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Phyllosilicate-rich fault rocks are common in large-scale fault zones and can dramatically impact fault
rheology. Experimental evidence suggests that multi-mechanism frictional-viscous flow (FVF) may
operate in such lithologies, potentially significantly weakening mature fault cores. We report micro-
structures indicative of FVF in exhumed phyllonites of the Karakoram Fault Zone (KFZ), NW India. These
include interconnected muscovite foliae, lack of quartz/feldspar crystal preferred orientations, and su-
tured grains and overgrowths indicative of fluid-assisted diffusive mass transfer. FVF microphysical
modelling, using microstructural observations from the natural fault rock and experimentally-derived
friction and diffusion coefficients, predicts low peak shear strengths of <20 MPa within the frictional-
viscous transition zone. Chlorite geothermometry indicates that synkinematic chlorites grew at
351 + 34 °C(c. 10 km depth) during FVF, immediately above the transition to quartz crystal plasticity. The
deformation processes and interpreted low shear strength of the exhumed KFZ fault rocks provide an-
alogues for processes operating currently at depth in active faults of similar scale. If similar lithologies are
present at depth, then the Quaternary seismic characteristics of the KFZ support faults with phyllonitic
cores being able to accommodate large seismic ruptures. The results also provide rare rheological con-

straints for mechanical models of the India-Asia collision zone.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Constraints on fault rock rheology are fundamental to char-
acterisation of deformation processes across a wide range of
spatial and temporal scales, including micro-scale deformation
mechanisms, earthquake nucleation/propagation, creeping
behaviour, fault reactivation and macroscopic dynamics of con-
tinental crust/lithosphere (Rutter et al., 2001; Handy and Brun,
2004; Holdsworth, 2004; Biirgmann and Dresen, 2008; Imber
et al,, 2008; Schrank et al., 2008; Holdsworth et al., 2011). The
presence of phyllosilicate-rich lithologies, including phyllonites
and certain gouges and foliated cataclasites, in fault zones is
thought to dramatically impact fault zone rheology (Wintsch
et al., 1995; Jefferies et al.,, 2006a, 2006b; Holdsworth et al.,
2011; Rutter et al., 2013; Wintsch et al., 2013). Phyllosilicates
(e.g. micas and clays) and phyllosilicate-bearing fault rocks are
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typically frictionally weak, with coefficients of friction (u)
commonly < 0.4 (Morrow et al., 2000; Moore and Lockner, 2004;
Niemeijer and Spiers, 2005; Ikari et al., 2011; Behnsen and
Faulkner, 2012; den Hartog and Spiers, 2013; den Hartog et al.,
2013). Such materials are typically associated with velocity
strengthening behaviour, particularly at low sliding velocities
(<1 pm s~ 1), but velocity weakening behaviour can occur at
higher sliding velocities (>1 pum s~!) (Niemeijer and Spiers, 2005,
2006, 2007; Ikari et al., 2011; den Hartog and Spiers, 2013; den
Hartog et al, 2013). Conversely, most other mineral groups,
including framework silicates, and their associated fault rocks are
frictionally strong with p = 0.6—0.85 (Byerlee, 1978; Blanpied
et al., 1995; Ikari et al., 2011). Fault materials with p > 0.5 also
exhibit both velocity strengthening and velocity weakening
behaviour but, in general, are more prone to velocity weakening
than those with lower frictional strength (Ikari et al., 2011).

In lithologies containing both phyllosilicates and stronger
minerals, normal stress and strain-rate sensitive, multi-
mechanism, frictional-viscous flow (FVF; Handy, 1990) has been
proposed on the basis of experimental observations (Chester and
Higgs, 1992; Bos et al., 2000; Bos and Spiers, 2001; Niemeijer
and Spiers, 2005) and theoretical modelling (Chester, 1995; Bos
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and Spiers, 2002; Niemeijer and Spiers, 2007; den Hartog and
Spiers, 2014). FVF occurs by frictional sliding on interconnected
phyllosilicate foliae, which wrap around clasts of stronger min-
erals, whilst incompatibilities in the shear displacement field are
accommodated by dilation and/or fluid-assisted diffusive mass
transfer from high to low stress sites on clast grain boundaries
(Fig. 1; Bos and Spiers, 2002). The effective strength of assem-
blages deforming by these combined mechanisms is subject
therefore to control by phyllosilicate frictional strength and clast
dissolution-precipitation kinetics, hence also normal stress, pore
fluid pressure and chemistry, temperature, strain rate, composi-
tion, grain size and angles between sliding surfaces (Bos and
Spiers, 2002; Niemeijer and Spiers, 2005).

FVF has the potential to result in dramatic weakening relative to
Navier—Coulomb friction with Byerlee (1978) friction coefficients,
or normal stress-independent plastic flow laws, particularly at the
base of the upper crust in the frictional-viscous transition zone
(FVTZ) where elevated temperatures enhance diffusional mass
transfer (Chester, 1995; Bos and Spiers, 2002; Niemeijer and Spiers,
2005). Whilst FVF has a strong experimental and theoretical basis,
an ongoing challenge is to model the rheology of frictional-viscous
deformation of natural fault rocks. In order to assess the extent to
which FVF weakens faults and the conditions under which this
occurs in nature, detailed descriptions of fault rocks potentially
deformed by FVF are required, in addition to constraints on the
deformation conditions.

Microstructures consistent with the operation of FVF have been
described from faults in compressional, extensional and strike-slip
tectonic settings (summarised in Table 1). These studies show that
FVF potentially operates most commonly in phyllonites and foliated
cataclasites, but may occur also in schists, gouges and micaceous
mylonitic lithologies. The conditions under which these fault rocks
form and FVF may occur span a commensurately large range,
typically 200—500 °C and 5—15 km depth, in broad agreement with
the predictions of microphysical modelling (Bos and Spiers, 2002;
Niemeijer and Spiers, 2005; den Hartog and Spiers, 2014). Many
of the studies in Table 1 describe similar sequential fault rock
evolution whereby fracturing results in grain size reduction and
localized fluid influx. The ingressing fluids promote retrograde

hydration alteration of frictionally strong minerals (e.g. feldspars,
pyroxenes) to weaker phyllosilicates (e.g. muscovite, chlorite, talc).
The resultant phyllosilicates form interconnected weak layers
that wrap around more rigid relict clasts, commonly showing
pressure solution seams and overgrowths indicative of fluid assis-
ted diffusive mass transfer (Table 1; see also Handy (1990) and
White and Knipe (1978)).

Fault strength is an important factor for characterising the styles
and mechanisms of continental deformation (Rutter et al., 2001;
Handy and Brun, 2004; Biirgmann and Dresen, 2008). Whether,
for instance, broad zones of continental deformation are best
approximated by continuum deformation of thin viscous sheets, or
as a collage of microplates/blocks, depends largely on the strength
and significance of faults relative to the intervening crust
(Tapponnier and Molnar, 1976; England and Houseman, 1988;
Molnar, 1988; Thatcher, 2009). Faults with low shear strength
relative to intervening material result in more localised deforma-
tion and kinematically complex strain fields during crustal/
lithospheric-scale deformation. For the India-Asia collision zone,
which is one of the principle testing grounds for such hypotheses,
opinions range widely between these two end-members
(Blirgmann and Dresen, 2008; Thatcher, 2009; Searle et al., 2011).

The Karakoram Fault Zone (KFZ) is one of the longest strike-slip
faults of the Himalayan-Tibetan system and delineates the western
margin of the Tibetan plateau (Fig. 2). As such, its history, me-
chanics and kinematics are central to discriminating between
models of Tibetan deformation (Searle et al., 2011). Two schools of
thought, based on geological evidence, exist for the long-term
history of the KFZ. In one, the KFZ initiated as early as 19-32 Ma
and has accommodated offsets of several hundred kilometres at
slip-rates of >10 mmyr~! (Lacassin et al., 2004; Valli et al., 2008;
Boutonnet et al., 2012; Sen et al.,, 2014). In the other, the KFZ
initiated at <16 Ma and has accumulated no more than 150 km
offset at slip-rates of <10 mmyr ! (Searle et al., 1998; Phillips et al.,
2004; Wang et al,, 2011; Zhang et al., 2011; Wallis et al., 2014a,
2014b). An alternative approach to investigating deformation of
the India-Asia collision zone is to model its present-day deforma-
tion based on geodetic data and its current fault configurations
(e.g. He and Chéry, 2008; Thatcher, 2009; Longstaff and Meade,
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Fig. 1. Simplified sketch of frictional-viscous flow after Bos and Spiers (2002) and Niemeijer and Spiers (2005). Elongate soluble clasts (grey) are wrapped by phyllosilicate foliae
(black). Clast material diffuses along grain boundaries from regions of compression to regions of dilation. Deformation within phyllosilicate foliae is accommodated by frictional

sliding and/or intracrystalline plasticity.
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Table 1
Summary of fault zones where frictional-viscous flow has been inferred or where reported microstructures suggest such deformation.

