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Abstract

The onset of frictional failure and potentiallyyssaogenic deformation in carbonate
rocks undergoing exhumation within fault zones aelseon hardening processes that reduce
the efficiency of aseismic dislocation-mediated odefation as temperature decreases.
However, few techniques are available for quanmgaanalysis of dislocation slip system
activity and hardening in natural tectonites. Higctbackscatter diffraction maps of crystal
orientations offer one such approagch determination of Schmid factors, if the palaeasstre
conditions can be inferred and the critical resohshear stresses of slip systems are
constrained. We analyse calcite marbles deformesinple shear within the Karakoram
Fault Zone, NW India, to quantify changes in slytem activity as the rocks cooled during
exhumation. Microstructural evidence demonstratas between ~300°C and 200-250°C the

dominant deformation mechanisms transitioned frestodation-mediated flow to twinning
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and frictional failure. However, Schmid factor aysa$, considering critical resolved shear
stresses for yield of undeformed single crystaidjcates that the fraction of grains with
sufficient resolved shear stress for glide appérantreased with decreasing temperature.
Misorientation analysis and previous experimenthdndicate that strain-dependent work
hardening is responsible for this apparent incoescy and promoted the transition from

dislocation-mediated flow to frictional, and poteafy seismogenic, deformation.

1. Introduction

Calcite exhibits marked velocity-weakening behagiowhich may promote
nucleation of unstable earthquake ruptures (etaal., 2010; Verbernet al, 2015; Cowieet
al., 2017). Faults hosted in calcite-rich lithologim® therefore major sources of seismic
hazard in zones of active continental deformati®mith et al, 2011). The depth extent of
earthquake nucleation in such faults broadly cpoeds to the depth at which the activity of
temperature-dependent aseismic creep processgseant unstable frictional failure under
interseismic strain rate conditions (Scholz, 198&rberne et al, 2015). Dislocation-
mediated deformation mechanisms (potentially incigdicontributions from dislocation
creep, low-temperature plasticity, and/or dislomataccommodated grain boundary sliding)
are commonly inferred to have operated in calaitk-shear zones exhumed from mid-crustal
depths and in which the grain size and/or conditiere unfavourable for efficient diffusion
creep (e.g. Bestmanet al, 2006; Rutteret al, 2007; Walliset al, 2013; Parsonst al,
2016). Therefore, competition between dislocatiedmated flow and frictional failure may
exert an important control on the depth limit oftequake nucleation. However, the precise
microphysical processes that control this transitiomatural fault zones remain poorly
constrained, particularly in situations where rocke progressively exhumed during

deformation, resulting in a transition from aseisiihow to potentially seismogenic frictional
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failure within the exhuming rock mass (Haretyal, 2007). The strength of rocks undergoing
dislocation-mediated deformation is a functiontod stresses required to activate dislocation
glide on particular crystallographic slip systeméich may depend on both environmental
conditions (e.g. temperature, pressure, and straie) and other state variables (e.g.
composition, dislocation density and distributige)g., Hobbset al, 1972; de Bresser and
Spiers, 1997). However, it is challenging to deieemthe strength and activity of slip
systems during dislocation-mediated deformatiomatural tectonites, and relatively few
techniques are available to do so. As a result,ptleeise controls on the transition from
aseismic creep to frictional failure and potenyiadkeismogenic behaviour in natural fault

zones remain poorly constrained.

The most common approach to assess the relativétyaof different slip systems in
natural tectonites is to interpret the slip sys@nmmfost likely to have generated an observed
crystallographic preferred orientation (CPO); forample, by determining the slip system
inferred to have most readily rotated into orieiotad with high resolved shear stress (e.g.,
Toy et al, 2008). However, such analysis is often limitedqualitative interpretations and
comparisons. More quantitative information can Hbeaged by comparing natural and
experimental CPOs to results from simulations dfy@gstal plasticity (e.g. Wenlet al,
1987). However, this approach tends to place veltiloose constraints on slip system
activity due to the large parameter space that sxéedbe searched (i.e., typically many
combinations of slip system strengths and defoomagjeometries have to be tested) and

challenges in comparing natural and simulated Ce@ngtries quantitatively.

Another approach is to analyse crystallographisomentations resulting from the
presence of dislocations within grains (Lloyd al, 1997; Bestmann and Prior, 2003;

Wheeleret al, 2009). However, due to the limited angular resoh of commonly available
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measurement techniques (e.g. ~0l@° misorientation angles from conventional electron
backscatter diffraction, EBSD) such analysis cary @ample the fraction of the dislocation
population that is arranged into relatively highsarientation substructures such as subgrain
boundaries (Prior, 1999). As such, ‘free’ disloocasi that are not in subgrain boundaries can
be difficult to detect and generally require highmecision and more computationally
expensive techniques such as high-angular resoletemtron backscatter diffraction (Wallis
et al, 2016a, 2017). Moreover, it is unclear to whaeekthe measured dislocation content
was glissile or sessile during deformation. Thisbayuity also often applies to direct
observation of dislocations, by transmission-etacttrimaging, chemical etching, or

decoration by oxidation.

In this contribution, we exploit advances in EBSPrior et al, 1999, 2009;
Bachmanret al, 2010; Mainpriceet al, 2011) to develop a method of slip system angalysi
based on determination of Schmid factors (Schmi@81%chmid and Boas, 1950; Fadta
al., 2011; Hansemt al, 2011). The Schmid factor of a slip system quatiely describes
the relation between resolved shear stress andedpgiress state (the higher the Schmid
factor, the greater the resolved shear stress osliphsystem). This orientation relationship is
typically qualitatively inferred when interpretinglip systems that contribute to CPO
development (e.g. Togt al, 2008). However, the Schmid factor not only quees this
relationship, but also allows for calculation ofob/ed shear stresses on each slip system,
and enables mapping of grains that are (un)favoyrabiented for dislocation glide.
Relatively few geological studies have utilisedailett Schmid factor analysis. Most of these
focussed on stress states associated with radwathynetric shortening or extension (e.g.
Ralseret al, 1991; Farleet al, 2011; Hanseet al, 2011), and to our knowledge, only two

