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a b s t r a c t

We present microstructural analyses demonstrating how the geometrical distribution and inter-
connectivity of mica influences quartz crystallographic preferred orientation (CPO) development in
naturally deformed rocks. We use a polymineralic (Qtz þ Pl þ Kfs þ Bt þ Ms ± Grt ± Tur) mylonite from
the Zanskar Shear Zone, a section of the South Tibetan Detachment (NW Himalaya), to demonstrate how
quartz CPO intensity decreases from quartz-dominated domains to micaceous domains, independently of
whether or not quartz grains are pinned by mica grains. We then use a bimineralic (Qtz þ Ms) mylonite
from the Main Central Thrust (NW Himalaya) to show how increasing mica grain connectivity is
concomitant with a systematic weakening of quartz CPO. Our results draw distinctions between CPO
weakening due to: (i) second phase drag, leading to ineffective recovery in quartz; and (ii) increased
transmission and localisation of strain between interconnected mica grains. In the latter case, well-
connected micaceous layers take up most of the strain, weakening the rock and preventing straining
of the stronger quartz matrix. Our findings suggest that rock weakening in quartz-rich crustal rocks is
influenced not only by the presence of mica-rich layers but also the degree of mica grain connectivity,
which allows for more effective strain localization through the entire rock mass.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Identifying strain distribution in lithospheric shear zones de-
pends on our ability to quantify microstructural modifications such
as dynamic recrystallization, foliation development, mineral re-
actions and the formation of crystallographic preferred orientations
(CPO; White, 1976; Lister, 1977; Poirier, 1980; Schmid and Casey,
1986; Wenk and Christie, 1991; Hirth and Tullis, 1992; Hippertt
and Hongn, 1998; Stipp et al., 2002; Halfpenny et al., 2006;
Menegon et al., 2008; Oliot et al., 2010). Microstructures in
deformed rocks hold information that can be related to critical
physical parameters such as stress, strain rate and temperature, and
can be used to derive meaningful kinematic strain paths (Twiss,
1977; Etheridge and Wilkie, 1979; Lister and Hobbs, 1980; Kruhl,
1996; Stipp and Tullis, 2003). However, as continental lithosphere
mainly comprises polymineralic rocks with minerals of differing
.R. Hunter).
material strengths, the nature of strain distribution, and the rheo-
logical behaviour of the lithosphere during deformation, remains
poorly understood (Handy,1990; Ji and Zhao,1993; Kanagawa et al.,
2008; Kilian et al., 2011; Oliot et al., 2014).

It is generally accepted that the bulk rheology of a deforming
polymineralic rock is controlled by the weakest phase (Handy,
1990; Schmid and Handy, 1991). In quartzo-feldspathic rocks,
abundant and interconnected quartz typically comprises the weak
phase and the bulk strength of such rocks is therefore determined
by analysing quartz microstructures (Lister and Williams, 1979;
Lister and Hobbs, 1980; Fliervoet et al., 1997; Hippertt and Hongn,
1998; Menegon et al., 2008; Mamtani, 2010; Okudaira and
Shigematsu, 2012). The assumption that quartz acts as the weak-
est phase also extends to geodynamic modeling, where crustal
strength is typically predicted using quartz dislocation creep laws
(Gueydan et al., 2004; Regenauer-Lieb et al., 2006; Regenauer-Lieb
and Yuen, 2006; Platt and Behr, 2011). However, changes in rock
strength during shear zone evolution cannot be fully understood
without an appreciation of the rheological variation arising from
strain partitioning into well-developed layers that may contain
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phases weaker than quartz (Handy, 1990; Holyoke and Tullis, 2006;
Gonçalves et al., 2015). Phyllosilicate phases are generally consid-
ered to be weaker than quartz and biotite is generally observed to
deform more easily than muscovite (Bell and Wilson, 1981). Such
phases typically have highly non-linear flow rheologies, low fric-
tional coefficients, and require only minor increases in differential
stress, temperature and strain rate in order for crystal plastic
deformation to initiate (Etheridge et al., 1973; Shea and
Kronenberg, 1993; Mariani et al., 2006).

Most microstructural studies to date have focused on under-
standing how the volume and dispersion of phyllosilicate phases
affect the deformation of a quartz matrix in experimentally sheared
aggregates (Wilson, 1979; Olgaard and Evans, 1988; Olgaard, 1990;
Tullis and Wenk, 1994; Joy and Saha, 1998) and naturally deformed
rocks (Ebert et al., 2007; Song and Ree, 2007; Brodhag et al., 2011).
In these studies, the quartz matrix is typically referred to as the
‘primary phase’ and phyllosilicate phases as the ‘second phase’.
Conversely, little is known about how the connectivity of these
second phases affects quartz deformation (Holyoke and Tullis,
2006; Menegon et al., 2008). Previous studies suggest that, where
second phases are highly connected, the stronger quartzo-
feldspathic matrix will undergo semi-brittle flow and micro-
cracking (Shea and Kronenberg, 1993; Holyoke and Tullis, 2006).
A further understanding of how strain is partitioned between
micaceous layers and a quartz-dominant matrix may be the basis
for understanding rheological changes in naturally deformed pol-
ymineralic rocks. Moreover, such investigations are integral in
explaining how well-layered polymineralic lithologies, such as
schists, accommodate strain during regional shearing; and under-
standing the role of layering in lithospheric-scale deformation
(Mont�esi, 2013).