Fault Fault rock Frictional-viscous Source(s)
flow conditions

Strike-slip Faults

Median Tectonic Line, Japan Phyllonite c. 10 km depth Jefferies (2006b)
Foliated cataclasite c¢. 5 km depth Jefferies (2006a)
200-300 °C Shigematsu et al. (2012)
Great Glen Fault, Scotland Foliated cataclasite 8—15 km depth Stewart et al. (1999)
Phyllonite 250—450 °C Stewart et al. (2000)
Holdsworth et al. (2001)
Norumbega fault system, Maine Act + Bt schist 400—-500 °C Marsh et al. (2009)
Siberia Fault Zone, New Zealand Foliated cataclasite 8—10 km depth White (2001)
200—250 °C
Karakoram Fault Zone, India Phyllonite <14 km depth Wallis et al. (2013)
<400 °C
Thrust Faults
Outer Hebrides Fault Zone, Scotland Phyllonite 250-500 °C Butler et al. (1995)
Imber et al. (1997)
Imber et al. (2001)
Ser Barbier Thrust, W. Alps Phyllonite Greenschist Wibberley (2005)
Moine Thrust Belt, Scotland Foliated cataclasite & 5—9 km depth Wibberley (2005)
micaceous ultramylonite 250—-350 °C
Extensional Faults
Err Detachment, Switzerland Gouge <300 °C Manatschal (1999)
Zuccale Fault, Elba Foliated cataclasite <8 km depth Collettini and Holdsworth (2004)
<400 °C Collettini et al. (2009)
Collettini et al. (2011)
Nordfjord-Sogn Detachment, Norway Phyllonite Greenschist Braathen and Osmundsen (2004)
Wasatch Fault, Utah Phyllonite <350 °C Parry et al. (1988)
Foliated cataclasite <290 MPa
Lake Char Fault, New England Phyllonite Greenschist Wintsch et al. (1995)
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Fig. 2. a) Simplified sketch map of the major tectonic structures of the Himalaya-Tibet, showing the Karakoram Fault (KF, bold), Main Frontal Thrust (MFT), Nanga Parbat (NP),
suture zones (dashed) and the location of b (bold box). b) Simplified sketch map of the geology of the Nubra Valley region of Ladakh, NW India. The bold box near Yulskam marks
the location of Fig. 3. Modified from Phillips (2008).
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2014). Such models predict fault slip-rates based on assumptions
of either frictionless faults (e.g. Longstaff and Meade, 2014) or
fault friction coefficients that are varied between model runs (e.g.
He and Chéry, 2008). For instance, the modelling by He and Chéry
(2008) predicts slip-rates for the KFZ that vary between c.
1-13 mmyr~! for friction coefficients of 0.60—0.02 respectively,
approximately spanning the range of long-term slip-rates inferred
from geological studies. Geological information on the shear
strengths of major faults within the India-Asia collision zone is
therefore required to constrain numerical model interpretations.

The style of deformation in the NW Himalaya has recently been
suggested to be characterised by strain partitioning between arc-
normal motion on the Main Frontal Thrust and arc parallel mo-
tion on the KFZ (Fig. 2), based on geological observations (Murphy
et al., 2014) and GPS measurements (Kundu et al., 2014). GPS data
indicate that, of the 17 + 2 mmyr~! convergence between India and
Tibet, 13.6 + 1 mmyr~! is accommodated by the Himalayan thrust
system whilst 5 + 2 mmyr~! is partitioned to dextral strike-slip
motion on the KFZ (Kundu et al,, 2014). This strain partitioning
behaviour has been simulated by simple geodynamical models of
the NW Himalaya region (Murphy et al., 2014; Whipp et al., 2014).
Interestingly, the numerical models of Whipp et al. (2014) indicate
that such strain partitioning only occurs when the strike-slip fault
zone is very weak, with internal friction angles < 10°, corre-
sponding to friction coefficients < 0.18. Geological constraints on
the shear strength of the KFZ are therefore required to test the
validity of the strain partitioning models.

Wallis et al. (2013) described greenschist facies phyllonites
within the KFZ and interpreted them to play a significant role in
weakening this major strike-slip fault of the India-Asia collision
zone. In this contribution we describe the microstructure of these
phyllonites in detail and determine the temperature of their for-
mation using geothermometry of synkinematic chlorites. Finally
we model their effective shear strength during FVF using micro-
structural and environmental parameters from the natural fault
zone in the experimentally-derived FVF model of Niemeijer and
Spiers (2005). The results are discussed in terms of their implica-
tions for the strength and seismogenic processes of large-scale fault
zones, as well as for modelling and characterising the macroscopic
tectonics of continental deformation (e.g. the Himalayan-Tibetan
orogen).

2. Structural setting of the Karakoram fault zone phyllonites

The KFZ is a c. 800 km long dextral strike-slip fault forming the
western margin of the Tibetan Plateau (Fig. 2a). The presently
exposed phyllonite that is the focus of this study was estimated by
Wallis et al. (2013) to have formed at or since c. 14 Ma. However, as
the KFZ likely cuts similar metapelitic lithologies at both higher
(now eroded) and lower (still buried) structural levels, the defor-
mation processes that it records are potentially analogous to those
operating at depth, both earlier in its history and at the present day.

In Ladakh, NW India, the KFZ juxtaposes the eastern Karakoram
terrane in the NE with the Ladakh arc terrane in the SW (Fig. 2b).
The Karakoram terrane in this region consists of the predominantly
amphibolite grade Eastern Karakoram Metamorphic Complex
(EKMC), including the Nubra and Saser formations and Pangong
Transpressional Zone, along with dioritic and leucogranitic in-
trusions of the Karakoram batholith (Fig. 2b, Streule et al., 2009;
Phillips et al., 2013). These two intrusive suites were emplaced
during an Early-Late Cretaceous phase of subduction-related
magmatism and a mid-Miocene episode of crustal anatexis
following the India-Asia collision (Phillips et al., 2013).

In the Nubra Valley, the Nubra Formation of the EKMC com-
prises an elongate 50 x 2.5 km band of metapelitic and

metavolcanic lithologies between the 15.87 + 0.08 Ma Nubra-
Siachen leucogranite (Karakoram terrane) to the NE and the
Ladakh terrane to the SW (Fig. 2b) (Phillips et al., 2004). The Nubra
Formation consists of greenschist facies metavolcanics and meta-
pelitic lithologies of greenschist to mid-amphibolite grade,
including slates, phyllites, kyanite-garnet-mica schist, andalusite-
garnet-mica schist and local occurrences of marble and serpen-
tinite pods (Fig. 3) (Wallis et al., 2013). Metavolcanics are found in
the SW portion of the Nubra Formation and metapelites generally
increase in metamorphic grade towards the NE. Foliation-parallel
altered lamprophyre sheets with chilled margins intrude the
Nubra Formation in Yulskam gorge (Fig. 3). Fossil fauna suggest
that at least some of the Nubra Formation protoliths are Permian
in age (Thakur et al., 1981).