have considered simple shear, both focussed otzguaw et al, 1990; Toyet al, 2008).
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To explore the capabilities of this approach, waduct a detailed Schmid factor
analysis of calcite in marbles deformed within aasheone of the Karakoram Fault Zone
(KFZ), NW India (Figure 1). Calcite is particulariyell suited for Schmid factor analysis
because: (1) techniques are well established & pdlaeostress magnitudes and orientations
(Turner, 1953; Rowe and Rutter, 1990) as well akamerphic and deformation temperatures
(Covey-Crump and Rutter, 1989; Burkhard, 1993) froaicite microstructures; (2) the
critical resolved shear stresses (CRSSs) of cabiesystems are experimentally constrained
(De Bresser and Spiers, 1997); and (3) these CRB&#he post-yield behaviour exhibit low
strain rate sensitivity (stress exponents in dogges 5.3—-42.6 and 9.3-15.5, respectively)
indicating near plastic (as opposed to strain satesitive viscous) behaviour when deformed
at differential stresses greater than approxima&eéliPa (Wangpt al, 1996; De Bresser and
Spiers, 1997). The marbles that we investigate hawdergone a protracted deformation
history during exhumation and cooling from upperpaibolite-grade conditions to near
surface depths and occur in a fault zone that é&shg@omorphological evidence for,Vf+
earthquakes during the Quaternary (Broetnal, 2002; Rutteret al, 2007; Walliset al,
2013). We investigate the latter part of this higtas the rocks were exhumed and cooled
through the frictional-viscous transition zone (Wsakt al, 2013, 2015) and underwent a
transition from aseismic flow to potentially seismeag frictional failure (Rutteret al,
2007). In particular, we use Schmid factor analysisnbined with other microstructural
observations to test: (1) the manner in which slptem activity potentially varied under
evolving temperature and stress conditions duririgumation, (2) the impact of strain
hardening on slip system activity, and (3) how ¢héactors affected the transition from

crystal plastic to frictional and potentially sesgenic styles of deformation.

2. Geological Setting

The KFZ is a > 800 km long fault zone that strikB4/-SE and delineates the western
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margin of the Tibetan plateau, accommodating degtsplacement resulting from the India-
Asia collision (Figure 1). Along the central KFZWW India structures formed at and below
lower amphibolite grade are unequivocally attritgato deformation within the KFZ, and
record a sequence of fault rocks formed at progrelyslower temperature due to ongoing
deformation during exhumation (Phillips and Sea2@)7; Walliset al, 2013, 2015). We
investigate marbles deformed within the Pangoranstiof the KFZ, adjacent to the Pangong

Transpressional Zone (PTZ) (Figure 1).
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Figurel

Simplified structural maps of the studied outcroghe KFZ and wider tectonic context. (a)
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and (b) are drawn following Phillips and Searle (@) and Van Buer et al., (2015). (c) is
modified from Rutter et al. (2007) and includesirtlspecimen localities and the results of

their calcite twinning analysis.

Between Muglib and Pangong Tso, the Pangong sttafaims rocks of the Pangong
Metamorphic Complex (PMC) and juxtaposes them with PTZ (Figure 1). The PMC
consists of banded marbles, amphibolites, andgsetitat underwent regional metamorphism
under kyanite grade (up to 736 + 47°C and 1059 @ RIPa, Walliset al, 2014) and
sillimanite grade conditions (Streut¢ al, 2009), followed by retrograde metamorphism and
KFZ deformation under lower amphibolite to sub-gisshist conditions (Rutteat al., 2007,

Streuleet al, 2009; Walliset al, 2014; Van Bueet al,, 2015).

Rutter et al (2007) studied in detail an outcrop of deformedrinle near Muglib
(N34°00°55" E078°17°03”), providing the contextof this study (Figure 1). Here we
summarise the most relevant findings of their stushain-shape foliation at this locality dips
moderately SW and mineral stretching lineations géugently both NW and SE, consistent
with the wider KFZ kinematics. Rutteet al (2007) investigated seven marble samples
exhibiting microstructures that record myloniticbfies evident as varying degrees of
dynamic recrystallisation. From the reconstructeairgsize of weakly recrystallised host
grains, they estimated metamorphic temperaturédseimange 300 + 20°C to 480 +130/-30°C,
using the grain size-temperature relationship ofeye@rump and Rutter (1989). These data
place an upper limit on the temperature of overprindeformation in each sample. The
grain size of dynamically recrystallised neoblasticates flow stresses in the range of 40
20 MPa to 110 = 40 MPa according to the calibrabrRutter (1995) based on dynamic
recrystallisation by grain boundary migration. Tdteice of this calibration, rather than an
alternative based on dynamic recrystallisation lo§pgsain rotation (Rutter, 1995), is

supported by our microstructural analysis in théofeing sections, which reveals irregular

7
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grain boundary morphologies but limited subgrainvelepoment, consistent with
microstructures reported by Rutetral (2007). Twin incidence (the percentage of graims,
a given grain size class interval, that containicafly visible twin lamellae) indicates
differential stresses in the range of 160 + 30 MPa250 + 30 MPa according to the
calibration of Rowe and Rutter (1990). Thick twimshibit straight, or curved and tapered
boundaries indicating temperatures of 200-250°CKlBand, 1993). These constraints, along
with observations that the mylonitic fabric is gazit by calcite veins that are twinned but
not mylonitised, suggest that twinning postdatesadyic recrystallisation (Ruttest al,
2007). Dynamic analysis of calcite twins, using thethod of Turner (1953), indicates a
palaeostress state that exerted N-S compression EaW extension, consistent with

transpressional motion on the NW-SE-trending faalte, foliation and lineations (Figure 1).

Table 1 Microstructural data from calcite in EM1 and infed deformation conditions

experienced by sample EM1, from Rutter et al. (2007

Parameter Value Notes

Host grain size (um) 240+11  Measured from weakbyystallised grains where
the original grain outline could be established.

Dynamically 409 Measured from digital maps of several huddre
recrystallised grain grains following Rutter (1995).

size (um)

Overall (host and 48 £ 10 Measured from digital maps of several haddr
recrystallised) grain grains following Rutter (1995).

size (um)

Temperature (°C) 310+ 20 From grain size-tempeeatelationship of marbles

on Naxos, Greece, based on Covey-Crump and
Rutter (1989). Taken as an approximate upper-bound
for the deformation temperature.

Flow stress 98 + 35 From dynamically recrystallised grain sigeng the
(differential) (MPa) calibration of Rutter (1995).

Twinning stress 210+ 30  From the twinning incidence piezometric
(differential) (MPa) relationship of Rowe and Rutter (1990).
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The marbles at the Muglib locality are locally gwented by bands of cataclasite and
are cross-cut by a ~10 m thick zone of clay-beaf@udf gouge that displays P foliations and
R: Riedel shears consistent with dextral KFZ deforama{Figures 1 and 2). The Kubler
index for authigenic illite in the gouge indicatgsuge formation at the anchizone-epizone
transition, tentatively taken to be ~300°C (Fig@reRutteret al, 2007). The overprinting of
mylonitic textures by cataclastic textures recotti® transition from crystal plastic
deformation of the marbles to frictional and poiait seismogenic deformation within the

marble cataclasite and clay-rich gouge zone.

