Pauli 1993; Fliervoet and
White 1995; Stipp et al. 2002; Derez et al. 2015; Bose
et al. 2018).
In this paper, we have studied quartz fabrics in a
crustal scale ductile shear zone, the Main Central
Thrust (MCT), of the Himalaya. Although the
quartz grains commonly show elliptical shapes in
the MCT zone, we have observed the occurrence of
quartz grains with Cat boundaries at several horizons of this shear zone. The planar boundaries of
quartz grains unfortunately put constraint on
strain estimation by the conventional methods that
work with elliptical grains only. Panozzo (1984)
suggested a method for estimating strain for
grains/minerals that show planar boundaries, and
this method has been followed in this paper.
The area around Munsiari (80°070 –80°220 E;
30°00 –30°200 N) falling in Pithoragarh district of
eastern Kumaun Himalaya has been studied in
detail. A major transect of the area of about 25 km
trending approximately SW–NE/S10E–N10W. In
this sector, the Himalaya is represented by all the
four major geological subdivisions (Gansser 1964),
i.e., Outer, Lesser, Greater and Tethys Himalayas.
The study area exposes the Central Crystalline
Zone of the Greater Himalaya and a part of the
sedimentary belt of the Lesser Himalaya. These
two subdivisions are separated by the MCT along
which the crystalline rocks of the Higher Himalaya
have been thrust over the sedimentary belt of the

Lesser Himalaya (Heim and Gansser 1939; Gansser
1964). The MCT is therefore a zone of great
concentration of ductile shear strain (Bgure 1).

2. Geology
The study area (Bgure 2) exposes two litho-tectonic subdivisions of the Kumaun Himalaya: the
Central Crystalline Zone (CCZ) to the north and a
part of the inner sedimentary belt of the Lesser
Himalaya. The MCT deBnes the contact of the
CCZ with the sedimentary belt. The CCZ has been
subdivided (Verma and Bhattacharya 2015) into
three units based on lithological assemblage. Unit-I
constitutes the physical base of the crystalline
sequence and is mainly constituted of mylonitic
rocks. The overlying Unit-II mainly includes
gneissic rocks while Unit-III, the physical top of the
sequence, is mainly constituted of schistose rocks,
calc-silicates and quartzite together with younger
leuco-granites and aplites especially at the higher
horizons of the sequence.
The sedimentary belt of the study area exposes
two rock units: a lower calcareous unit conformably overlain by an arenaceous unit. The latter unit is impersistently developed along the
MCT. The rocks of the sedimentary belt show
prominent eAects of recrystallization and faint
development of foliation towards the MCT.
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Figure 2. Geological map of the Munsiari area. The traverses (T1 and T2) along which samples have been collected for the
present study are indicated (after Verma 2015).

The foliations of the rocks of the CCZ as well the
strata of the sedimentary belt persistently dip
(25°–50°) northwards and thus the rocks of the
area constitute a homocline (Bgure 3).

The rocks of the study area show a variety of
mesoscopic and microscopic structures such as
mylonitic foliation, S–C structures, grain-shape
foliation, micro-folds and rotation microstructures.
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Figure 3. Structure of rocks of the area. I, II, III are subdivisions of the Central Crystalline Zone as shown in Bgure 2. The rocks
south of the MCT belong to the sedimentary belt of the Lesser Himalaya. (A) structure along T1 (marked in Bgure 2) and
(B) Structure along T2 (marked in Bgure 2). For details see text.

These structures progressively become more common towards the trace of the MCT, thus suggesting
their formation as a result of progressive shear
deformation.

3. Why has the present method of strain
estimation been used?
The quartz-rich rocks of both the hanging wall
(crystalline zone) as well as footwall (sedimentary
belt) of the MCT zone have been systematically
studied in their thin sections. That quartz grains
are elliptically stretched in the direction of mylonitic foliation due to high ductile strains seems to
be a common phenomenon in the rocks of the shear
zone. However, we have observed that this is not
always so. At several places of the shear zone, the
quartz grains are polygonal and show planar
boundaries. As such the strain shown by such
grains is not compatible with the ambient strain
pattern. This can be described as strain insensitive
fabric that are sometimes locally developed in large
scale ductile shear zones. The objective of this
paper is therefore to estimate strain from quartz
grains that show planar boundaries. For such
quartz grains, the available methods of strain
estimation are not applicable. We have therefore

followed the method suggested by Panozzo (1984)
as described below.
The Panozzo method assumes that the grain
boundary surfaces have developed a preferred orientation of the surface elements as a result of homogeneous strain. This change of orientation of surface
is a function of strain and this constitutes the basis of
strain analysis of this method. The Fry’s method, on
the other hand, uses the change of relative position of
centre points as a measure of strain. Other methods
of strain analysis (e.g., Ramsay 1967; Shimamoto and
Ikeda 1976), also called shape methods, recognize
shapes of the mineral grains; these methods are
restricted to elliptical shapes only. The projection
method, on the other hand, is generally applicable to
all lines or outlines of shapes whether elliptical or not
and Bnite strains can be derived from all sets of
shapes or line systems (Panozzo 1984, p. 221). This
explains why other methods of strain estimation are
not applicable for the present study and therefore,
the Panozzo method has been used in this work.
4. Strain estimation
The Panozzo method pertains to two-dimensional
strain from grains whose surface elements appear
as preferred orientation of line segments. The
outlines of shapes are digitized by sets of small
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Figure 4. Projection of a straight line in different orientations
caused due to rotation. (A) Projection P(a) of a single straight
line. Angle of rotation a = 0°. (B) Projection at a = 40° (after
Panozzo 1984, Bgure 1).