A principal objective of the current study is to assess the degree
to which strain is partitioned between a quartz matrix and variably
interconnected micaceous layers. To do this, we have analysed the
CPO of the surrounding quartz matrix, in order to understand its
response to various degrees of mica fabric development. Under
plastic deformation conditions, quartz typically develops a CPO
texture, formed due to crystallographic slip along planes at
favourable orientations to the critically resolved shear stress
(Schmid and Casey, 1986; Heilbronner and Tullis, 2006;
Pennacchioni et al., 2010; Muto et al., 2011). The specific slip
planes and directions, or ‘slip systems’, are activated as a function of
strain geometry (Schmid and Casey, 1986), temperature (Kruhl,
1996), strain intensity (Lister and Hobbs, 1980), and the presence
of fluids (Blacic, 1975). In particular, it is generally agreed that the
elevation of shear strains results in stronger CPO maxima (Lister
and Hobbs, 1980; Barnhoorn et al., 2004; Heilbronner and Tullis,
2006; Muto et al., 2011). Thus, provided that the quartz is under-
going crystal plastic deformation, the ‘strength’ of CPO textures
provides a valuable means to measure variations in strain accom-
modation across a sample.

Previous workers have shown that with increasing volume
fractions of mica, the CPO of the surrounding quartz matrix be-
comes increasingly weaker (Olgaard and Evans, 1988; Song and
Ree, 2007). It is generally accepted that this is related to the drag
forces exerted by mica grains, which inhibit grain growth and dy-
namic recovery processes in quartz, and subsequently reduce the
efficiency of dislocation creep and CPO development (Olgaard,
1990; Herwegh and Berger, 2004; Song and Ree, 2007). Therefore,
to fulfil the objectives of our study, a distinction must be drawn
between weak CPO development due to: (i) drag forces; and (ii)
strain being more effectively accommodated in well-developed,
interconnected micaceous layers. Modern facilities, such as the
G50 Fabric Analyser, are able to measure and catalogue individual
grain orientations, and provide a valuable opportunity to analyze
such complexities at the grain scale (Wilson et al., 2007; Peternell
et al., 2010). Thus, a methodology that assists in differentiating
between these phenomena can be easily developed. A quantitative
grain-scale analysis of this type will complement recent observa-
tions from deformation experiments (Holyoke and Tullis, 2006),
and further strengthen arguments regarding the influence of
interconnected micaceous layers on the bulk rheology (Shea and
Kronenberg, 1993; Tullis and Wenk, 1994).

In this study, we have investigated deformation fabrics in two
samples containing variably connected micaceous layers: (i) a
polymineralic orthogneiss mylonite; and (ii) a bimineralic quartz-
mica mylonite. We begin by analysing differences at the fabric
scale in our orthogneiss mylonite, by comparing quartz CPOs in
quartz-rich and mica-rich domains. We then show complexities at
the grain scale in our bimineralic mylonite by relating the con-
nectivity of individual mica grains to the CPO of the surrounding
quartz matrix, with particular emphasis on the relationship be-
tween quartzequartz, quartz-mica, andmicaemica boundaries.We
finish by discussing the implications for interconnected weak
layers at the microscopic and regional scale.

2. Sample description

Our polymineralic rock specimen is a highly deformed orthog-
neiss of the High Himalayan Crystalline sequence exposed at the
Zanskar Shear Zone (ZSZ) in the NW Indian Himalaya (Fig. 1; red
line). The ZSZ represents the higher end of the South Tibetan
Detachment Zone, one of several orogen-parallel ductile shear
zones associated with the Himalayan Orogeny (Herren, 1987). Here,
top-to-the-SW thrusting is overprinted by an intense top-to-the-NE
normal shearing event; the high temperature deformation associ-
atedwith these events is variably recorded inmicrostructures of the
Higher Himalayan Crystalline rocks (Finch et al., 2014). At the ZSZ
boundaries, rocks exhibit clear overprinting relationships between
earlier thrust structures and normal shear structures (Finch et al.,
2014). Our sample is taken from the shear zone core, where only
normal shearing is recorded (Fig. 1; Domain 2a in Finch et al., 2014).

Our bimineralic rock specimen is a quartz-mica mylonite (Qtz e
~85%; Ms e ~15%) collected from the Main Central Thrust (MCT),
exposed at the margin of the Kulu-Rampur window in Himachal
Pradesh (NW India; Fig. 1; blue line). Here, there is a contact be-
tween a 1 km thick Ms-quartz mylonite layer and a Chl-schist layer
(32.0106 N 77.24581E; for detailed information on the structure
and geology of the Himachal Himalaya, see Bhargava and Bassi,
1994). The thrust at the sample locality strikes 056/27 NW with a
strong lineation plunging gently towards the north-east (032e038/
16-21). Previous microstructural studies suggest these lithologies
were subjected to lower greenschist facies metamorphism (Pandey
et al., 2004). Quartzite in this area contains variably stretched and
connected muscovite layers, providing a valuable opportunity for
understanding the effects of micaceous layers on quartz deforma-
tion. Moreover, the simple composition of this rock (one primary
matrix phase and one second phase) minimizes the complexity
associated with polymineralic rocks.

3. Methods

3.1. Polymineralic mylonite (ZSZ)

In order to measure variations in quartz CPO, we selected three
compositional domains within a single thin section sample: (i) a
quartz-rich domain (Qtz e 98%; Bt e 2%); (ii) a muscovite-rich
domain (Qtz e 77%; Ms e 14%; Bt e 9%); and (iii) a biotite-rich
domain (Qtz e 74%; Ms e 2%; Bt e 23%). The use of a single sam-
ple ensured that variations in extrinsic factors such as stress, strain