Constraints

Time 8 8 5 (') 4OAr/3°Ar muscovite & biotite
(Ma) > ~ ~ Apatite fission track
Depth L T T T T T :
(km) 10 8 6 4 2 0 Miocene geothermal gradient
1 1 1 1 1 ]
I 1 T T 1
Temp. 400 300 200 100 0
(°C)
L 1 1 1 ]
. Metamorphic grain growth Original size of host grains
98 + 35 MPa . Dislocation-mediated flow Overprints static metamorphic fabric
- Overprints mylonitic fabric
210 = 30 MPpa - Twinning Twin morphology

. Cross-cuts mylonitic fabric
F f
- ormation of gouge \ upler index of illite

Cataclasis of marbles Overprints mylonitic fabric

Figure 2 Summary of constraints on the deformation and edtion histories of the

investigated marble sample EM1 (metamorphic graowgh, dislocation-mediated flow, and
twinning) and the surrounding rocks (formation afuge and cataclasis). Constraints on
temperatures of deformation and metamorphic pragsaong with differential stresses, are
obtained or inferred from Rutter et al. (2007). TMecene geothermal gradient within the

Pangong Transpressional Zone was estimated by $\&tllal. (2014) to be ~35°C/km based
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on geothermobarometry of migmatites formed at ~&7 Mme constraints are derived from
“%Ar/*°Ar and apatite fission track thermochronology (Bmutet et al., 2012; Wallis et al,

2016bh).

Thermochronological data from biotitéAr/**Ar (Boutonnetet al, 2012) and apatite fission
track (Walliset al, 2016b) indicate that the Pangong strand and ¢bfed from ~320°C to

~120°C between ~9 Ma to ~5 Ma (Figure 2). Dynangcrystallisation of the marbles
therefore likely occurred at 7-9 Ma, and deformatisimning at ~6—7 Ma (Figure 2). Offset
geological markers indicate long-term average sdjgs of 2.7-10.2 mm/yr since ~15 Ma

(Phillips et al, 2004).

Quaternary deformation on the Pangong strandcisrded by offset debris flows and
alluvial fans, which indicate an average slip ratel + 1 mm/yr since 11-14 ka (Brovet
al., 2002). These landforms are offset by severalreagtindicating the occurrence of
earthquakes of > 7 ) with probable recurrence intervals of ~500-108arg based on both
the ages of the landforms and earthquake scallagaeships (Browret al, 2002; Walliset
al., 2013). Browret al. (2002) inferred that a 7 Mearthquake has occurred on the Pangong

strand since 1-2 ka.

For this study we focus on mylonitic marble samipM1 of Rutteret al (2007), for
which the deformation conditions are particularlglwconstrained (Table 1, Figure 2).
Notably, this is one of the lowest temperature sasigtudied by Ruttest al (2007), with
the size of host grains placing an upper limit o 3120°C on the temperature of formation
of the mylonitic fabric (Table 2). This temperatusesimilar to the temperature of ~300°C
estimated for formation of the gouge layer. Thefd&M1 records mylonitic deformation
shortly preceding, or broadly coincident with, tbeset of frictional deformation at this

structural level. The results derived from detaidadhlysis of this sample are interpreted in

10



208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

the well-constrained context, outlined above, of leng deformation processes and

conditions as the marbles and surrounding unite wghumed.

3. Methods

A section of sample EM1 of Ruttet al (2007) was cut parallel to the lineation and
perpendicular to the foliation. This section wadighed with successively decreasing grit
sizes down to 0.25 pum diamond grit, followed by 04081 colloidal silica. Electron
backscatter diffraction (EBSD) data were colleaveda band of fine-grained matrix calcite
using an FEI Quanta 650 FEG E-SEM in the DepartmoérEarth Sciences, University of
Oxford. The system is equipped with an Oxford mstents NordlysNano EBSD camera and
AZtec/Channel5 software. Data were collected bymated mapping and consist of 1003 x
692 points with a step size of 1 um. 96.9% of tleprarea was indexed as calcite, and the
majority of points that were not indexed were doighte presence of other phases with rare
occurrence, such as quartz. The data were processedhove individual mis-indexed pixels
that had > 10° misorientation from all their neighi® Next, non-indexed pixels with 7
neighbours belonging to the same grain were fillgth the average orientation of their
neighbours. Maps of crystal orientation and locaanentation within a 3x3 pixel kernel
were produced using Channel5. Pole figures and Bcfaotor analyses were computed and
plotted using the MATLAB® toolbox MTEX 4.5 (Bachmaet al, 2010; Mainpriceet al,
2011). Analysis in MTEX utilised the built-irSchmidFactor function to operate on
slipSystemand stressensor MTEX objects (Supplementary Material). These otgesere
specified as the relevant slip systems for cakuiteé stress tensor for the natural deformation

as described below.

The Schmid factor of a slip/twin system describies fraction of the applied stress

that is resolved onto a particular slip/twin plamethe slip/twin direction, and can be
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described either as a scalar value (Schmid, 19&&n#&l and Boas, 1950) or as a second rank
tensor (e.g. Pokhareit al, 2014). In the conventional definition, originaflormulated for
uniaxial tension (Schmid, 1928; Schmid and Boa0).9the Schmid factornf) of a

slip/twin system¢) is computed as

mS

= cos¢cosi, 1)
where ¢ and A are the angles between the maximum principal stosection and the
slip/twin plane normal and slip/twin direction, pestively. This scalar Schmid factor then

relates the applied differential stress, i.e., the difference between the maximum and

minimum principal stresses) to the shear stressved on the slip/twin system’)( by

75 = mogigr. (2)
The maximum fraction of the differential stresgi() that can be resolved onto a slip/twin

plane in the slip/twin direction is 0.5. This capends to the maximum valuerof.

An alternative approach, which allows analysisaried stress states, is to employ the
Schmid tensor. The symmetric Schmid tenso?) describes the projection of the deviatoric
stress tensoio( i.e., with the mean stress subtracted from eacimal stress) onto a slip/twin
system §), defined by unit vectors describing a slip/twimedtion (©°) and slip/twin plane

normal (%, by

5 = %(b5®n5+n5®bs):c=ms:a, 3)
which yields the shear stress resolved on that sfigtem ¢) (for a recent review, see
Pokharelet al, 2014). In other words, the componentsrsfdetermine the fraction of each
component in the deviatoric stress tensor thaesolved onto the slip/twin plane in the
slip/twin direction. In plastically deforming cryds, dislocation glide or twinning can only
occur whent® exceeds a threshold value, that is, the critiesolived shear stress3)

(Schmid, 1928; Schmid and Boas, 1950). The valug wéries with slip/twinning system,

12
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material, and environmental conditions, primargynperature (e.g. De Bresser and Spiers,

1997; Moralest al, 2014).