The Nubra Formation records a range of deformational fabrics
(mylonitic, phyllonitic and cataclastic) formed under varied con-
ditions within the Nubra strand of the KFZ (Phillips and Searle,
2007; Wallis et al, 2013), all of which strike approximately
parallel to the regional trend of the fault (c. 140°, Fig. 3). Mylonitic
fabrics developed within metavolcanics and more intensely in
the metapelites include quartz and feldspar dynamic recrystalli-
sation microstructures indicative of deformation under upper-
greenschist to lower-amphibolite grade conditions (Wallis et al.,
2013). The mylonitic fabrics grade with increasing intensity to-
wards the NE margin of the Nubra Formation where it contacts the
Nubra-Siachen leucogranite, which is also strongly mylonitised
(Phillips and Searle, 2007). The mylonitic fabrics are overprinted
by both foliated cataclasites and a prominent 7—10 m wide band of
orange-brown phyllonite close to the NE margin of the Nubra
Formation (Figure 3, also Figure 4 of Wallis et al., 2013; Phillips
and Searle, 2007), along with more minor phyllonitic bands
distributed over several hundred metres from the leucogranite
contact. The phyllonite has been recorded in Yulskam gorge
(Fig. 3) and again in the Tirit gorge c. 15 km to the SE (Phillips and
Searle, 2007; Wallis et al., 2013). In Yulskam gorge, the phyllonite
is bounded by foliated cataclasites, however, cross-cutting re-
lationships are difficult to determine in outcrop due to the sub-
parallel lithological banding. The phyllonite consists of a greens-
chist facies assemblage of quartz, muscovite, albite, chlorite, rutile
and minor Fe-oxides (Figs. 3 and 4), a lower grade assemblage
than the amphibolite grade metapelites that it overprints. Wallis
et al. (2013) suggested that phyllonitisation occurred at < 400 °C
and noted that the phyllonite contains deformation microstruc-
tures potentially indicative of deformation by FVFE. These include
interconnected layers of muscovite and chlorite wrapped around
clasts of albite and quartz that indent one another when in con-
tact. The microstructures of the phyllonite are described in detail
in the following section.

In Yulskam gorge, the kinematics of deformation in the Nubra
Formation metavolcanics and metapelites are characterized by foli-
ation with a mean orientation of 142/76 NE and lineations with a
mean orientation of 17/137 (Fig. 3). Dextral shear sense, indicated by
S—C—C' fabrics, asymmetric mantled porphyroclasts and mica fish,
is consistent with the dextral offset across the KFZ (Wallis et al.,
2013). Shearing of the metapelites was therefore dominantly
dextral strike-slip with a minor extensional component. The kine-
matics of deformation in the phyllonite band are characterized by
foliation with a mean orientation of 140/70 SW and lineations with
a mean orientation of 20/140 (Fig. 3). The shear sense of the phyl-
lonite is indicated by dextral S—C’ fabrics (Wallis et al.,, 2013). The
phase of deformation that affected the phyllonite was therefore
dextral strike-slip with a subordinate reverse component.

Recrystallised quartz and calcite veins within the Nubra Forma-
tion, including the phyllonite (Fig. 4b), indicate episodic embrittle-
ment events at depths where deformation was otherwise
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Fig. 3. Simplified geological map of the Nubra fault strand in Yulskam gorge, showing the studied band of phyllonite and sample location. Also shown are foliation (S) and lineation
(L) measurements from the phyllonite and surrounding metapelites of the Nubra Formation. Figure 4a of Wallis et al. (2013) is marked by the dashed box.

Fig. 4. Cross-polarised optical photomicrographs of the Nubra Formation phyllonite. a) Typical domainal phyllonitic structure consisting of quartz + albite + chlorite + rutile
(Qtz + Ab + Chl + Rt) and muscovite + albite + rutile (Ms + Ab + Rt) bands. b) Quartz clast showing ubiquitous subgrains typical of subgrain rotation dynamic recrystallisation,

within phyllonitic matrix.
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predominantly ductile (Wallis et al., 2013). Such veining during
mylonitic flow is diagnostic of low differential stress and high fluid
pressures and therefore these brittle events were potentially aseis-
mic (Handy et al., 2007). Minor brittle faults cross-cut the Nubra
Formation at variable angles and record deformation at shallower
depths after phyllonitisation (Wallis et al., 2013).

Palaeoseismic evidence for large (M,, > 6) earthquakes in the
vicinity of the Nubra strand of the KFZ includes Quaternary syn-
sedimentary lacustrine seismites and offset fluvio-lacustrine
strata (Upadhyay, 2001, 2003; Phartiyal et al., 2005; Phartiyal and
Sharma, 2009). Considerations based on wider Quaternary
palaeoseismic evidence and the long-term slip-rate of the KFZ
suggest that the central portion of the fault generates M,, 7—8
earthquakes approximately every 1 kyr (Brown et al., 2002; Houlié
and Phillips, 2013; Wallis et al., 2013). Evidence for Quaternary
palaeoseismicity in the vicinity of the Nubra strand is noteworthy
because at depth the KFZ likely cuts similar Karakoram Terrane li-
thologies to those presently exposed at the surface (e.g. Searle et al.,
2010).

3. Phyllonite deformation microstructures and crystal fabrics

The KFZ phyllonite (sample W11/2, Fig. 3; Wallis et al., 2013) has
a domainal microstructure (Figs. 4a and 5) of interlayered bands of
quartz + albite + chlorite + rutile (Qtz + Ab + Chl + Rt, 60—70%)
and muscovite + albite + chlorite + rutile (Ms + Ab + Chl + R,
30—40%). Quartz-rich domains consist of approximately 50%
quartz, 30% albite and 20% randomly dispersed chlorite. Muscovite-
rich bands are interconnected and laterally continuous at the thin
section and hand specimen scales. Centimetre-scale folding of the
layered microstructure (e.g. Figure 4c of Wallis et al.,, 2013) in-
dicates that deformation was ductile at the hand specimen scale. In
some instances individual bands consist of >95% aligned muscovite
with asymmetric aligned rutile needles demonstrating dextral
shear sense (Fig. 5b). More typically, the muscovite-rich bands
consist of ¢. 70% aligned muscovite, which wraps around elongate
clasts of albite (c. 20%) with interlayered rutile needles and chlorite
sheets (Fig. 5c—d). The abundant rutile is likely derived from
retrogression of biotite, which contains c. 2 wt.% TiO, in preserved
amphibolite-grade Nubra Formation metapelites (Wallis et al.,
2014b). Chlorite is present as sheets intergrown with muscovite
(Fig. 5¢c—d), but is best developed in the pressure shadows of albite
clasts (Fig. 5e) and quartz-rich domains (Fig. 5f). These structures
demonstrate that chlorite growth was syn-kinematic with respect
to deformation of the phyllonite. The phyllonite also contains
sigmoidal mm-scale clasts of dynamically recrystallised poly-
crystalline quartz (Fig. 4b). Ubiquitous subgrains and neoblasts of
equal size within the quartz clasts indicate subgrain rotation dy-
namic recrystallisation. Elongate polyphase sigmoidal clasts
composed of quartz + albite + chlorite + rutile are also present
(Fig. 4a and f).

The results of two electron backscattered diffraction (EBSD) runs
on the phyllonite sample are described in order to further charac-
terise the phase distribution and to define the crystal fabrics within
the specimen. EBSD data were collected using the FEI Quanta 650
FEG ESEM, equipped with an Oxford Instruments Nordlys S EBSD
camera, Oxford Instruments Aztec 2.1 acquisition software and
Channel 5 data processing software, at the University of Leeds. Pole
figures were plotted using the program PFch5 (Mainprice, 1990).
Data were collected using 20 kV accelerating voltage, 5—15 nA
specimen current and 70° tilt angle. Two areas were analysed using
automated beam scans. The first covers a region of both
Qtz + Ab + Chl + Rt and Ms + Ab + Rt domains and was acquired
with a 1075 x 940 grid of 0.763 um steps. The second provides a
detailed analysis of a Ms + Ab + Rt domain and was acquired with a

468x409 grid of 0.895 pum steps. Muscovite indexing rates were
low compared to other phases due to the difficulty of preparing
such muscovite-rich domains. Energy dispersive X-ray (EDX) maps
acquired during EBSD analysis provide improved imaging of the
elemental and hence phase distributions. Data were acquired on
specimen surfaces cut parallel to the lineation and perpendicular
to the foliation (i.e. the XZ plane of finite strain, with X horizontal
in the images).