Fig. 1. Simplified map of the Himalaya. Our polymineralic sample is taken from the Zanskar Shear Zone (ZSZ), the upper section of the South Tibetan Detachment Zone (STDZ; red
line); our bimineralic sample is taken from the Main Central Thrust (blue line). Squares indicate the location of samples. Inset shows position of sample sites with respect to India.
Map adapted from Finch et al. (2014). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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rate and temperature were minimized. CPO data from each domain
were collected using a G50 Fabric Analyser at Monash University,
and projected onto equal area lower hemisphere pole figures. In
addition to collecting bulk CPO datasets from each domain, quartz
grains were further divided into subsets based on the number of
contacts between quartz and mica grains. Quartz grains not in
contact with mica grains are categorized as ‘zero order’ grains;
those in contact with one mica grain are referred to as ‘first order’
grains; and those in contact with two or more mica grains are
referred to as ‘second order’ grains. The quality of CPO data acquired
from the Fabric Analyser is expressed as (i) the geometric quality,
which describes the tightness of the intersecting light planes; and
(ii) the retardation quality, which describes how well the phase
colours of the vertical monochromatic lights match the theoretical
interference curves of the Newton colour spectrum (for a detailed
description of Fabric Analyser functionality see Peternell et al.,
2010). Any data points with geometric and retardation qualities
<75 were removed from our data sets, following Peternell et al.
(2010). Contouring was calculated using a modified Kamb method
(see Vollmer, 1995), with a grid resolution of 30. CPO strength was
measured using the eigenvalues of the orientation tensor in each
domain, where l1 defines the mean eigenvector of the distribution;
l3 defines the mean eigenvector about the lowest distribution; and
l2 is the eigenvector perpendicular to l1 and l3 (Scheidegger, 1965;
Woodcock,1977). The eigenvalues (t) define the relativemagnitude
of these eigenvectors, and are normalized (S) so that S1þ S2þ S3¼1.
Based on this method, CPO strength has been presented in two
ways: (i) ternary diagrams, where the three endmembers represent
point cluster (P), planar girdle (G) or random (R) distributions
(Vollmer, 1990); (ii) 1 e R values, a measure of non-random c-axis
distribution, where 0 represents the complete absence of a CPO.
Fig. 2. (A) Schematic representation of the Zener parameter (Z) and dispersion factor
(K), defined in Herwegh et al. (2011) and Brodhag et al. (2011). Z is defined as the ratio
between the grain size and volume fraction of the second phase. K is defined as the
ratio between the mean interparticle distances of matrix grains (blue arrows) and the
second phases (red arrows). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
3.2. Bimineralic rock

We chose several fabric domains based on varying mica con-
tents, and classified these using a number of quantitative measures.
Fabric domains were manually digitized using ArcGIS v10.0. To
ensure a sound statistical representation, a minimum of 300 grains
were digitized in each domain. Five fabric domains were analysed
using the MTEX (https://mtex-toolbox.github.io/) and PolyLX
(http://petrol.natur.cuni.cz/~ondro/polylx:home) toolboxes in
MATLAB to quantify the following statistical parameters: (i) volume
fraction; (ii) grain size; (iii) aspect ratio; (iv) roundness; (v)
lobateness (PARIS factor; Heilbronner and Tullis, 2002); (vi) long
axis orientation; and (vii) interparticle distances. CPO data was
collected from each fabric domain following the specifications
detailed in the previous sub-section.

In order to describe simple relationships between the primary
(quartz) and second (muscovite) phases, we applied several addi-
tional fabric parameters to our microstructural data (Fig. 2). The
ratio between the grain size and volume fraction of the second
phase, referred to as the Zener parameter (Z), describes the nature
of second phases within a polymineralic medium, where low Z
values describe rocks with a large volume fraction of second phase
grains and decreased mean interparticle distances between them,
and high Z values describe rocks where second phase grains are
fewer and more scattered (Herwegh and Berger, 2004). We also use
the dispersion factor K to describe the dispersion of the second
phase, based on the ratio of the mean interparticle distance be-
tween second phase grains and the nearest grain defining the
matrix (i.e. quartz), where K < 1 describes a matrix with higher
second phase interparticle spacing and K > 1 describes a matrix
with lower second phase interparticle spacing where ‘pinning’ is
more likely (Fig. 2; Brodhag and Herwegh, 2010; Brodhag et al.,
2011; Herwegh et al., 2011). Finally, the contact frequencies

https://mtex-toolbox.github.io/
http://petrol.natur.cuni.cz/%7Eondro/polylx:home


N.J.R. Hunter et al. / Journal of Structural Geology 83 (2016) 180e193 183
between same phases are expressed in the form of connectivity (C).
The bulk connectivity of a given phase is defined as the sum of k-
order connectivity ratios (Eq. (1)):

Ck ¼
X bk

b0 þ bcð Þ (1)

where bk is the number of connected grains with degree k, bc is the
number of adjacent grains, and b0 is the number of isolated grains
(see Zhanga et al., 1992). Thus, a matrix with no connected grains
(bk ¼ 0) will result in a bulk connectivity of zero.

4. Polymineralic mylonite, Zanskar shear zone

4.1. Microstructures

In thin sections cut parallel to the stretching lineation (XZ
plane), our polymineralic sample comprises
Qtz þ Pl þ Kfs þ Bt þ Ms ± Grt ± Tur with alternating mica-rich,
quartz-rich and feldspar-rich layer-parallel domains (Fig. 3). The
primary foliation is well defined across the sample by micaceous
layers, which have been sheared to form strong SeC and C' fabrics.
There is no evidence of folding or boudinage across the domains,
which suggest an equiviscous flow in the specimen (Herwegh and
Berger, 2004).