To calculate Schmid factors for past deformatiarts)straints on the palaeo-stress
state are required. Differential stresses appleedample EM1 have been estimated from
palaeopiezometric analyses (Table 1; Rugteal, 2007), but the shape of the stress tensor
also needs to be determined. Based on the macroskimgimatics of the Pangong strand,
along with asymmetric deformation microstructured distributions of foliations, lineations,
and palaeostress orientations reported by Rettedl (2007) (Figure 1), we infer that the
deformation history of EM1 was dominated by simgiear. To further test the hypothesis
that deformation was dominantly simple shear, wplyaphe approach of Michelst al
(2015) to determine the macroscopic vorticity afx@m crystallographic orientation data.
This method uses principal geodesic analysis sagmanular orientation dispersion to fit a
single ‘crystallographic vorticity axis’ (CVA) toaeh grain. For samples in which dislocation
activity accommodated significant strain, CVAs agad over many grains may record the

vorticity axis of deformation.

Values of the scalar Schmid facton}, can be computed by entering a normalised
stress tenso®, in the right hand side of Equation 3 to give
mS = m®:G. 4)
Assuming macroscopic simple shear deformation withe Pangong strand, and definig
as
6 = o/0ygjf, (5)

gives
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6=101/2 0 ol

[0 1/2 o] (6)
10 0 o

This formulation denotes that the maximum possialieie of the shear stress components is
half the magnitude of the applied differential streThis approach is equivalent to that of
Law et al. (1990), except that they normalised the sheassttomponents by their maximum
possible magnitude, which leads to non-zero tem® having a value of one anth with
values in the range 0-1. In contrast, by normajidime shear stress components by the
magnitude of the differential stress, we obtairuealofm in the conventional range 0-0.5,
which can be used more directly in conjunction wdlifferential stress magnitudes from
palaeopiezometry. If crystal orientations can bepea across the microstructure and the
differential stress measured or inferred, thensitedarsr® andm® can be mapped across the

microstructure.

To determine which of the calcite slip systems dqubtentially be activated by the
palaeostresses, we transform the normalised dtassr,s, in Equation 6, into the crystal
coordinate system of each measured orientationcantbutem® for each slip system. This
stress tenso, and Schmid tensom®, allow calculation ofn® by Equation 4. Values of®
are multiplied byog to calculate the corresponding shear stréssesolved on each slip
system according to Equation 2. In crystals withtipld symmetrically equivalent variants
of each slip/twin system, such as calcite, the adriwith the highest value of©® will

slip/twin at the lowest applied stresses.

Once the Schmid factor and resolved shear st@ssdch slip system have been
calculated, it is necessary to assess whether gpked stress was sufficient to activate
dislocation glide, i.e., whethet > 5. The experimental work on calcite single crystatsi
data compilation of De Bresser and Spiers (199971 8stablished the operative calcite slip

and twinning systems and their absolute CRSSs twertemperature range 20-800°C.
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Therefore, we take the valuesmffor {e}-twinning and dislocation slip on the} and {f}-
planes, for temperatures of 200°C and 300°C, framBesser and Spiers (1997) (Table 2).
These temperatures approximately correspond to Ithweer- and upper-bounds for
temperature constrained by the geological contgettjon 2), for the occurrence of twinning
and dynamic recrystallisation respectively in sarpM1. We use values af for the variant

of the {f} slip system active at 300°C (i.e., {-1012}<2-201>), rather than the vt active

at > 500°C (i.e., {-1012}<-101-1>) in the experimentt [@e Bresser and Spiers (1997).
These experiments demonstrated that values &@ir calcite slip systems depend little on
strain rate (stress exponents in the range 5.3%4&t6ch reduces the uncertainty associated
with applying them to analyse deformation that ocedi at lower strain rates than the
deformation experiments. The range of valueg.dbr slip on the {} system at 300°C,
reported by De Bresser and Spiers (1997), is ooftier of 20 MPa. As this range is smaller
than the uncertainties of the palaeopiezometresstestimates for the nature samples (30-35
MPa, Table 1, Rutteet al, 2007), we consider only the best-fit valueszgfat each
temperature, interpolated from the fits reportedC®y Bresser and Spiers (1997), to make
simple first-order comparisons. From the criticabalved shear stresses constrained by
experiments (De Bresser and Spiers, 1997) and fiioen applied differential stresses
constrained by palaeopiezometry (Rutteal, 2007), we compute the minimum valuenof
(i.e.myin) Necessary to initiate twinning or dislocation glateeach system by

Mmin = T/ Oaifs (7)

(Table 2).

Table2 Summary of slip system information for EM1

Deformation Slip system 7. (MPa) Applied differential Minimum m for
temperature stress (MPa) twinning/dislocation glide
(°C)
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300 {e}-twinning 2 98 £ 35 0.02
{-1018}<40-41>

300 {r}-slip 22 98 + 35 0.22
{10-14}<-2021>

300 {f}-slip 52 98 +35 0.53
{-1012}<2-201>

200 {e}-twinning 3 210+ 30 0.01
{-1018}<40-41>

200 {r}-slip 41 210 + 30 0.20
{10-14}<-2021>

200 {f-slip 77 210 + 30 0.37
{-1012}<2-201>

By computing maps af’, we are able to determine which grains have my,, (and
> > 1$) and therefore estimate the area fraction of grhiascan deform by each deformation
mode under the applied palaeostress conditionsalte perform this analysis for applied
stresses throughout the range 1-250 MPa to exjlereffects of increasing stress acting on
the mapped microstructure at 300°C and 200°C. AnEMTscript to carry out these

procedures is included as Supplementary Material.

An important caveat to the analysis described igetkat the stress state would need
to be homogeneous throughout the material for thi@t{by-point Schmid factors to be
reliably accurate. However, micromechanical modefs viscoplastic deformation that
explicitly account for detailed microstructures sesithat stress and strain vary significantly
among grains and are even distributed heterogelyewuthin grains (e.g. Pokharedt al,
2014). Heterogeneous distributions of stress arainsarise due to the elastic and plastic
anisotropy of individual grains and local grainigranteractions. Such heterogeneities have

been recently observed in experimentally deformadrata marble (Quintanilla-Terminel
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and Evans, 2016). Thus, rather than interpretiegothaviour of specific individual points or

grains, we take the approach of considering thiilligion of Schmid factors and predicted

slip/twin system activity over ~2500 grains, prauglan averaged estimate of the slip system
activity across the bulk material. We suggest tise averaged values of slip system
activity are more reliable than the results foriviatal grains displayed in the maps because
the stress states averaged throughout the rock eolaost equal the macroscopic applied
stress state. The Schmid factor approach offemples method to consider a larger number
of grains than would be possible using more adw@coenputational techniques that include

stress heterogeneity.