EBSD and EDX map analyses of the multi-domainal region
shows interleaved Qtz + Ab + Chl + Rt and Ms + Ab + Rt domains a
few hundred microns in thickness (Fig. 6a—f). The muscovite dis-
tribution is highlighted by the Al and K maps (Fig. 6c—d), whereas
the albite distribution is highlighted by the Na map (Fig. 6e) and
chlorite is highlighted in the Mg map (Fig. 6f). Pole figures of crystal
orientations within a subset consisting of a Qtz + Ab + Chl + Rt
domain, show that quartz and albite have very weak, close to
random crystal orientations. Chlorite has a strong crystal preferred
orientation (CPO) defined by <010> directions strongly aligned
with X, {001} poles forming a YZ girdle with superposed maxima
about Y and Z, and <100> directions forming maxima inclined c.
30° clockwise to X (Fig. 6g).

EBSD and EDX map analysis of the Ms + Ab + Rt domain shows
scattered albite clasts distributed throughout a matrix of aligned
muscovite (Fig. 6a—f). The muscovite distribution is highlighted by
the Al and K maps (Fig. 6c—d), whereas the albite distribution is
highlighted by the Na map (Fig. 6e) and chlorite is highlighted in
the Mg map (Fig. 6f). Pole figure analysis (Fig. 6g) shows that
muscovite has a strong CPO defined by {001} maxima parallel to Z,
and <100> and <010> directions forming approximately XY girdles
with superposed maxima parallel to X and Y. Albite has a weak and
disordered CPO consisting of multiple scattered sub-maxima
in each pole figure. Each sub-maximum likely corresponds to one,
or a few, large clasts measured several times.

4. Interpretation of phyllonite deformation mechanisms

The shear strength of muscovite is known to be low over a wide
range of conditions (Mariani et al., 2006; Niemeijer and Spiers,
2006, 2007; Van Diggelen et al., 2010; Behnsen and Faulkner,
2012; den Hartog and Spiers, 2013). The through-going nature of
the muscovite-rich bands suggests therefore that deformation is
likely to have been preferentially accommodated by these bands
rather than the quartz-rich domains within the KFZ phyllonite.
Within the most muscovite-rich (c. 95%) bands (Fig. 5b), deforma-
tion is interpreted to have been accommodated by frictional sliding
on aligned muscovite cleavage planes, accompanied by dislocation
glide on the (001)<110> slip system to produce the observed
muscovite CPO. Within the muscovite + albite-rich bands
(Fig. 5c—d), muscovite grain alignment and CPO suggests that
sliding in the muscovite foliae was an important deformation
mechanism (Fig. 6). Sutured/indented albite clasts (Fig. 5c¢—d,
Fig. 6a) and chlorite fringes/overgrowths in pressure shadows
(Fig. 5e—f) indicate that fluid-assisted diffusive mass transfer (i.e.
pressure solution) was also significant in accommodating defor-
mation. Poorly defined albite CPO (Fig. 6g) suggest that albite clasts
deformed as relatively rigid bodies within the muscovite matrix. In
combination, the sliding on muscovite foliae and diffusive pro-
cesses indicated by sutured albite and chlorite overgrowths, along
with the macroscopically ductile nature of deformation evidenced
by folding, are strongly suggestive of frictional-viscous flow
(Chester and Higgs, 1992; Chester, 1995; Bos et al., 2000; Bos and
Spiers, 2001, 2002).

During frictional-viscous flow, sliding on aligned muscovite
foliae accommodated the majority of strain. Albite clasts acted as
passive rigid bodies, with volume incompatibilities removed by
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Fig. 5. Backscattered electron atomic number contrast images of the Karakoram Fault Zone phyllonite. a) Domainal microstructure of the phyllonite consisting of
Ms + Ab + Chl + Rt and Qtz + Ab + Chl + Rt domains a few hundred microns thickness. b) Ms + Rt domain consisting of >95% Ms with aligned Rt needles (white) showing dextral
asymmetry and S—C surfaces. ¢) Ms + Ab domains, showing slightly elongate albite clasts wrapped by aligned muscovite. d) Subordinate chlorite intergrowths are present in
Ms + Ab domains. e) Chlorite fringes on albite clasts (centre) and sutured and indented albite grains (top left). f) Chlorite fringe on quartz-rich domain within Ms + Ab domain.

pressure solution when clasts become locked. Material was re- dissolved (e.g. albite) and precipitated (e.g. chlorite) phases suggest
precipitated in low stress sites (including chloritic pressure a component of incongruent pressure solution.
shadows) at the dilational trailing edges of rigid albite clasts and The chlorite CPO (Fig. 6) is consistent with a linear-decussate

quartz-rich domains. The differences in composition between shape preferred orientation with (001) planes parallel to the X
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Fig. 6. Electron backscattered diffraction (EBSD) and energy dispersive X-ray (EDX) analysis of domainal phyllonite microstructure. a) EBSD diffraction pattern band contrast map
overlain with phase map. Red-quartz, blue-albite, yellow-muscovite, green-chlorite, black-not indexed. Not indexed regions are primarily muscovite, as shown in the EDX maps. b-f)
EDX element distribution maps of the same area as (a). Increased colour intensities qualitatively indicate increased elemental concentrations. b) Si distribution. c) Al distribution. d)
K distribution highlights muscovite. e) Na distribution highlights albite. f) Mg distribution highlights chlorite. g) Pole figures of crystal orientations in map area in (a). Contours are in
multiples of uniform distribution. (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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Fig. 7. Electron backscattered diffraction (EBSD) and energy dispersive X-ray (EDX) analysis of muscovite-rich domain. a) EBSD diffraction pattern band contrast map overlaid with
phase map. Red-quartz, blue-albite, yellow-muscovite, green-chlorite, black-not indexed. Not indexed regions are primarily muscovite, as shown in the EDX maps. b-f) EDX element
distribution maps of the same area as (a). Increased colour intensities qualitatively indicate increased elemental concentrations. b) Si distribution. c) Al distribution. d) K dis-
tribution highlights muscovite. e) Na distribution highlights albite. f) Mg distribution highlights chlorite. g) Pole figures of crystal orientations in quartz-rich domain marked
in white in (a). Contours are in multiples of uniform distribution. (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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direction, as recognised in phyllonite from the Merens Fault in the
Axial Zone of the Pyrenees (McCaig, 1987). The weak approximately
XZ <100> and <010> girdles are consistent with this interpreta-
tion, whilst the superposed maxima parallel to X may suggest a
component of dislocation glide (Fig. 6). It should be noted however
that the data represent too few chlorite grains to draw any firm
conclusions.

5. Chlorite chemistry and geothermometry
5.1. Chlorite compositions

Major element data were collected on chlorite using
wavelength-dispersive X-ray spectroscopy on the Jeol 8230 elec-
tron microprobe at the University of Leeds. Chlorite analyses were
collected using 15 kV accelerating voltage, 15 nA beam current and
a 1 uspot size. Peak and background count times were respectively
10 s and 5 s for Na and K, and 15 s and 7 s for remaining elements.
Two to three analyses were made on each of 52 chlorite grains,
giving 148 analyses in total (Supplementary Material).

Representative chlorite analyses are shown in Table 2. The
chlorites are classified as ripidolite and pycnochlorite according to
Hey (1954). Variation between analyses is small and suggests that
the chlorites were well equilibrated (Neall and Phillips, 1987; Klein
and Koppe, 2000). They have Fe/(Fe + Mg) in the range 0.56—0.61
and Si/Al in the range 0.90—1.05 (Table 2; Supplementary Material).
Tetrahedral site occupation ranges between 5.08 and 5.93 Si and
2.07-2.92 AlY per formula unit. The presence of abundant
muscovite and albite suggests that the chlorites are saturated with
respect to Al, whilst the presence of Fe-oxides suggests they are
saturated also with respect to Fe.

5.2. Chlorite geothermometry

Chlorite geothermometry offers a means to estimate the tem-
perature of chlorite growth within phyllonite. As chlorite growth is
demonstrably synkinematic (Fig. 5e—f), chlorite geothermometry
provides an estimate therefore of the deformation temperature.