Quartz in the matrix has been dynamically recrystallised and
appears as either coarser grains with sutured grain boundaries or as
smaller equant grains, which suggests that quartz recrystallization
involved both grain boundary migration and sub grain rotation,
respectively (Fig. 3B; Hirth and Tullis, 1992). Finch et al. (2014)
suggested that the combined activity of these recrystallization
Fig. 3. Characteristic microstructures in the orthogneiss mylonite from the Zanskar She
plane). The sample exhibits distinct compositional domains, and shearing is indicated by
quartz rich domain, showing dynamically recrystallised quartz grains with shearing indi
Quartz grains are present as larger grains with sutured boundaries (white arrows) or a
preferred orientations and mica (Bt þ Ms) layers. (C) Microstructures inside a typical mica
(white arrows). (D) Quartz grains inside a mica-rich domain, showing evidence of pinning
muscovite - dark grey).
mechanisms indicates a deformation temperature range between
490 and 530 �C. The median grain size (Feret diameter) in quartz-
rich domains is 93.1 ± 2.5 mm, however coarse grains up to
350 mm are also common (Fig. 4). In mica-rich domains, quartz
grain size is less variable, with a median diameter of 60.0 ± 0.9 mm
in muscovite-rich domains, and 69.8 ± 1.6 mm in biotite-rich do-
mains (Fig. 4). In these domains, pinning and dragging micro-
structures are commonwhere quartz is in contact with mica grains
(Fig. 3D). K-feldspar and plagioclase porphyroclasts have been
deformed in brittle and ductile conditions during the same defor-
mation, as indicated by fracturing in combination with ductile
features. Fractures are filled with small recrystallized grains of K-
feldspar, plagioclase and quartz. Feldspars are locally flattened,
show undulatory extinction and kink bands are common in
plagioclase, all suggesting ductile deformation (Yund and Tullis,
1984; Tullis and Yund, 1985, 1987; Finch et al., 2014).

4.2. Crystallographic preferred orientation

Bulk quartz CPO pole figures in Domain 1 (Qtz-rich; Fig. 5)
suggest dominant slip along the rhomb-<a> and prism-<a> glide
planes, forming ‘single girdle’maxima (Schmid and Casey, 1986). In
Domain 2 (muscovite-rich) and Domain 3 (biotite-rich) this max-
ima is substantially weaker, and there are no discernible differences
between zero, first and second order quartz grain subsets. Our PGR
ternary diagram reveals clear distinctions in the CPO strengths of
each domain: Domain 1 exhibits a G-dominant distribution,
whereas Domains 2 and 3 exhibit R-dominant distributions of
similar value (Fig. 5C). There are only minor variations in CPO
strength amongst the grain subsets; zero order quartz grains (i.e.
not in immediate contact withmica grains) show equally weak CPO
ar Zone, NW Indian Himalaya. (A) Hand specimen cut parallel to the lineation (XZ
the orientation of S and C planes (white arrows). (B) Microstructures inside a typical
cated by surrounding mica fabrics and shape preferred orientation of quartz grains.
s smaller elliptical grains (grey arrows). An SeC fabric is defined by quartz shape
rich domain, showing detail of SeC fabrics and quartz rich zones between the layers
and dragging by muscovite grains. Inset shows detail of pinning (quartz - light grey;



Fig. 4. Grain size distribution histograms for representative quartz-rich, muscovite-
rich and biotite-rich domains of the ZSZ mylonite. The number of grains sampled is
denoted by n.

N.J.R. Hunter et al. / Journal of Structural Geology 83 (2016) 180e193184
pole figures as first and second order quartz grains (Fig. 5C).
Overall, there are clear differences in quartz CPO between fabric

domains bearing abundant and interconnected quartz, and do-
mains bearing highly connected mica. CPO strength is substantially
weakened in the presence of interconnected mica, even in quartz
grains not pinned by surrounding mica grains. There appears to be
no discernible differences in CPO strength between muscovite-rich
and biotite-rich domains.

5. Bimineralic mylonite, Main Central Thrust, Himachal
Pradesh

5.1. Microstructures

In thin section, foliations are defined primarily by the orienta-
tion of muscovite, which ranges from isolated fine-grained flakes
with no significant evidence for shearing (Fig. 6B) to well-
developed interconnected bands with SeC fabrics (Fig. 6C). All
domains are layer-parallel, and there is no evidence for folding or
boudinage microstructures across the sample, suggesting that the
sample deformed under equiviscous conditions (Herwegh and
Berger, 2004; Herwegh et al., 2011).

Quartz grains are generally equigranular and exhibit straight
extinction, suggesting they are strain free, recrystallised grains
formed during dynamic recovery (Fig. 6BeC). Where micaceous
layers are present, quartz grains are finer and show evidence of
pinning and dragging due to adjacent second phases (Fig. 6C). The
polygonal nature of quartzequartz boundaries suggests that a
period of annealing took place, possibly related to a period of static
recrystallization.

5.2. Quantitative fabric analysis

A quantitative summary of the microstructural characteristics of
the quartzmatrix and second phases in each domain is presented in
Table 1. We have ordered fabric domains from 1 to 5 based on the
increased connectivity of muscovite (CMs; 0.053 / 0.442 towards
Domain 5). In addition, there is a gradual 10% increase in the vol-
ume fraction of the second phase towards Domain 5, and the
interparticle distance between second phase grains also decreases
continuously towards Domain 5 (Fig. 7; Table 1). The changes in
proportion and geometry of second phase grains are concurrent
with a systematic grain size reduction (Feret diameter) in the
quartz matrix (86.4 ± 2.5 mm / 61.2 ± 1.8 mm; Fig. 7). Grain size
generally remains between 80 and 90 mm in zero order grains,
whereas grain sizes decrease systematically towards Domain 5 in
first and second order grains (Table 1). Grain shape variation is
minor across the domains, however there are systematic increases
in lobateness and aspect ratio between zero, first and second order
grains (Table 1).