During progressive deformation, Schmid factorsirgefonly an instantaneous
relationship between stress and crystal orientagnongoing crystal rotations continuously
modify the Schmid factors for each slip systemggragates deforming by dislocation glide.
Therefore, Schmid factors calculated from the nstrecture of an exhumed rock indicate
which slip systems would have been well aligned daslocation glide during theext
increment of slip (whichpso factonever occurred). In contrast, use of mapped Schmid
factors to interpret prior deformation that ledféomation of the observed microstructure is
more complex and requires additional assumptionstcaints regarding microstructural
evolution (particularly grain rotations) or steashate. Therefore, Schmid factor analysis is
well suited to our application, in which the myltai microstructure records a snapshot
formed at ~300°C as the dislocation-mediated psethat formed it ceased to operate, and
in which our aim is to investigate the controls the subsequenéevolution of deformation

processes.

4. Reaults

The measured CPO is consistent with the inferasfceimple shear deformation.
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357 Calcite {c}, {€} and {r} poles are clustered in point maxima ndhe foliation normal,
358 whereas the twin and slip directions are weaklyllgat with superimposed point maxima
359 close to the lineation direction (Figure 3). TheQCBf {f} planes is weak, with three low

360 intensity maxima (Figure 3b).
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362 Figure 3 Crystal orientation data from EBSD analysis of géenEM1. (a) Map of crystal
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383

orientations colour-coded using Euler angles in tleenvention of Bunge (1982),
superimposed on a grey-scale map of diffractiortgpatband contrast. Black lines mark
boundaries of> 10° misorientation between adjacent pixels. Whiteows indicate an
example of a lobate and irregular grain boundarly) Lower hemisphere pole figures of
crystal planes and directions relevant to the dalcslip and twin systems considered. X

indicates the lineation and Z the foliation norm@hear sense is top-to-right.

Crystallographic misorientation data indicate thedatively few subgrain boundaries
with misorientations in the range 1-10° are preg€igiure 4a), but the inverse pole figure of
misorientation axes demonstrates that those subdraundaries that are present have
rotation axes parallel to the<11-20> directions (Figure 4b). The map of local
misorientations scaled from 0-1.5° reveals the gwes of abundant low-angle
misorientations of ~1° (Figure 4a). These misoagahs are arranged in networks of low-
angle subgrain boundaries and regions of moreiloliséd lattice curvature. The portions of
grains close to grain boundaries have greater logabrientation relative to the interior,
representing higher dislocation densities, thanngrateriors (Figure 4a,d). The visible
microstructure indicates that the measurementsganerally above the background noise
level, despite the small misorientation angles.s@jographic vorticity axes are generally
aligned sub-perpendicular to both the lineation daliation normal, consistent with
dominantly simple shear (Figure 4c; Miche# al, 2015). This observation provides
independent support for our choice of stress giae Equation 6) used for Schmid factor

analysis.
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385  Figure 4 Misorientation analysis of EM1. (a) Maps of locaisorientation within 3x3 pixel

386 kernels, scaled for two ranges of misorientatiorglan Grain and twin boundaries are
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overlaid as black lines. Region 1 exhibits highalues of misorientation concentrated near
grain boundaries. Region 2 shows both subgrain daues (top left) and more widespread
misorientation (lower right). (b) Inverse pole frgupresents the orientation of misorientation
axes of subgrain boundaries in the crystal refeeeritame. (c) Stereoplot illustrating
contoured crystallographic vorticity axes (one apex grain), determined using the method
of principal geodesic analysis of intragranular pession (Michels et al., 2015). X indicates
the lineation and Z the foliation normal. (d) Prdblsty density functions (PDFs) of local
misorientation in 1 pm bins of Euclidean distance grain boundary (including twin
boundaries) within the 2-D EBSD map plane, i.e.heaolumn is a different PDF. This
plotting approach addresses the bias of havingekfit numbers of points at each distance
by allowing PDFs to be compared between differdatadces. Local misorientation was
calculated within a 3x3 pixel kernel. Only pointsdedtances > 3 um from a grain boundary
are plotted to avoid processing artefacts in kesndghat include boundaries. Grain

boundaries were defined as >10° misorientation.

Maps of Schmid factor show grain-by-grain variaion the maximum Schmid factor
of each family of slip systems (Figure 5). Each ifgraf slip systems exhibits a wide range
of Schmid factors within the map area (Figure 3)e probability densities of Schmid factors
exhibit similar general form between each slip eystbeing skewed towards high Schmid
factors. The distribution describing Schmid factéws slip on {f}-planes is most heavily
skewed towards high values (Figure 5). Schmid factary between twins and host grains,
evident as stripes of different Schmid factor. Metétle variations in Schmid factor are

apparent across subgrain boundaries.
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Figure 5 Maps and probability density plots of Schmid fadir each calcite slip/twin

system. Probability densities were calculated forsbof 0.02 width. The black arrow in the
upper-left of the map of Schmid factor for {e}-taimgy indicates an example of changes in
Schmid factor across twin boundaries. The blackoarin the upper-left of the map of
Schmid factor for {r}-slip indicates an example dfanges in Schmid factor across a

subgrain boundary.

The apparent proportions of grains that can defbyreach slip/twin system vary
across the temperature and stress ranges withichvad@formation is inferred to have taken
place (figures 6-8). At 300°C and a piezometriessrof 98 MPa, none of the grains can
deform by §}-slip because. (52 MPa) is greater than 0.5 of the applied st(ieggres 6 and

8a, Table 2). However, within the upper-bound utaiety of the stress estimate, up to 29%
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of the microstructure can deform bf}-§lip (Figure 8a). Within the stress uncertain3
+18/-39% can deform byr}-slip and 100% can deform byef-twinning (figures 6 and 8a).
At 200°C and the higher stress conditions estimatad twinning incidence, 39 +17/-25%
should be able to deform by}{slip and 72 +7/-10% should be able to deform bj:dlip
(figures 7 and 8b). Again 100% of the grain areeeexs the critical resolved shear stress for

{e}-twinning (Figures 7 and 8b).