Table 2

Representative chlorite compositional analyses.
Analysis C1 (@) c c4 c5 Cc6 Cc7 c8
Oxide weight %
SiO, 2380 2364 2336 23.02 2398 2380 2350 21.81
TiO, 0.08 0.04 0.05 0.05 0.08 0.07 0.03 0.08
Al,03 2135 2205 21.65 2142 2121 22.01 2140 20.38
FeO* 2821 2826 2848 2843 28.72 28.56 28.10 28.00
MnO 0.39 0.44 0.41 0.42 0.41 0.38 0.34 0.00
MgO 11.16 1096 1146 1131 1136 11.28 11.02 11.54
Cao 0.01 0.07 0.03 0.03 0.08 0.01 0.02 0.01
Na,0 0.01 0.05 0.02 0.03 0.04 0.00 0.00 0.00
K>,0 0.05 0.04 0.02 0.04 0.04 0.07 0.05 0.04
Total 85.06 8555 8548 84.75 85.92 86.18 8446 81.86
Cations per 28 oxygens
Si 5.29 5.22 517 5.15 5.29 5.22 5.26 5.08
AlY 271 278 283 285 271 278 274 292
AV 287 296 282 281 280 291 290 267
Fe 5.24 5.22 5.28 5.32 5.30 5.24 5.26 545
Mn 0.07 0.08 0.08 0.08 0.08 0.07 0.07 0.00
Mg 3.69 3.61 3.79 3.78 3.73 3.69 3.68 4.00
Ca 0.00 0.02 0.01 0.01 0.02 0.00 0.00 0.00
Na 0.01 0.02 0.01 0.01 0.02 0.00 0.00 0.00
K 0.02 0.01 0.01 0.01 0.01 0.02 0.01 0.01
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Total 1991 19.93 20.01 20.03 1997 1994 1993 20.14
Oct. total 11.87 11.87 11.97 1199 1191 1191 1191 12.12
Fe/(Fe + Mg) 0.59 0.59 0.58 0.59 0.59 0.59 0.59 0.58
Si/Al 0.95 0.91 0.92 0.91 0.96 0.92 0.93 0.91

Chlorite geothermometers are based on an empirical increase in
AV content with increasing temperature (Cathelineau and Nieva,
1985; Cathelineau, 1988). Although there is a positive correlation
between temperature and octahedral Fe, Fe and Mg contents are
also strongly dependent on geological setting and solution compo-
sition (Cathelineau and Nieva, 1985; Cathelineau, 1988; Klein
and Koppe, 2000). Kranidiotis and MacLean (1987) and Zang and
Fyfe (1995) proposed modifications to the geothermometer of
Cathelineau (1988) by adding corrections to the Al value as a
function of the Fe/(Fe + Mg) ratio, for low (0.18—0.64) and high
(0.78—0.81) values of the ratio respectively. This ratio would in
turn be affected by the fluid to rock ratio, fO,, S, pH and hydro-
thermal fluid composition (Klein and Koppe, 2000).

Klein and Koppe (2000) summarised several criticisms of simple
AlV-based chlorite geothermometers, as follows. (1) Mixed layers
and fine intergrowths can result in contamination of microprobe
analyses by other minerals (Jiang et al., 1994). (2) Chlorites from
different geological settings can show different temper-
ature—composition relationships (De Caritat et al, 1993). (3)
Chlorite and smectite represent a continuum between pure smec-
tite (<180 °C) and chlorite (>270 °C) (Schiffman and Fridleifsson,
1991).

The chlorites in the KFZ phyllonite contain very low levels of Ca,
Na and K (means < 0.2 atoms per formula unit) and cation totals on
the octahedral site are very close to the ideal figure of 12
(11.87 £ 0.16, 15), suggesting that “contamination” by mixed layers
or intergrowths is minimal in these analyses (Jiang et al., 1994;
Klein and Koppe, 2000). Furthermore, the geological context of
the phyllonites suggests that they formed at >270 °C (Wallis et al.,
2013) and should therefore be close to pure chlorite (Schiffman and
Fridleifsson, 1991). In order to address the variability of chlorite
compositions between different geological settings we follow the
procedure of Klein and Koppe (2000) in choosing the geo-
thermometer for which the chlorite compositions of the calibration
dataset most closely match those of the KFZ phyllonites (Table 3).
The calibration of Cathelineau (1988) does not show a satisfactory
match for the KFZ phyllonite chlorites as all of the key parameters
are out of the calibration range (Table 3). Similarly, the geo-
thermometer of Zang and Fyfe (1995) was calibrated using chlorites
with higher Fe/(Fe + Mg) and Si/Al than those from the KFZ phyl-
lonite (Table 3). Bourdelle et al. (2013) produced a geo-
thermometric calibration incorporating the results of several recent
studies and spanning a range of 1.70—2.42 Al"Y per formula unit.
The KFZ phyllonite chlorites however have considerably higher
AV contents up of to 2.92 per formula unit (Table 3).

The chlorites used to calibrate the geothermometer of
Kranidiotis and MacLean (1987) are most similar to those of the
KFZ phyllonite as they include compositions up to 2.83 Al'Y per
formula unit and the other parameters are highly comparable
between the two datasets (Table 3). The Kranidiotis and MacLean
(1987) geothermometer is therefore most appropriate for esti-
mating the temperature of chlorite growth in the KFZ phyllonite.
The error associated with this calibration, arising from the spread
of measurements in the original Cathelineau and Nieva (1985)
dataset, is estimated at + 25 °C. The temperature estimate for
chlorite growth in the KFZ phyllonite given by the Kranidiotis and
MacLean (1987) calibration is 351 + 34 °C, with the reported error
being the square root of the sum of the squares of the calibration
error and two standard deviations of the individual temperature
estimates (+23 °C). Two important caveats to this temperature
estimate are that the calculated temperature is slightly outside
the calibration range, which extends up to c. 300 °C, and that the
effect of pressure on chlorite Al'"Y is in general poorly constrained.
The true uncertainty of the temperature estimate is likely there-
fore to be greater than that reported.
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Table 3

Comparison between the compositions of chlorites (28 oxygen basis) from the Karakoram Fault Zone phyllonite and those in the calibration datasets of
chlorite geothermometers. Compositions for Bourdelle et al. (2013) are those that the geothermometer was tested against as the compositions of the
calibration dataset are not given. The temperatures estimated for the KFZ phyllonite chlorites are given with the quadratic error of the calibration error

and two standard deviations of the results.

KFZ phyllonite Cathelineau (1988)

Kranidiotis and MacLean (1987)

Zang and Fyfe (1995) Bourdelle et al. (2013)

Fe/(Fe + Mg) 0.56—0.61 0.24-0.37 0.18—0.64
AV 2.07-2.92 0.59-1.93 1.89-2.83
Si 5.08-5.93 2.80-3.41 5.17—5.80
Si/Al 0.90-1.05 1.29-1.89 0.92-1.56
T (°C) 308 + 34 351 +34

0.78-0.81 0.08—-0.88
2.49-2.64 1.70-2.42
5.36-5.51

1.08-1.16

284 + 34 853 + 2231

6. Frictional-viscous flow modelling

6.1. Microphysical modelling of frictional-viscous flow in the KFZ
phyllonites

Bos and Spiers (2002) developed a microphysical model for
FVF based on the results of kaolinite-halite analogue experiments
(Fig. 1; Bos et al., 2000; Bos and Spiers, 2001). Halite was used in
the experiments due to its well constrained diffusion kinetics at
room temperature, allowing it to be used in room temperature
experiments at reasonable rates as an analogue for pressure-
dissolvable minerals under hydrothermal conditions. The model
was then applied to quartz-muscovite assemblages. The model
geometry and theoretical basis are described in detail by Bos and
Spiers (2002), Niemeijer and Spiers (2005) and Jefferies et al.
(2006a). Niemeijer and Spiers (2005) updated the original
model, based on new experimental results from muscovite-halite
mixtures, to incorporate the effects of a component of crystal
plastic deformation within the phyllosilicate foliae. This revision
is significant for the present study as the muscovite CPO (Fig. 6)
suggests that at least a component of the deformation within the
muscovite occurred by (001)<110> dislocation glide. Whilst
these models are commonly invoked to describe deformation
in mid-crustal phyllosilicate-rich lithologies (e.g. Marsh et al.,
2009; Imber et al., 2008; Collettini and Holdsworth, 2004),
their application to specific natural fault rocks has been limited
to date. Jefferies et al. (2006a, 2006b) applied the model of Bos
and Spiers (2002) to phyllonites and foliated cataclasites of the
Median Tectonic Line, Japan, in which there was no evidence for
phyllosilicate crystal plasticity. The Niemeijer and Spiers (2005)
model on the other hand offers a means to estimate the
approximate effective shear strength (t) of the KFZ phyllonites,
incorporating the effects of phyllosilicate crystal plasticity, dur-
ing FVF in the upper-to mid-crust.