A number of quantitative measures also describe the relation-
ship between muscovite and the quartz matrix. The dispersion
factor (K) remains consistently less than 1, which suggests that the
maximum grain size of the primary phases is not necessarily
controlled by second phases (Brodhag and Herwegh, 2010; Brodhag
et al., 2011). However, a distinct shift in Zener parameters is
observed between Domains 1e2 (Z ¼ 1000e1100) and Domains
3e5 (Z ¼ ~300). Following the conditions set out by Herwegh and
Berger (2004), Domains 1e2 can be categorized as ‘dynamic
recrystallization controlled’ microfabrics, where the steady state
quartz grain size is controlled by stress, strain rate and tempera-
ture; whereas in Domains 3e5 the matrix grain size lies at the
boundary between ‘dynamic recrystallization controlled’ and ‘sec-
ond phase controlled’, which suggests the quartz grain size is
controlled by both extrinsic factors and second phases (Fig. 8).

Overall, the five fabric domains demonstrate systematic de-
creases in quartz grain size and a general decrease in Z (Table 1 and
Fig. 7). Conversely, we have found systematic increases in the
interparticle distances, connectivity, and volume fraction of second
phases from Domains 1 to 5. No appreciable variation was found in
the shape (aspect ratio, roundness, lobateness) of grains from Do-
mains 1 to 5, however systematic increases occur between zero,



Fig. 5. (A) Digitized grain map for our orthogneiss (polymineralic) mylonite sample, indicating the location of quartz-rich (1), muscovite-rich (2) and biotite-rich (3) compositional
domains. (B) c-axis [0001] orientation data for quartz with each compositional domain. Data is projected on equal-area lower hemisphere pole figures, contoured at an interval of 2
times the uniform distribution. Pole figures have been rotated so that the foliation is horizontal (black line). n ¼ the number of analysed grains for each projection. MD ¼ maximum
density of the orientation data. CPO data has been presented for both the bulk rock (left) and for ‘zero order’, ‘first order’ and ‘second order’ grains (refer to text) in each domain. A
supplementary pole figure for Domain 1 with a sample size normalised to other grain subsets (n ¼ ~170) is also shown for comparison. (C) PGR ternary diagram, indicating the
degree to which samples define point (P), girdle (G), and random (R) distributions (Vollmer, 1990).
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first and second order grains.

5.3. Crystallographic preferred orientation

In Domains 1 and 2, where muscovite grain connectivity is low
(CMs ¼ 0.053 and 0.070, respectively; Table 1), bulk quartz CPO pole
figures suggest well-defined slip along the rhomb-<a> glide planes
(Fig. 9A; Schmid and Casey, 1986; Heilbronner and Tullis, 2006).
The inclination of these maxima is at a low angle to Z, suggesting a
simple shearing component (Fig. 9A). Zero, first and second order
quartz grains exhibit a similar single girdle structure, however the
distributions become more diffuse at second order (note, however,
that second order grains are rarer in Domains 1e2; Table 1). In
Domains 3, 4 and 5, where muscovite connectivity is high
(CMs ¼ 0.179e 0.442; Table 1), bulk quartz CPO textures also suggest
slip along rhomb-<a>, with possible minor slip along basal-<a>,
but the c-axis poles are considerably more scattered (Fig. 9A).

The strength of the bulk quartz CPO becomes weaker from
Domain 1 (1 e R ¼ 0.8024) to Domain 5 (1 e R ¼ 0.5824),
demonstrating a systematic shift from a G-dominant to R-dominant



Fig. 6. Field characteristics and microstructures in the quartz-mica (bimineralic) mylonite from the Main Central Thrust (NW Himalaya). (A) Field photo of the sample taken
perpendicular to the shear plane. Simple shearing is suggested by strong SeC fabrics (white arrows). (B) Close-up of a fabric domain where muscovite is fine-grained and poorly
connected. Quartz grains are equigranular and show no evidence of pinning or dragging; (C) Close-up of a fabric domain with higher muscovite connectivity. Here, quartz is variably
pinned by muscovite (inset, black arrows).
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distribution (Fig. 9B). A similar weakening of CPO strength occurs in
zero order quartz grains fromDomain 1 (1e R¼ 0.8942) to Domain
4 (1 e R ¼ 0.6478), with a similar shift towards an R-dominant
distribution. While there is a general increase in R-dominant dis-
tributions in first and second order quartz grains, the variation from
Domain 1 to Domain 5 is less systematic. Fig. 10 brings together
muscovite connectivity (CMs) and the bulk CPO strength (1 e R) of
the quartz matrix in each fabric domain, demonstrating a clear
negative correlation between these parameters.
6. Discussion

6.1. Correlations between CPO strength and mica connectivity

The relationship between decreased quartz CPO strength and
increased mica connectivity is clear at both the domain scale in our
polymineralic sample (Fig. 5), and at the grain scale in our bimi-
neralic sample (Fig. 9). However, the cause of variable CPO strength
in quartz still remains unclear, as it could be attributed to four
possible processes: (i) drag forces in the second phase (Song and
Ree, 2007); (ii) changes in deformation mechanism (Olgaard,
1990); (iii) static annealing (Heilbronner and Tullis, 2002); and
(iv) variations in strain accommodation (Lister and Hobbs, 1980).
We now discuss these processes separately.
6.1.1. Second phase drag
Increased second phase content typically affects the matrix CPO

across a range of rock types (Olgaard and Evans,1988; Herwegh and
Kunze, 2002; Krabbendam et al., 2003; Ebert et al., 2007; Song and
Ree, 2007; Linckens et al., 2011; Mamtani and Vishnu, 2012). In
many of these studies, samples are shown to have very low Z values,
indicating that the matrix grain size was controlled by second
phases (Herwegh and Berger, 2004; Ebert et al., 2007; Linckens
et al., 2011). In the case of quartz-mica fabrics, the volume frac-
tion of second phases only needs an increase of >3% for the quartz
CPO to be affected (Song and Ree, 2007). The reasoning behind this
inferred relationship between mica content and CPO strength is
likely to be that the matrix has a greater exposure to the Zener drag
forces associated with mica, leading to a much weaker CPO in the
matrix (Ebert et al., 2007; Song and Ree, 2007).