300 °C Schmid Resolved
Differential stress = 98 MPa Factor shear stress

{e}-twinning {-1018}<40-41> 200 pm (MPa)

\ 0.50 g 49

4 0.02 2
: 0.00 0

{r}-slip {10-14}<-2021>
> 0.50 g 49
0.22 22
% 4 b, 0.00 o
{f-slip {-1012}<2-201> 053 52
S OSTT w = . 0.50 | |49
0.00 0
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Figure 6 Maps of grains that exceed the minimum Schmidofacécessary to initiate
twinning or dislocation glide at 300°C and the ssedetermined from dynamically
recrystallised grain size. The minimum Schmid faetod corresponding critical resolved
shear stress are marked in red beside the colour Ageas above and below this threshold

are represented by colour-scale and grey-scaleaetbyely.
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N, &~ N S 105

E’«-: "t

I g g -

1 ¥ -

0.01 3
0.00 0
0.50 105
0.20 41
0.00 0
0.50 105
0.37 77
0.00 0

Figure 7 Maps of grains that exceed the minimum Schmidofacécessary to initiate
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twinning or dislocation glide at 200°C and the ssedetermined from twinning incidence.
The minimum Schmid factor and corresponding critresolved shear stress are marked in
red beside the colour bar. Areas above and belasvttireshold are represented by colour-

scale and grey-scale respectively.
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Figure 8 Area fraction of grains in mapped microstructurbat can deform by
twinning/dislocation glide at (a) 300°C and (b) 2@) under applied differential stresses
ranging from 0-250 MPa. The stress estimates areroéned from (a) dynamically
recrystallised grain size (at ~300°C) and (b) twimgpiincidence (at 26€250°C) and are

marked by vertical bold black lines with uncert@stmarked by fine black lines.

5. Discussion

5.1. Effects of changing temperature and stress on dlip system activity

This study constitutes a detailed examinatiorhefrhicrostructure of a single sample
of marble, EM1, deformed by dislocation glide anginhing whilst the Pangong
Metamorphic Complex, within which it was situatedas exhumed through the frictional-
viscous transition zone at temperatures of apprateéiy 200-300°C around 7-8 Ma (Rutter

et al, 2007; Walliset al, 2013, 2016b). Although this sample representg aismall volume
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of the fault zone material, the surrounding roakkijch include a wide range of fault rock
types formed under varied conditions, provide al-detumented context (Ruttest al,
2007) in which to interpret the changing styledeformation in both sample EM1 and the
unit as a whole (Figures 1 and 2). In particulde frictional fault rocks, i.e. marble
cataclasites and clay-rich gouge, are more spat@thlised than the mylonitic marbles that
they overprint (Figure 1; Ruttet al, 2007). Therefore, microstructural evidence farlier
deformation mechanisms and processes, such agthsstallised microstructure indicative
of dislocation-mediated deformation in EM1, remameserved and available for analysis,
whilst the subsequent switch to frictional faillokthe adjacent rocks can be inferred from
the locally overprinting frictional fault rock typeThe Kubler index of illite in the clay-rich
gouge layer suggests that it formed at up to apprately 300°C and therefore closely post-
dated mylonitisation, which ceased at approxima3@@°C (Figure 2; Ruttest al, 2007). As
such, formation of the gouge was broadly coincideitit twinning in the mylonitic marbles,
which occurred at approximately 200-250°C (FigureBRrkhard, 1993). Similarly, the
mylonitic marbles are fragmented and overprintedchtaclasites in a zone tens of metres
wide adjacent to the gouge layer (Figure 1; Rutteal, 2007). The fragmented marbles
contain relict microstructures indicative of pdrtidynamic recrystallisation by grain
boundary migration prior to cataclasis (Ruttgral, 2007). Therefore, cataclasis must also
have occurred after mylonitisation and been broadiycident with, or more recent than,
formation of the gouge layer and twinning in thelomtes (Figure 2). As the mylonitic
fabric of EM1 formed at temperatures similar to arly slightly above those at which
frictional deformation commenced in the adjacentkspcwe infer that the mylonitic
microstructure of the sample remained largely unfreiiduring subsequent exhumation.
We also note that EM1 is located close to the baundetween the mylonitic and

fragmented marbles and therefore is well suitedb@th spatial location and timing of
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formation of its deformation fabric) to recordingettransition between dislocation-mediated
and frictional deformation. These relationshipwllus to examine one sample in detail
whilst also considering the significance of theadefation processes in the evolution of the

rock unit more widely.

The predicted changes in slip system activity M1EFigure 8) reflect the combined
influence of changing stress and temperature cdonditas the rock was exhumed. The
decrease in temperature from 300°C to 200°C ineseaslues ot. by factors of 1.5-1.9
(Table 2), acting to inhibit dislocation glide. Hewver, palaeopiezometric estimates suggest
that, at the same time, the applied stress incidaga factor of ~2.1 (Ruttet al, 2007). As
a result, a greater fraction of the microstructappears to have potential to deform by
dislocation glide at 200°C and 210 + 30 MPa thaB0&1°C and 98 = 35 MPa (Figures 6-8).
This effect is particularly pronounced fdg-lip, which has the highest. The 98 + 35 MPa
applied stress at 300°C is generally insufficiamtdlip on {f}-planes, whereas, at 200°C and
210 £ 30 MPa, 39 +17/-25% of the microstructure eeds . for {f}-slip (Figure 8).
However, these findings are superficially at oddthwther microstructural and structural
features that indicate dislocation activity was agee at higher temperature. Within the
sample, dynamically recrystallised grains formedarrthe lower stress, higher temperature
conditions, and were not overprinted by further ayc recrystallisation under the
subsequent higher stress, lower temperature condi(Figure 2; Rutteet al, 2007). More
widely in the rock unit, the mylonitic textures foed at the higher temperatures are
overprinted by cataclasites and gouges formednatasi and lower temperatures (Figure 2;
Rutteret al, 2007). One possible explanation for the disanepdetween the predictions of
slip system activity (Figure 8) and the observed(a)structural evolution is that the stresses
predicted from twinning incidence by the palaeopreeter of Rowe and Rutter (1990) are

inaccurate. This method for estimating past steessdully empirical and lacks a detailed
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microphysical basis often used to support appbcabf laboratory-derived relationships to
natural contexts. However, the predicted stressegdrhave to be in error by approximately
a factor of two, or approximately 100 MPa, to pueld slip on the g} system in well
oriented grains (Figure 8). Therefore, in the failog section, we discuss in more detail the
evolution of deformation processes as the rock embaluring exhumation to explore the
possibility that microphysical processes are resyiba for lack of significant dislocation

glide under the low temperature and high stressitions.

5.2. Evolution of deformation mechanisms during exhumation through the frictional-

viscous transition zone

Calcite microstructures in EM1 (this study) and titleer samples reported by Rutter
et al (2007) include lobate grain boundaries (Figureand 4), porphyroclasts with fine
grained mantles (Rutteet al, 2007), and subgrain boundaries (Figure 4). These
microstructural observations indicate deformatigndislocation motion, accompanied by
dynamic recrystallisation due to grain boundary matign and (to a lesser extent) subgrain
rotation (Figures 3 and 4; Ruttet al, 2007). Crosscutting relationships and contrasting
palaeopiezometric estimates indicate that theseostrtictures formed close to the upper
bound temperature of 310 £ 20°C for EM1, constrdibg the (now partially overprinted)

equilibrium grainsize (Figure 2; Ruttet al, 2007).