The model describes the effective shear strength (t) of an
assemblage undergoing FVF by the equation

= {(Tgb)_20 + (Tpl)_zo}io.o5 + {(TPS)JO + (Tdu)fzo}io'os

(1)

where g, is the shear resistance due to frictional slip along
phyllosilicate grain boundaries, tp; is the shear resistance due to
crystal plasticity in the phyllosilicate foliae, tps is the shear resis-
tance resulting from pressure solution of the rigid clasts and tq; is
the shear resistance resulting from dilation of the model micro-
structure. The exponents of —20 and —0.05 (i.e. —1/20) allow the
model to accurately reproduce the experimentally observed
transitions between regimes dominated by each of these defor-
mation processes, whilst allowing the strength behaviour of the
system to be represented using a single continuous function

(Niemeijer and Spiers, 2005). Each of these components are
defined respectively as:

Tgh = Pugpon (2)
1 30.5,3,‘3’
T log{Cexp(—Q/RT) 3
RTd
Tps = m Y (4)
411 = 0.5(c1 — (;3)sin(ta:r1 (1 /ugb)> (5)

where P is the proportion of clast grain boundary area undergoing
sliding, pgp is the phyllosilicate grain boundary friction coefficient,
on (Pa) is the effective normal stress, C (s~') and o« (Pa~!) are
empirical constants taken from Kronenberg et al. (1990), yp| (s Nis
the shear strain rate in phyllosilicate foliae, y (s—!) is the bulk
assemblage shear strain rate, Q (Jmol~!) is the apparent activation
energy, R (Pam > K~! mol~!) is the molar constant, T (K) is the
absolute temperature, d (m) is the average diffusion distance (grain
size), B is the aspect ratio of clasts, ks (mol m~3 s71) is the rate
coefficient for dissolution (s) or precipitation (p), Qs (m> mol~1) is
the molar volume of solid and 61—0o3 (Pa) is the differential stress.

Equation (1) describes the shear strength as the combination of
resistance from grain boundary friction, phyllosilicate dislocation
glide, clast pressure-solution and microstructural dilation. Values
for the parameters in Equations (2)—(5) are taken as defined by
Niemeijer and Spiers (2005) for strike-slip faults, except where they
can be modified for the composition and environmental conditions
of the KFZ phyllonite, as defined in Table 4. P = 0.6 was visually
estimated from the approximate proportion of foliation parallel
grain boundaries in EBSD and EDX maps (Fig. 6) and backscattered
electron images (Fig. 5). Values of d = 4.3 ym (n = 3510)and B = 1.6
were determined using the automated grain size statistics of the
Channel 5 software for albite in the EBSD map area of Fig. 6a. The
molar volume of albite (1.0006 x 10~4 m? mol~') was taken from
the database of Holland and Powell (1998). Temperatures were
calculated according to a geothermal gradient of 35°Ckm™!, cor-
responding to that estimated by Wallis et al. (2014b) from geo-
thermobarometry of c. 17 Ma migmatites within the EKMC. Where
possible, and within reasonable limits of uncertainty, values are
chosen that will produce a maximum effective shear strength such
that the modelled strength profile approximates an upper strength
limit. For instance, the chosen value for pg, is 0.38 (see below),
determined by Behnsen and Faulkner (2012) for a muscovite
aggregate in the presence of pore fluids and confining pressure.
This value is broadly consistent with values of p = 0.3-0.4 for
muscovite aggregates sheared at temperatures up to 700 °C
(Mariani et al., 2006). However, the coefficient of friction for
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Table 4

Values used in equations (1)—(5) for frictional-viscous flow modelling of the Karakoram Fault Zone phyllonite and the strike-slip model of Niemeijer and Spiers (2005).

Variable Niemeijer and Spiers (2005) KFZ phyllonite model Source of values for KFZ phyllonite model
strike-slip model
P Proportion of grain boundary 0.75 Estimated proportion of foliation parallel grain

undergoing sliding

Mgb Grain boundary friction coefficient  0.31
T Absolute temperature, from 25°Ckm ™!
geothermal gradient
d Average diffusion distance 10 um
B Aspect ratio of clasts 4.0
Qs Molar volume of solid 2.2668 x 10~ m® mol™!
on Effective normal stress 0—345 MPa
c Empirical constant 46 x 1075s7!
o Empirical constant 0.41 MPa™!
y Bulk assemblage shear strain rate ~ 1071°—10"'2 5!
Q Apparent activation energy 5.1 x 10* kJ mol ™"
R Molar gas constant 8.314 JK~' mol™!
Ksp Rate coefficient for dissolution/ 2.5 x 10'°-8.1 x 10" molm—3s~!

precipitation

(07—03) Differential stress 0—414 MPa

1.0006 x 10~4 m® mol ™"

1079-10""%s7!

5.1 x 10* kJ mol "

8.314 JK~! mol ™!
2.5 x 10'°-8.1 x 10'® molm—3s~! Niemeijer and Spiers (2005)

0—414 MPa

boundaries from EBSD maps and backscattered
electron images, also appropriate for grains
with aspect ratio of 1.6

0.38 Friction coefficient of wet muscovite aggregate

from Behnsen and Faulkner (2012) taken as an
upper limit of possible values for muscovite in
the KFZ phyllonite

35°Ckm™! Miocene geothermal gradient estimated from
geothermobarometry of Wallis et al. (2014b)
4.3 um EBSD map grain statistics: mean albite grain size

EBSD map grain statistics: mean aspect
ratio of albite

Molar volume of albite from Holland and
Powell (1998)

0—-345 MPa Niemeijer and Spiers (2005)

46 x 1076571 Niemeijer and Spiers (2005):
Kronenburg et al. (1990)

0.41 MPa™! Niemeijer and Spiers (2005):

Kronenburg et al. (1990)

Niemeijer and Spiers (2005), appropriate for
KFZ phyllonite with 1-10 m thickness and
1-10 mm/yr slip rate

Niemeijer and Spiers (2005):

Kronenburg et al. (1990)

Niemeijer and Spiers (2005)

Niemeijer and Spiers (2005)

individual muscovite (001) surfaces is likely considerably lower
than those of granular aggregates (Bos and Spiers, 2002). Ks , values
for quartz were used in the absence of such data for albite.

Effective shear strengths (Fig. 8) were calculated for Coulomb
friction (n = 0.6 and 0.1), and FVF of the albite-muscovite assem-
blage between 0 and 20 km depth following Niemeijer and Spiers
(2005). Hydrostatic pore fluid pressures are assumed throughout.
However, evidence for supra-hydrostatic fluid pressures within the
Nubra strand of the KFZ suggests that the modelled effective
normal stress distribution is an upper limit such that the results
again provide a maximum effective shear strength. The strength of
quartz undergoing dislocation creep was also calculated using the
wet quartzite flow law of Luan and Paterson (1992) rewritten for
simple shear by Bos and Spiers (2002).

6.2. Effective shear strength of the KFZ phyllonites

The modelling of the KFZ phyllonite predicts its effective shear
strength during strike-slip deformation between 0 and 20 km
depth (Fig. 8), assuming that the mineral assemblage and strain rate
were to remain constant across all depths. Mineral transformations
and changes in strain rate that are expected to occur at depths other
than those at which the phyllonite formed mean however that the
model results are most appropriate for the 351 + 34 °C temperature
range and should be treated with caution outside this range. For
instance, although FVF is always weaker than quartz dislocation
creep at equivalent strain rate, the phyllonite protoliths at greater
depth may lack the necessary phyllosilicate content for FVF, such
that quartz dislocation creep is an important deformation mecha-
nism at > 11 km depth. Uncertainty in the model results is difficult
to quantify due to the large number of variables, some of which
have poorly constrained values/uncertainties themselves. The least
well constrained parameters are the diffusion- and crystal
plasticity-related variables, as discussed by Bos and Spiers (2002)
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Fig. 8. FVF strength—depth plot for the Nubra Formation phyllonite (bold curves),
calculated for strain rates of 107'° s~! and 10~'2 s~! according to equations (1)—(5),
and Niemeijer and Spiers (2005). The dark grey envelope summarises the range of
values discussed in the text arising from different strain rate—friction coefficient
combinations. Also shown are the shear strength lines for Coulomb friction co-
efficients (n) of 0.6 and 0.1 (dotted), and quartz undergoing viscous dislocation
creep at strain rates of 107'° s=! and 10~'? s=' (dot-dashed), following Bos and
Spiers (2002) and Luan and Paterson (1992). Hydrostatic pore fluid pressures are
assumed throughout. Temperature scale and modelling assumes a Miocene
geothermal gradient of 35°Ckm~' (Wallis et al., 2014b). Horizontal dashed line and
light grey shaded region show the 351 + 34 °C temperature range determined by
chlorite geothermometry.
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and Niemeijer and Spiers (2005). Changes in the strain rate esti-
mate affect the FVF effective shear strength most at < 3 km and
>11 km depth, where shear strength is dominantly controlled by
pressure solution and dislocation glide respectively, with greater
shear resistance at higher strain rates. Within the 351 + 34 °C range
of chlorite temperatures, shear strength is controlled primarily by
the frictional strength of muscovite, reduced by crystal plasticity. In
this temperature range shear strength is not greatly affected by
changes in strain rate due to the frictional control.