straight lines that are projected on the x-axis
during rotation through an angle of 180°. The
projection function A(a) (= total length of projection vs. angle of rotation) is then used in deriving
the axes of the two-dimensional Bnite strain ellipse
and their orientation with reference to a reference
xy coordinate system.
The method assumes that on a plane of section,
the xy plane, the angle of orientation ai of a
straight line is given by the slope of the line with
respect to the x-axis (Bgure 4). From thin section
of the rock, the lines that represent the surface of a
grain are digitized as shown in Bgure 5 by running
‘Fabric 8 software’ (1990 version). The appearance
of grain boundaries is projected as deformed strain
ellipses. Initially, the grain boundaries from their
thin sections are drawn as close polygons. The
orientation of these polygons is rotated between 0°
and 180° and is then projected on a reference line.
Here A(a) is the total projection and B(a) is the
simple projection. The total projection A(a) corresponds to the projection function of a set of
straight line segments by which the shape is
approximated. B(a) is the difference between the
maximum and the minimum x-coordinate, i.e., xmax
and xmin, of the shape S. Here, B(a) is a function of
the rotation a,
B ðaÞ ¼ xmax ðaÞxmin ðaÞ:
In the Bgure, the number of strings is 1 and the
number of digitized coordinate points is 9, because
point 1 has to be digitized twice (Bgure 5).
It is relevant here to deBne the ‘undeformed
state’ because it constitutes a reference state for
deBning the Bnite strain. The undeformed state is
often equated to a state of randomness or isotropy,
to an absence of preferred orientation or even an
absence of fabric (Panozzo 1984, p. 219). Figure 6
gives the computer output showing the patterns
of undeformed and deformed fabrics. A set of

Figure 5. Projection of an ellipse that is represented by eight
straight-line segments. ai = 30°; a = 0°. Total projection = A(a) and simple projection = B(a). A and B are large
and small axes of the ellipse respectively. xmin and xmax are
minimum and maximum x-coordinates of the ellipse. See text
for details (after Panozzo 1984, Bgure 4).

randomly oriented lines form an isometric polygon
(Bgure 6B) that approaches the shape of a circle
(Bgure 6A) if the number of line segments is large.
The total projection of A(a) of the circle and of the
randomly oriented line is the same as shown in
Bgure 6(C). On being subjected to homogeneous
deformation, the resulting fabric is shown in
Bgure 6(D, E). Due to deformation, the individual
line segments are aAected according to their orientation ai irrespective of their position in the xy
plane. As a result, the projection function A(a) of
the deformed random line pattern and the
deformed circle are identical. The projection thus
resulted is shown in Bgure 6(F). The shape shown
in Bgure 6(F), by definition, represents the Bnite
strain ellipse. The ratio A(a)min/A(a)max gives the
axial ratio of the ellipse. The ellipse and the associated strain are obtained by plotting the data using
the above-mentioned software. Further details of the
method can be seen in Panozzo (1984).
5. Results
In all, 26 samples have been studied in their thin
sections of which 14 are from the crystalline zone
(marked ‘C’ in the photomicrograph) and 12 from
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Figure 6. Comparison between randomly positioned lines and closed lines. (A, B) Undeformed fabric. (C) Computer output.
(D, E) Deformed fabrics. (F) Computer output. Finite strain axes: a = 1.4, b = 0.7, angle h = 90°. See text for details
(after Panozzo 1984, Bgure 7).

the sedimentary belt (marked ‘S’ in the photomicrograph) (Bgure 7). The amount of strain for
each sample is given by the ellipticity of the ellipse
generated by the above method. In the crystalline
zone, the highest and lowest values of strain are
1.75 and 1.27, respectively. A look at the
microstructure of the rocks of the crystalline zone
vis-a-vis their strain values roughly indicates that
rocks showing higher values of strain show stronger
quartz grain-shape fabric and this fabric becomes
progressively weaker with decreasing values of
strain.
In the sedimentary belt, the highest and lowest
values of strain are 1.89 and 1.39, respectively.
Here again, rocks showing higher values of strain
show stronger quartz grain-shape fabric that is
weaker in rocks showing lower values of strain.
The data on the strain of the quartz grains,
expressed as ellipticity, have been plotted on the
geological cross-section of the crystalline zone
(Bgure 8) as well as that of the sedimentary belt
(Bgure 9). The geographic distribution of the strain
data in relation to the location of the MCT has also
been shown in Bgure 10, both for the sedimentary
belt (Bgure 10A) and for the crystalline zone
(Bgure 10B).
In the crystalline zone (Bgure 10B), the strain in
general shows lower values (1.27–1.37) in Unit-I

(mylonitic gneisses) and lower part of Unit-II
(gneisses) and relatively higher values (1.33–1.87)
in the upper horizons. In the sedimentary belt
(Bgure 10A), all measurements are conBned to the
quartzite unit only and the strain values range
from 1.39 to 1.89. In the crystalline zone, the strain
values thus tend to show some relationship with
respect to the location of the trace of the MCT, i.e.,
lower values towards the MCT and higher values
away from it. In the sedimentary belt, however no
such relationship is shown by the strain values.