The general scarcity of subgrain boundaries witonentations of several degrees or
more (Figure 4) indicates that dislocation climbsvienited at these temperatures and/or that
recovery of intracrystalline strain occurred byetprocesses, such as cross-slip, dislocation
annihilation or climb into high-angle grain bouneéar and grain-boundary migration (de
Bresser and Spiers, 1990; Liu and Evans, 1997)ofdistation analysis of the few subgrain

boundaries that are present indicates that theylyniosolve lattice rotations around axes
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parallel toa<11-20>. Bestmann and Prior (2003) demonstratet nmaorientation axes
parallel to «> in calcite cannot represent twist boundaries wuéhe lack of appropriate
screw dislocation types in calcite. They also sstggethat a precisely defined misorientation
axis could result from coupled activity of glide two co-planar directions, but that this is
unlikely in general as it requires an equal contitn from both slip directions. Rather, the
misorientation axes are consistent with tilt bouretaconstructed of edge dislocations on the
r{10-14}<-2021> orf{-1012}<10-11> slip systems (Bestmann and Priol)20 However, as
f{-1012}<10-11> is the high temperature form of}-§lip, active above 500°C in the
experiments of De Bresser and Spiers (1997), diilmts on this slip system are unlikely to
have formed the subgrain boundaries in EM1. Edg®chtions on the low temperaturg-{
slip systemf{-1012}<2-201>, which we have analysed here, dogeterate lattice rotations
around <> and therefore also cannot form the subgrain bauesl in EM1. We infer
therefore that the subgrain boundaries are coristiuaf edge dislocations on thid0-14}<-
2021> slip system. This interpretation is consisteith the estimate that ~63—72% of the
microstructure had sufficient resolved shear stfesslip onr{10-14}<-2021> across the
range of conditions investigated (Figure 8). Theseclusions are similar to those reached by
Bestmann and Prior (2003), who investigated cald&®rmed at temperatures in the range

~300-350°C.

The marble mylonites are sequentially overprinteg more localised marble
cataclasite and the clay-bearing gouge zone (Fsglirand 2; Rutteet al, 2007). These
cross-cutting relationships and associated miarosires indicate that, as temperature
decreased during exhumation, stress increasedctisutty that the frictional failure strength
of the rock was exceeded. This onset of frictiashefiormation occurred after mylonitisation
at ~300°C and before, or broadly coincident witkvelopment of the preserved set of twins

in the marble (200-250°C, Figure 2; Ruttdral, 2007). We provide additional insight
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through our Schmid factor analysis, which demomnss$rghat the calcite would still have had
sufficient resolved shear stress for dislocatiomleglin most crystal orientation§ CRSS
values taken from the yield points in single criysbgperiments are applicable to the natural
microstructure. The resolved shear stress appa#rsient for considerable dislocation glide
even at the lower temperatures of 200-250°C (Fggdrand 8) at which only twinning and
frictional failure occurred (Rutteat al, 2007). In fact, the predictions of slip systecti\aty
(Figure 8) indicate that the applied shear stressldvhave to have been approximately half
of the value measured by twinning incidence to cerate {r}-slip in a significant portion of

the microstructure.

It is important to note that the values upon which this analysis is based were
experimentally determined for relatively low straofgust a few percent(4.3%, De Bresser
and Spiers, 1997). De Bresser and Spiers (1990pnexed significant strain hardening in
their experiments, such that the CRSS obtained fri@hd point stresses effectively places a
minimum bound on the resolved shear stress reqdimedurther dislocation glide on the
corresponding slip system at higher strains. ThHiseovation led De Bresser and Spiers
(1997) to suggest that strain hardening on thedlig system to activate (i.er}{slip) could

lead to a strain-induced transition to a differ@ominant slip system (e.g.f}{slip).

Strain hardening in calcite during cooling is likehe result of a reduction in the
efficiency of thermally activated intracrystallisérain recovery processes such as cross slip
or dislocation climb into either static or migrainwin, subgrain, and grain boundaries
(Rutter, 1974; De Bresser and Spiers, 1990; Kenrmay White, 2001). As a result,
dislocation interactions and long-range stressl$i@ssociated with accumulations of blocked
dislocations would have inhibited further dislooatiglide (Flecket al, 1994; Renneet al,

2002). Two lines of microstructural evidence suppgbrs interpretation. The widespread
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occurrence of subgrain boundaries with low misoagah angles of approximately 0.5-1.0°
(Figure 4) suggests that significant dislocationteat is present but that dislocations could
not organise into lower-energy structures. Simylannisorientation angles, and hence
dislocation content, generally increase towardsngb@undaries (Figure 4) suggesting that
dislocation climb into boundaries and grain-bougdarigration were relatively inefficient

compared to the rate of dislocation accumulation.

Renner et al (2002) suggested that calcite commonly exhibitsHall-Petch
relationship whereby strength increases with detngagrain size because back-stresses from
dislocations accumulated near grain boundariedbinfirther dislocation glide. This model
is consistent with the microstructural observati@reentation gradients generally increasing
towards grain boundaries) and mechanical inferefmssurrence of strain hardening) of this
study. Kennedy and White (2001) reached similar kmmens based on observations of
calcite naturally deformed at relatively low temgaeres of 150-250°C. Microstructures in
their samples indicated that coarse-grained vdriteahat crystallised with low dislocation
densities was able to deform by dislocation glidéereas finer-grained mylonitic matrix
exhibited high densities of tangled dislocations &g interpreted to have strain-hardened.
We suggest therefore that the transition from degioo-mediated flow to frictional failure
was promoted by work hardening due to low efficien€ recovery processes, particularly
slow climb into grain boundaries, rather than synle temperature-dependency of critical
resolved shear stresses, as the rocks cooled deximgmation. This inference is consistent
with experimental observations that strain hardgnis more pronounced at lower
temperatures for both single crystals (de Bresser $piers, 1993, 1997) and aggregates
(Rutter, 1974). The predictions of slip systematsti(Figure 8) suggest that strain hardening
must have imposed additional resistance to glidatdeast tens of MPa to prevent large

fractions of the microstructure deforming y}-§lip.
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Microstructures indicative of frictional deformati are preserved within both the
cataclastic marbles and the phyllosilicate-rich gobgnd (Figure 1; Ruttet al, 2007). As
Quaternary earthquakes of magnitude 7+ are recdrdedfset alluvial fans and debris flows
within 2 km of the sample site (Browet al, 2002; Rutteret al, 2007), it is pertinent to
consider the extent to which the exhumed cataclaistult rocks record seismogenic
processes as an analogue for those occurring @h.depyllosilicate-rich gouges typically
exhibit velocity-strengthening behaviour and theref are unfavourable in general for
nucleation of earthquake ruptures (lkati al, 2011). However, carbonate rocks exhibit
strong velocity weakening (Haat al, 2010), and therefore the fragmented marble lveasl
likely capable of nucleating unstable earthquakeungs whilst at depth. In this case, one
important consequence of strain hardening may beegalt in the onset of seismogenic
deformation at the structural levels at which roaks exhumed and cooled from ~300°C to
~200-250°C. We suggest that the processes recordbd presently exposed fault rocks of
the Pangong strand are likely analogous to thosarong at depth, where similar rocks of

the PMC continue to be exhumed through the frietiemiscous transition zone.