Niemeijer and Spiers (2005) defined four deformation regimes,
A-D, in which shear strength is dominated by (A) plasticity of
phyllosilicate foliae, (B) frictional sliding in/on phyllosilicate foliae,
(C) clast pressure-solution and (D) dilation-accommodated sliding
respectively (Fig. 9). The elevated Miocene geothermal gradient
within the Karakoram terrane (c. 35 °Ckm™'; Wallis et al., 2014b)
facilitates fluid-assisted diffusive mass transfer and dislocation
glide such that the KFZ phyllonite FVF strength is lower than in the
generalised case calculated by Niemeijer and Spiers (2005, Figure 9)
and that estimated for phyllonite from the Median Tectonic Line,
Japan, by Jefferies et al. (2006a), both of which assumed a
geothermal gradient of 25 °Ckm~. Enhanced phyllosilicate plas-
ticity results in significantly reduced flow strength in regime A, and
more modest strength reduction in regime B where deformation is
instead dominated by frictional sliding on the phyllosilicate foliae.
The depth extent and shear strength of Regime C is significantly
reduced in the KFZ phyllonite model relative to that of Niemeijer
and Spiers (2005) due to enhanced pressure solution. Whilst
pressure-solution of the albite clasts was an important micro-
structural process, it added little additional shear resistance, such
that the FVF strength of the albite-muscovite assemblage is not
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Fig. 9. Comparison between modelled strength of the KFZ phyllonite with a 35 °Ckm
geothermal gradient (red) and the modelling of Niemeijer and Spiers (2005) for a
quartz-muscovite assemblage within a transcurrent fault with a 25 °Ckm™!
geothermal gradient (blue). Strain rates of 107 s~ and 102 s~! are shown for both
cases. Also shown are deformation regimes A-D of Niemeijer and Spiers (2005),
in which the modelled strength is dominated by (A) phyllosilicate plasticity, (B)
frictional sliding in/on phyllosilicate foliae, (C) pressure-solution and (D) dilation-
accommodated sliding respectively (boundaries shown as dashed black lines). Blue
lines converge in regime B due to negligible impact of strain rate-sensitive mecha-
nisms within regime where strength is controlled by frictional-sliding. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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significantly different from that of pure muscovite at depths of
<5 km (Fig. 8). This emphasises the need for further experimental
constraints on both the rheology of muscovite over the wide range
of crustal conditions and, also, the dissolution/precipitation ki-
netics of albite. The latter should constrain the extent to which
dissolution, diffusion or precipitation rates differ from those of
quartz and which step is rate-limiting for pressure-solution under
mid-crustal conditions.

The chlorite geothermometry results constrain the active FVF in
the KFZ phyllonite to 351 + 34 °C (i.e. c. 9—11 km depth, Fig. 8). The
primary control on the FVF strength of the assemblage, and its
uncertainty, under these conditions is the muscovite friction coef-
ficient. Behnsen and Faulkner (2012) summarized experimentally
determined friction coefficients for muscovite aggregates, which
range between 0.35 and 0.47 in the presence of pore fluids. This
range results in effective shear strengths of 15.5—18.6 MPa at 10~1°
s~'and 12.0—13.8 MPa at 10~'2 s~! at 10 km depth. Following the
results of Behnsen and Faulkner (2012) we take a friction coefficient
of 0.38 as being typical (Table 4), which gives maximum shear
strengths of 16.3 and 12.5 MPa at the same depth and strain rates
respectively (Fig. 8). However, as discussed by Bos and Spiers
(2002), friction on single muscovite cleavage planes, as in the
model geometry, may be as low as 0.12 or even less, depending
upon normal stress and environmental conditions. Nonetheless,
the relatively high proportion of muscovite in the bands in which it
occurs suggests that aggregate, rather than single crystal, friction
coefficients may be more appropriate for this lithology.

These modelling results constrain the effective shear strength of
only a volumetrically small portion of the fault zone (i.e. limited
extent in both depth and thickness). Nonetheless, the depth range
at which the phyllonite formed is commonly inferred to be the
strongest portion of crustal fault zones (Sibson, 1986; Scholz, 1988;
Holdsworth, 2004; Imber et al., 2008) and, in which case, is the
portion that dominates total crustal fault zone shear strength and
where the effects of weakening may be most pronounced. The
rheology of the phyllonite, whilst at its depth of formation and FVF,
is likely therefore to have significantly influenced the macroscopic
behaviour of the fault zone.

7. Discussion

7.1. Deformation-metamorphism-fluid interactions and
implications for fault zone rheology

Retrograde phyllonitisation of the Nubra Formation within the
KFZ provides an example of interactions and feedbacks between
deformation, metamorphism and fluid processes within a large-
scale strike-slip fault zone. Peak kyanite-grade metamorphism
(622 + 41 °C) and regional deformation of the Nubra Formation
occurred prior to the 15.87 + 0.08 Ma intrusion of the Nubra-
Siachen leucogranite and associated andalusite-grade contact
metamorphism at c¢. 500 °C and c. 320—330 MPa (Phillips et al.,
2004; Reichardt and Weinberg, 2012; Wallis et al., 2014b). Mylo-
nitic deformation within the Nubra strand of the KFZ had largely
ceased to affect the Nubra-Siachen leucogranite by 13.73 + 0.34 Ma
(Phillips et al., 2004). Deformation of the adjacent Nubra Formation
continued however after this time, as it records mylonitic defor-
mation to lower temperatures (c. 400 °C) than those affecting the
leucogranite (c. 500 °C; Phillips and Searle, 2007; Wallis et al,,
2013).

Continued syn-kinematic exhumation and cooling of the Nubra
Formation resulted in greenschist facies phyllonitisation at
351 + 34 °C, characterised by the breakdown of biotite and synki-
nematic growth of muscovite and chlorite. The localised (7—10 m
wide) nature of the principle phyllonite band suggests that this
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was a zone of locally elevated fluid flux (Wallis et al., 2013),
presumably resulting from increased permeability induced by
preceding deformation, as suggested by sheared quartz veins pre-
served within the non-phyllonitised metapelitic mylonites. The
abundant muscovite within the phyllonite, along with the action of
grain boundary fluids, allowed FVF to occur with lower shear
resistance than quartz crystal plasticity at the same temperature
(Fig. 8), causing quartz and albite to behave as relatively rigid clasts.
The low effective shear strength (<20 MPa) of the phyllonite un-
dergoing FVF, further enhanced strain localisation to within the
phyllonite band.