During deformation, anisotropies between neighboring grains
can inhibit the effective recovery of grains and result in
interparticle strain incompatibility (Means and Jessell, 1986). Ebert
et al. (2007) have shown that dislocation densities are higher in
calcite grains pinned by second phases than grains that are
unpinned. Ebert et al. infer that grain boundary migration, and
therefore dislocation movement, was less efficient in the pinned
grains. In other words, the rate of dynamic recovery of quartz in
areas containing abundant second phases becomes significantly
decreased, which is likely to lead to weaker CPOs. There are several
lines of evidence in the current study thatmay suggest the effects of
second phase drag in the quartz matrix: (i) pinning and dragging
microstructures in each sample (Fig. 3D and Fig. 6C); (ii) weakening
of quartz CPO in grains with at least one adjacent mica grain (first
and second order grains; Figs. 5 and 9); (iii) decreased grain size in
first and second order quartz grains, relative to zero order grains
(Table 1); and (iv) where the interparticle distance between second
phase grains decreases from Domain 1 to 5 in our bimineralic
mylonite (127.9 mm / 73.3 mm; Table 1), there is a corresponding
grain size reduction in quartz (86.2 ± 2.5 mm / 61.1 ± 1.8 mm;
Table 1).

This provides a partial explanation for weaker CPOs in highly
connected mica domains, and also across all first and second order
grains (Figs. 5 and 9). However, it does not explain decreased CPO
strength in zero order grains. Moreover, it should be noted that Z
values in our bimineralic sample do not vary considerably from
Domain 3 to Domain 5, yet the corresponding c-axis distributions of
the quartz matrix continue to randomize. In these domains, mica
connectivity (CMs) increases by 26% (Table 1 and Fig. 9). Thus, while
we cannot rule out the influence of increased mica saturation on
quartz CPO development, it is unlikely that this alone can explain
the weak CPOs observed.
6.1.2. Annealing
Some workers have found evidence that static annealing can

lead to some minor variations in the strength of a pre-existing CPO,
although it is unclear whether this involves CPO weakening
(Heilbronner and Tullis, 2002), or CPO strengthening (Augenstein
and Burg, 2011). Our bimineralic sample shows evidence of
microstructural changes associated with post-deformational
annealing (Fig. 6), which raises the possibility that pre-existing
CPO textures in this sample may have been subsequently altered,
possibly weakened, by later annealing.

There is, however, no evidence to suggest that the various CPOs



Table 1
Representative microstructural analysis of quartz and muscovite grains within different fabric domains of the bimineralic mylonite. Long axis orientation refers to the angle between the long axis of a grain and the shear plane
(90�). PARIS factor is a measure of the convexity of a grain (see Heilbronner and Tullis, 2002). Refer to text for explanations of K and Z parameters.

Total grains (N) Volume fraction Grain size (mm) Aspect ratio Roundness PARIS factor (%) Long axis orientation

Quartz Total Zero First Second Total Total Zero First Second Total Zero First Second Total Zero First Second Total Zero First Second Total Zero First Second
Domain 1 256 96 119 41 0.9538 86.3914 91.3018 85.8370 80.4614 1.4323 1.3988 1.4562 1.5544 0.5633 0.5884 0.5642 0.4772 3.0516 2.6060 3.0300 4.5622 11.2383 22.4412 7.2375 6.6952
Domain 2 231 64 99 68 0.9240 76.3659 83.8688 68.7360 76.3610 1.5348 1.5003 1.5279 1.6001 0.5581 0.5789 0.5640 0.5410 1.3508 0.9774 1.2260 2.9910 3.6812 11.2725 0.8261 3.1557
Domain 3 244 52 111 79 0.8787 68.8277 89.6389 65.7310 68.6357 1.6171 1.4309 1.6570 1.6872 0.5379 0.5730 0.5322 0.5240 1.9000 1.5430 1.9011 2.1636 6.5710 24.9047 5.6884 3.4620
Domain 4 253 45 129 74 0.8660 62.6263 80.1321 67.2944 61.2478 1.5791 1.3117 1.4915 2.0298 0.5370 0.6510 0.5700 0.4447 1.2450 0.8864 1.3201 1.2450 1.7651 9.7458 4.8357 0.0742
Domain 5 263 41 93 129 0.8528 61.1980 91.0635 66.3030 60.4837 1.7031 1.5461 1.8444 2.0707 0.4868 0.5890 0.5100 0.4830 2.1120 1.9473 3.0769 3.5750 3.6688 16.7803 3.9640 5.2691

Mica Total Total Total Total Total Total Total
Domain 1 57 e e e 0.046 49.655 e e e 6.396 e e e 0.142 e e e 0.142 e e e 1.560 e e e

Domain 2 77 e e e 0.076 84.629 e e e 7.396 e e e 0.145 e e e 0.145 e e e 0.197 e e e

Domain 3 66 e e e 0.121 40.389 e e e 8.108 e e e 0.120 e e e 0.120 e e e 0.184 e e e

Domain 4 61 e e e 0.134 42.451 e e e 10.679 e e e 0.086 e e e 0.086 e e e 0.251 e e e

Domain 5 77 e e e 0.147 50.325 e e e 7.948 e e e 0.100 e e e 0.100 e e e 1.123 e e e

Interparticle distance (mm) Connectivity (CMs) Dispersion factor (K) Zener parameter (Z)