In the case of the KFZ, cooling through the fdotl-viscous transition zone was due
to ongoing deformation during erosional exhumatf@vallis et al, 2016b). However, the
processes documented in this study may also bertergoin controlling transitions in
deformation mechanism and the onset of seismodmtiaviour in other tectonic settings. In
particular, carbonate units are commonly dissettgdextensive normal fault systems in
which tectonic exhumation of footwalls may conttéto cooling (Smitlet al, 2011; Cowie
et al, 2017). The processes of strain hardening leairigctional failure may be important
controls on the depth of seismicity and strengtlthef extending mid-crust in such settings.
An implication of this finding is that the depthtert of the dominantly frictional upper crust,

where earthquakes typically nucleate, potentiallyegain both space and time in response to
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the evolving strain state of rocks in the mid-crust

5.3. Schmid factor analysisasatool for analysing crystal plasticity

Schmid-factor analysis provides several usefughrts in addition to those that can be
gained from more commonly used methods of slipesgsanalysis. Schmid factor maps
provide an extension of common CPO analysis bywallg populations of crystal
orientations to be readily related directly to speenicrostructural elements (e.g. Figures 5—
7). This approach is similar to plotting EBSD map$our-coded using inverse pole figures,
except that Schmid factor maps consider the complaystallography (i.e. angular
relationships involving both the slip direction aslth plane normal) rather than individual
crystal directions, and relate this explicitly testess state of interest (which is often only

implied in other approaches).

Schmid factor mapping is also the first step taendetailed quantitative analysis of
slip system activity, which requires a range oflggizal (e.g. stress and temperature) and
experimental (e.g. CRSS and strain rate sensitigiyistraints. In these respects, calcite is
ideal, whereas other common rock forming mineradgy present additional challenges. For
example, the slip systems of quartz are relative®yf constrained and quartz slip system
analysis is widely applied in studies of crustaiodmation (e.g. Lawet al, 1990; Lloydet
al., 1997; Moralest al, 2014). However, single crystals of quartz exhdmmplex yield
behaviour, with strength dependent not only on tnapire but also strain rate and
intragranular water content (Hobbg&t al, 1972). Consequently, comprehensive
measurements of slip system strength, such as tnmtable for calcite (de Bresser and
Spiers, 1997), are not currently available for tpuaks a result of these limitations, although
it is possible to calculate Schmid factors for quatip systems, it is not yet possible to infer

which slip systems have sufficient resolved sheaess for slip. Similar detailed
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considerations must be applied to other common focking minerals.

More generally, Schmid factor analysis can reqairange of assumptions, depending
on the application, which must be critically evaédh In the present work we are concerned
with why dislocation activity ceased at the timettthee preserved mylonitic microstructure
was formed. In this respect, Schmid factor analigsieghly appropriate because it constrains
which slip systems were well aligned for dislocatigide during a hypotheticaluture
increment of dislocation-mediated strain. Howevarcommon objective of other rock
deformation studies is to interpret how an obsemwsdtostructure formed in the first place.
Schmid factors calculated for specific points/grama mapped microstructure will generally
not equal those present duripgior deformation that lead to formation of the observed
microstructure due to microstructural evolutiong(ge.grain rotation, grain boundary
migration). In some instances, this limitation midgt¢ overcome by assuming that the
microstructure had ‘on average’ reached a steadte,sin combination with analysing
Schmid factor distributions over a large portion tdfe microstructure. However,
microstructural steady state, and in particulaadyestate CPO, can require shear strains of
several hundred percent and can be difficult tav@ri&@kemer and Hansen, 2016). Averaging
over large portions of the microstructure also ptes the benefit of reducing the influence of
inter- and intra-granular stress heterogeneitieshSeterogeneities have been predicted by
numerical modelling (e.g., Pokharet al, 2014; Lebensohn and Needleman, 2016) and
documented in geological crystalline aggregatesudmcg calcite (Quintanilla-Terminel and
Evans, 2016) and quartz (Chenal, 2015), and even in single crystals of olivinea(li¢ et
al., 2017). Therefore, it is important to map Schifisictors over a sufficiently large portion
of the microstructure that the averaged internadsst state can be reasonably expected to
have approached the macroscopic externally appdiedss state during deformation.

Notwithstanding these caveats, the present studyodstrates that Schmid factor analysis
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can provide geologically relevant information, ifad in conjunction with appropriate

objectives and geological constraints.

6. Conclusions

Schmid factor analysis indicates that calc-mylesin the Pangong strand of the KFZ
deformed primarily by dislocation glide a§10-14}<-2021> at ~300°C and 98 = 35 MPa
differential stress (Ruttegt al, 2007) and by e{-1018}<40-41> twinning at simikard lower
temperatures. In contrast, the critical resolvedashsress for dislocation glide o
1012}<2-201> precluded this slip system from ading in the majority of grains under the
same conditions. Deformation within the KarakoraaulE Zone continued as the rocks
cooled during exhumation, resulting in hardeninghe calc-mylonites and thereby leading
to a transition from crystal plastic to frictiondéformation mechanisms (Ruttetr al, 2007,
Wallis et al, 2013). One mechanism for such hardening is bydirect temperature effect of
increasing critical resolved shear stresses oatiee slip and twin systems (De Bresser and
Spiers, 1997). However, Schmid factor analysiscatis that this alone was insufficient to
induce frictional failure as a greater fractiontb& microstructure apparently had sufficient
resolved shear stress for dislocation glide at 200fan at 300°C. Instead, microstructural
observations, such as widespread low angle crggtalphic misorientations, which increase
towards grain boundaries, indicate that intractiystastrain recovery was inefficient. Strain
hardening, due to decreasing efficiency of recoesytemperature decreased, provides an
additional hardening mechanism, which we interpsehaving led to the onset of frictional
and potentially seismogenic deformation in the soakthis structural level. These findings
highlight the importance of detailed understandnfighe interplay of strain hardening and
recovery processes for models of crystal plastiggrticularly at relatively low homologous
temperatures where they impact the transition ictidnal and potentially seismogenic

deformation.
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Highlights

» Karakoram Fault Zone marbles record transition fobstocation creep to cataclasis
* Novel Schmid factor analysis constrains calcitp slistem activity and hardening
» Work hardening caused the transition from dislacatireep to frictional failure

* Depth limit of earthquakes in carbonate faults haytrain-dependent