Dynamic recrystallisation microstructures preserved in relict
quartz clasts (Fig. 4b) demonstrate that the phyllonite was derived
from an originally mylonitic protolith. Several previous studies of
phyllonite (e.g. Great Glen Fault, Scotland, Stewart et al., 2000;
Median Tectonic Line, Japan, Jefferies et al., 2006a; Shigematsu
et al., 2012; Zuccale Fault, Elba, Collettini and Holdsworth, 2004)
have documented evidence for cataclasis that triggered fluid influx,
resulting in the growth of low friction phyllosilicates and the onset
of fluid-assisted diffusive mass transfer processes. Brittle defor-
mation did affect the Nubra Formation mylonites prior to phyllo-
nitisation, as recrystallised quartz and calcite veins provide
evidence for episodic embrittlement events, likely driven by
elevated pore fluid pressures (Wallis et al., 2013). This is supported
by the recrystallised quartz vein clast within the phyllonite. The
lack of CPOs in quartz and albite, even within the more competent
quartz-rich domains (Fig. 6g), also suggest that the rock may have
undergone cataclasis following mylonitisation but prior to phyllo-
nitisation. The lack of CPOs in the quartz-rich domains may also
result however from a range of other deformation processes (e.g.
grain boundary sliding) during pre-phyllonitisation deformation.
From these (micro)structures, the following generalised sequence
of events during exhumation and cooling can be inferred:

e Mylonitic deformation of the Nubra Formation metapelites (c.
400—-550 °C),

e Localised transient fracturing events and fluid penetration due
to elevated pore fluid pressure,

e Vein precipitation resulting from fluid-assisted diffusive mass
transfer and pore fluid pressure drops during fracturing,

e Continued mylonitic deformation and dynamic recrystallisation
of vein material (c. 400—500 °C),

e Retrograde reaction and phyllosilicate formation, with shear
leading to phyllonitisation (351 + 34 °C), potentially along a pre-
existing fracture network such as that associated with vein
formation.

e Frictional-viscous flow within the phyllonite (351 + 34 °C).

Experimental observations of FVF show that it is associated with
velocity strengthening behaviour characteristic of aseismic creep
(Bos et al., 2000; Bos and Spiers, 2001, 2002; Niemeijer and Spiers,
2007; den Hartog et al., 2013; den Hartog and Spiers, 2013, 2014).
This is consistent with cm-scale folds in the KFZ phyllonite that
demonstrate that its deformation was dominantly ductile at the
hand-specimen scale. However, Imber et al. (2008) argue that
localized, potentially seismic, frictional slip may be common within
phyllonitic fault cores due to factors such as elevated pore fluid
pressure, stress/strain rate fluctuations around geometric irregu-
larities and/or reorganization of the phyllosilicate network during
changes in boundary conditions and slip vector. Analogue experi-
ments have demonstrated that assemblages undergoing FVF can
display marked velocity weakening and develop cataclastic mi-
crostructures when subjected to high sliding velocities (>1 pm s,
Niemeijer and Spiers, 2006, 2007). Such findings suggest that
creeping phyllonite fault cores may be able to accommodate

propagating seismic ruptures that nucleate within internal do-
mains of velocity weakening material (such as the quartz-rich do-
mains of the KFZ phyllonite) or in adjacent lithologies (such as the
Nubra-Siachen leucogranite within the Nubra strand). Niemeijer
and Vissers (2014) reached similar conclusions based on geolog-
ical and seismological observations and experimental data from
phyllosilicate-rich gouges representing deformation at shallower
depths of c. 4 km. For earthquakes to occur, such velocity weak-
ening domains must be large enough for nucleating ruptures to
reach a critical length, which depends upon effective normal stress
and frictional properties of the material (Scholz, 2002). Such critical
nucleation lengths are c. 1-10 m for deformation at a few kilo-
metres depth (Niemeijer and Vissers, 2014), suggesting that
nucleation within the mm-scale quartz-rich domains of the KFZ
phyllonite is unlikely to have occurred at depths where FVF oper-
ated. Nonetheless, the surrounding leucogranite and metasedi-
ments are more than large enough to have hosted seismic rupture
nucleation.

Whilst evidence for localised and potentially seismogenic fric-
tional slip (e.g. through-going principle slip surfaces) is lacking
within the KFZ phyllonites, cataclasite-filled faults are abundant
within the adjacent leucogranite and cross-cut the Nubra Forma-
tion as later structures formed at shallower depths (Phillips and
Searle, 2007; Wallis et al., 2013). Similarly, palaeoseismic evi-
dence suggests that large magnitude (M,y > 6) Quaternary earth-
quakes have occurred in the vicinity of the Nubra strand (Upadhyay,
2001, 2003; Phartiyal et al., 2005; Phartiyal and Sharma, 2009),
which is likely to contain similar active fault rocks (including
phyllonites) at depth to those exposed at the surface and continues
to deform with dominantly dextral strike-slip kinematics, similar to
the exhumed phyllonites (Phillips and Searle, 2007). It is probable
therefore that localized brittle slip did affect the phyllonites inter-
mittently, but that evidence for it has been obscured by subsequent
FVFE. Such considerations suggest that whilst the principle defor-
mation mechanism of the phyllonite was FVF, the phyllonite band
may have been able to accommodate seismic ruptures.

7.2. Constraining fault strength in models of Himalayan-Tibetan
tectonics

Fault friction is an important consideration for mechanical
models for deformation of the Tibetan Plateau. The 3D mechanical
modelling of He and Chéry (2008) predicts KFZ slip-rates of be-
tween c. 1-13 mm/yr when friction coefficients are varied between
0.60 and 0.02. The results of the present study suggest that the FVF
shear strength of the central KFZ at c. 10 km depth is comparable to
that produced by a Coulomb friction coefficient of 0.1 (Fig. 8). He
and Chéry (2008) also suggest that a friction coefficient of 0.1
provides the best general fit between their model predictions and
geological constraints on the slip-rates of the Karakoram, Altyn
Tagh and Kunlun faults. For this friction coefficient, the He and
Chéry (2008) models predict KFZ slip-rates of c. 7—10 mm/yr.
These rates are broadly equivalent to the slower long-term slip-
rates of ¢. 4—10 mmy/yr for the central KFZ derived from geological
observations (Searle et al., 1998; Phillips et al., 2004) and complied
Quaternary slip-rates of > 5—11 mm/yr from the southern KFZ
(Chevalier et al., 2012). However, it should be noted that there are
considerable ranges of both faster and slower long-term, Quater-
nary and present day slip-rate estimates for the KFZ (see compi-
lation by Searle et al., 2011). It is not the purpose of this discussion
to discriminate between these slip rates but rather to highlight the
need for further geological constraints on the strength of major
faults to inform mechanical models of large-scale tectonic pro-
cesses. Concomitantly, improved experimental constraints on the
fundamental mechanics and chemical kinetics of deformation
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processes are required to reduce the uncertainties associated with
microphysical modelling.

FVF within the KFZ phyllonite appears to operate at sufficiently
low shear stresses (approximating a Coulomb friction coefficient
of 0.1) to be consistent with models of strain partitioning in the
NW Himalaya, which require friction coefficients < 0.18 in the KFZ
(Whipp et al., 2014). Such strain partitioning has been suggested to
translate the NW Himalaya towards the western Himalayan syn-
taxis, contributing to rapid uplift and exhumation of the Nanga
Parbat massif (Whipp et al., 2014). This study suggests that FVF
within phyllonite provides a plausible weakening mechanism to
facilitate these large-scale geodynamical processes. The growing
geological evidence for FVF controlling the shear strength of the
mid-crustal portions of major faults further suggests that incor-
poration of FVF-type rheologies into large-scale mechanical models
is an important contemporary research objective.

8. Conclusions

Phyllonites in the Nubra strand of the Karakoram Fault Zone
record evidence for deformation-fluid-metamorphism interactions
that resulted in low effective shear strength within the frictional-
viscous transition zone. Transient fluid-related fracture events in
exhuming mylonitic metapelites promoted greenschist facies
phyllonitisation and development of through-going muscovite-rich
domains. Frictional-viscous flow within these domains occurred at
351 + 34 °C with modelled effective shear strengths of <20 MPa.
The phyllonites are inferred to have deformed predominantly by
aseismic creep. Potential for velocity weakening behaviour at high
sliding velocities however suggests that earthquake ruptures may
have been able to propagate within the phyllonite. The presence of
the phyllonite band does not therefore preclude large magnitude
earthquakes within the fault zone with subsequent healing and
re-phyllonitisation of the microstructure. The low effective shear
strength of the KFZ phyllonite is broadly consistent with mechan-
ical models of the macroscopic tectonics of the Tibetan Plateau
and NW Himalaya. Further geological investigations into the
shear strengths of major faults in the India-Asia collision zone are
required to ground-truth such models and characterise the long-
term deformation of the region.
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