Quartz Mica

Domain 1 66.4690 127.9192 0.0526 0.5196 1074.7710
Domain 2 56.9358 86.1598 0.0702 0.6608 1113.7289
Domain 3 51.3535 75.1352 0.1786 0.6835 333.0476
Domain 4 46.5774 74.9788 0.2000 0.6212 316.7147
Domain 5 46.7689 73.2800 0.4416 0.6382 341.9403
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Fig. 7. (A) Digitized images of compositional domains from the bimineralic mylonite, with corresponding connectivity of the second phase (CMs). n ¼ number of grains digitized; (B)
Interparticle spacing between quartz (light grey) and muscovite (dark grey) grains, calculated from the mean vector distance to the nearest neighbour grain. Note the decreased
interparticle spacing of the second phase (Ms) towards Domain 5. (C) Grain size distribution histograms (Feret diameter) for quartz grains in each domain.
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across the domains were affected. Quartz-rich domains (Domains
1e2) still contain a strong CPO, with no clear evidence of scattering
in the c-axis distribution (Fig. 9A). More importantly, even if the
sample was affected by a period of annealing, it did not erase the
relative differences in CPO weakening per domain, which is the
critical element in our study. If quartz-rich areas appear to retain
their CPO quite effectively, it should follow that zero order grains in
other domains should also retain their CPOs. Conversely, there is a
systematic weakening in the CPO of these grains (Fig. 9). It should
also be pointed out that the possibility of annealing does not
explain the CPO weakening processes observed in our
polymineralic sample, where annealing is absent. Overall, we argue
that, while microstructures might suggest annealing conditions in
this sample (Fig. 6), it is unlikely that it contributed to the variably
weak CPOs observed.
6.1.3. Local changes in deformation mechanism
Various studies have suggested that microfabrics containing

second phases can undergo a localized switch from a grain size
insensitive creep (GSI) mechanism (e.g. dislocation creep) to a grain
size sensitive mechanism (GSS) (Olgaard, 1990; Krabbendam et al.,
2003; Linckens et al., 2011). The main lines of evidence for this



Fig. 8. Zener plot defining the transition from dynamic recrystallization controlled to
second phase controlled microstructures as a function of Zener parameter (Z) and
quartz grain size (D). Circles are various domains from the sample used in the current
study (refer to text). Black triangles are samples from Song and Ree (2007). Modified
from Herwegh et al. (2011).
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rheological transition is the existence of very diffuse CPOs, as well
as themixing of phases to form a homogeneous, equigranular fabric
in polymineralic rocks (Fliervoet et al., 1997;Wightman et al., 2006;
Kilian et al., 2011; Linckens et al., 2011).

There are several lines of evidence that suggest this is not the
case in our samples. Firstly, the common occurrence of a single
girdle CPO in each domain, albeit with variable CPO strength,
suggests that GSI creep was an active deformation mechanism in
both our study samples (Fig. 9). Secondly, experimental studies
suggest that, given the observed grain sizes across our samples
(~60e100 mm), the activation of grain size sensitive creep at
greenschist-amphibolite conditions is improbable (Brodie and
Rutter, 2000; Rutter and Brodie, 2004). In natural settings, evi-
dence for GSS flow in quartz-bearing rocks under these conditions
has generally been associated with grain sizes <50 mm (Fliervoet
et al., 1997; Song and Ree, 2007; Kilian et al., 2011; Oliot et al.,
2014). In quartzites, grain sizes <10 mm are typically required for
GSS flow to be activated (Behrmann, 1985; Rutter and Brodie,
2004). It is therefore unlikely that CPO weakening can be
explained by a local switch to GSS deformation mechanisms.
6.1.4. Strain localisation in micaceous layers
Our observations thus far suggest that second phase drag pro-

vides the only reasonable answer for CPO weakening. However, we
have attempted to distinguish between CPOweakening due to drag
force factors, and weakening due to strain partitioning into well-
connected micaceous layers. A significant observation supporting
the latter is the apparent weakening of CPO in quartz grains not in
immediate contact withmicas (zero order grains), which is relevant
to both samples studied (Figs. 5 and 9). In these instances, weak
CPOs cannot be explained by Zener drag forces from a second phase
and therefore the lack of strain accommodation in these grains may
suggest that strain was more easily accommodated in the adjacent
micaceous layers. Quartz grains in the matrix of these domains
were less strained and likely underwent slower cycles of recrys-
tallization relative to quartz-rich domains, and thus unfavourably
oriented grains tended to remain in the sample (Herwegh and
Kunze, 2002; Ebert et al., 2007). Combined, the processes of mica
pinning and localization into micaceous layers resulted in the
quartz CPO being underdeveloped in domains where mica is highly
connected.

The localization of strain into highly connected mica layers has
been suggested as a process in experimentally deformed quartzites
(Tullis and Wenk, 1994) and naturally deformed mylonites
(Menegon et al., 2008). Previous workers have also suggested that
the high phase strength contrast that develops between increas-
ingly interconnectedmica and the quartz matrix results in localized
shear zones and subsequent strain weakening in mica (Shea and
Kronenberg, 1993; Holyoke and Tullis, 2006). Our study comple-
ments these observations by demonstrating the local response of
the quartzmatrix with increased grain connectivity, in the form of a
weak CPO (Figs. 5 and 9).

A final point of consideration is how representative the current
data is when considering the grain neighbor relationships in three
dimensional space, as onemay argue that ‘zero order’ grains may in
fact be pinned by mica grains with their continuation into the third
dimension. This would mean that their quantification in a two
dimensional section is prone to misrepresentation. While we
cannot completely rule this out as a confounding variable, there are
several observations in our bimineralic sample that suggest this to
be of minor concern. Firstly, our aspect ratio and PARIS factor sta-
tistics show systematic increases from zero order to second order
grains in each domain, suggesting that variations in grain shape
occur as a result of increased contact with mica grains (Table 1). If
all grains were equally pinned to some extent in three dimensional
space, these grain shape values would be reasonably consistent
across the datasets. Secondly, in addition to the clear transitions in
CPO weakening from Domain 1 to 5, our ternary diagrams show
that there are also distinct differences in the range of CPO intensity
values between the various grain orders (zero order grains:
1eR ¼ 0.8942e0.6478; second order grains:
1eR ¼ 0.7113e0.4494). In second order grains, it is likely that both
drag forces and increasedmica connectivity affect the CPO strength,
producing a lower range of CPO strength values compared to the
zero order grains, which are only subjected to CPO weakening
associated with increased mica connectivity. If pinning affected all
grains in three dimensional space, it is likely that the range of CPO
intensity values across the three orders would be similar. Thus, on
the basis of these observations, we argue that consideration of the
three dimensional continuation of fabric domains in our samples is
not required.