6. Discussion
1. The study area exposes rocks of the Central
Crystalline Zone of the Greater Himalaya and a
part of the sedimentary belt of the Lesser
Himalaya. The rocks in the vicinity of the MCT
are mylonitized to varying degrees and have
undergone syntectonic recrystallization resulting in a general reduction of grain size of quartz
and K-feldspars. The latter have mostly been
retrograded to muscovite and/or sericite. Rocks
in vicinity of the trace of the MCT show strong
eAects of shearing and syntectonic recrystallization. Quartz, especially, has undergone a
progressive microstructural evolution in
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Figure 7. Photomicrographs of the rocks selected for quantitative strain analysis of quartz grains for the present study. The
MCT has been shown. Samples shown below (northwards of) the MCT belong to the Central Crystalline Zone (marked C), while
those above (southwards of) the MCT belong to the sedimentary belt (quartzite unit only) (marked S) of the Lesser Himalaya.
The projections of the Cat surfaces of grains are in the form of cluster of lines (pink colour) from which the ellipse (pink colour)
has been generated by the software. The value of ellipticity of each ellipse is shown in the respective photomicrograph.

response to higher ductile strain and higher
degree of dynamic recrystallization. The gneissic as well as the quartzitic rocks show elliptically deformed quartz (and quartzo-feldspathic)
grains with their long axes oriented parallel to
the surrounding foliation. High ductile Cow is
also indicated by the rotational behaviour of the

stretching lineations of the mylonites of the
MCT zone in which the stretching lineations
tend to become sub-parallel to each other in the
vicinity of the main thrust (Verma and Bhattacharya 2015). Earlier, Bhattacharya and
Weber (2004) have also indicated localization of
very high ductile shear strains close to the MCT
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Figure 8. Strain data superimposed on the geological section of the Central Crystalline Zone. Colour schemes for the rock units
are same as in Bgure 3.

Figure 9. Strain data superimposed on the geological section of the sedimentary belt. Colour schemes for the rock units are same
as in Bgure 3.

as shown by quartz c- and hai axis fabrics that
become progressively stronger towards the trace
of the MCT.
2. Occurrence of the high-strain zones is a common
feature near the thrust. Here evidences of

dynamic recrystallization are pronounced resulting in the destruction of elliptical nature of
quartz grains. However, this is not the rule even
in the vicinity of the thrust. EAects of dynamic
recrstallization and consequent destruction of
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Figure 10. Geographic distribution of strain data. (A) Sedimentary belt of the Lesser Himalaya south of the MCT. (B) Central
Crystalline Zone north of the MCT.

elliptical nature of quartz grains gradually fade
away in areas located away from the trace of the
thrust, as further described below.
3. Detailed microscopic study of rocks located near
the thrust as well as away from the thrust both to
the north (crystalline zone) and south (sedimentary belt), reveals that the quartz grains at several
horizons show polygonal shapes with their Cat
boundaries (= strain insensitive fabric) that are
prominently visible under the microscope. Development of such fabric reCects a passive attitude of
quartz grains in ductile Cow regime. Estimation of
strain for grains with Cat boundaries is not
possible by the conventional methods (as mentioned above). In the present work, we have
therefore followed the method suggested by
Panozzo (1984) for estimation of two-dimensional
strain for quartz grains showing polygonal shapes.
4. In the crystalline zone, the geographic distribution
of the strain data in relation to the location of the
MCT indicates the occurrence of relatively lower
values towards the MCT and higher values away
from it. This suggests that the quartz grains with
polygonal shapes remained rather insensitive to
ductile strain. Away from the MCT zone, the rocks
are schistose and the eAect of ductile deformation is
much lower than what is near the thrust.
5. In the sedimentary belt, however, no definite
relationship of strain values with distance from
the MCT could be established. The reason is that
only a small part of the quartztitic unit of the
sedimentary belt is exposed in the present study.

7. Conclusions
In the study area, the MCT zone is characterized
by rocks aAected by high ductile shear deformation. As such, the fabric is dominated by the
presence of elliptically deformed quartz grains.

However, our study reveals that at several places,
the quartz grains show departure from the usual
elliptical shapes by showing polygonal shapes with
planar boundaries in a ductile Cow regime. Following the Panozzo method of strain estimation, it
has been possible to estimate strain from quartz
grains showing planar boundaries. In the MCT
zone, it has been found that the amount of strain
obtained by this method is low in areas of high
ductile deformation and syntectonic recrystallization as existing along the MCT, while the strain
shows high values in areas away from the MCT.
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