Overall, our results show that CPO development in mylonitic
rocks containing an interconnected quartz matrix is controlled not
only by the pinning and dragging of second phases but also their
connectivity. Where mica interconnectivity is higher, the weak CPO
of the surrounding quartz matrix reflects a combination of (i) de-
creases in the rate of dynamic recovery in quartz grains due to the
drag forces exerted by mica; and (ii) the localisation of strain into
micaceous layers.

6.2. Implications for regional scale deformation

If one assumes that crustal deformation is scale independent,
our observations carry important implications for macro-scale
shear zone evolution and the rheology of the crust. In poly-
mineralic rocks undergoing non-linear flow, assuming that the bulk
rheology is dependent in part on the connectivity of its weak and
strongmineral constituents, the formation of fabrics that alignwith
the shear direction can instigate a rheological switch from amatrix-



N.J.R. Hunter et al. / Journal of Structural Geology 83 (2016) 180e193190



Fig. 10. Mica connectivity (CMs) versus the CPO intensity in fabric domains of the
bimineralic mylonite. 1-R is a measure of the degree of non-random distribution in the
CPO projection, based on eigenvalues of the orientation data (see Fig. 9).

N.J.R. Hunter et al. / Journal of Structural Geology 83 (2016) 180e193 191
supported rheology to interconnected weak layer-supported
rheology (Handy, 1990). This shift is commonly observed in
experimentally deformed rocks (Jordan, 1987; Tullis and Wenk,
1994; Gonçalves et al., 2015). Mont�esi (2013) has used analytical
expressions to emphasize the high localization potential of rocks
with layered fabrics in a shear zone, which arises due to the major
strength anisotropies between the layered fabric and the sur-
rounding wall rock. Given the highly non-linear flow of phyllosili-
cates (Mariani et al., 2006), it follows that rocks with well-
developed micaceous fabrics may localize strain more effectively
than matrix supported rocks (Handy, 1990). Several studies have
shown how the development of such fabrics resulted in increased
ductile shearing at strain rates several orders of magnitude higher
than the surrounding rock (Johnson et al., 2004; Park et al., 2006;
Rennie et al., 2013). It is less clear how interconnected weak
layers play a role in shear zones undergoing linear viscous flow
conditions (e.g. diffusion creep), however recent studies by Oliot
et al. (2014) suggest that they are integral in localising deforma-
tion along shear bands and driving fluid advection.

Our microstructural analyses give further insight into how these
interconnected weak layers are reflected at the micro-scale of sialic
crustal rocks undergoing ductile deformation: the development of
well-connected micaceous layering is intimately related to the
degree of deformation taken up by the quartz matrix, even in grains
unperturbed by second phase drag. The increased transmission and
localization of strain between interconnected mica grains, as
observed here, may be particularly important in interlayered
gneiss/schist units, where ductile shearing can be effectively
localized in schists. Like at microscale, here it is not only the
presence of schists that play a role, but the degree towhich they are
interconnected across the orogeny, that influences strain localiza-
tion through the rock mass. A major shortcoming in current
geological methods is the absence of a robust method for assessing
mica deformation in naturally deformed rocks, as well as the
absence of a robust flow law (Passchier and Trouw, 2005). Thus, a
key requirement for future studies is the development of identifi-
able crystal defect criteria in phyllosilicates (e.g. Bell and Wilson,
Fig. 9. (A) c-axis orientation data for all domains in the bimineralic mylonite, including zer
denoted by C, after Zhanga et al. (1992), and increases towards Domain 5. n ¼ the number o
Due to their lower sample sizes, CPO data for zero, first and second order quartz grains ar
genvalues of the orientation data across CPO textures, and representing a measure of the deg
Note the systematic increase in random distributions with increased mica connectivity in e
1981), which can be used to evaluate the partitioning of deforma-
tion between the primary and second phases of a deforming
medium.

7. Conclusions

We applied quantitative microstructural analyses on naturally
deformed polymineralic and bimineralic mylonites with variably
connected mica fabrics, in order to investigate the impact of mica
interconnectivity on CPO development in the surrounding quartz
matrix. Quartz CPO in our polymineralic sample reveal distinct
strength differences across different fabrics (quartz-rich domain: 1
e R ¼ 0.8490; muscovite-rich domain: 1 e R ¼ 0.4343; biotite-rich
domain: 1 e R ¼ 0.4492; Fig. 5). In our bimineralic mylonite, in-
creases in mica connectivity (CMs ¼ 0.053 / 0.442) are concomi-
tant with a systematic weakening of quartz CPO (1 e

R ¼ 0.8024/ 0.5824), even where quartz grains are not in contact
with mica grains (1 e R ¼ 0.8942 / 0.7428; Fig. 9). It is likely that
the decreased CPO strengths observed were caused by: (i)
increased dragging of quartz grains from mica, inhibiting their
effective dynamic recovery; and (ii) increased transmission and
localisation of strain in layers containing interconnected mica
grains (Figs. 5 and 9). Micaceous fabrics may be integral to under-
standing regional tectonics, where rocks bearing well-connected
phyllosilicates, such as schists, accommodate strain more readily
than quartz-rich rocks.
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