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Abstract

Shear zones in the earth’s crust commonly deform by aseismic creep processes which involve localization of strain at varying
rates across the shears. Therefore, it is of key importance to quantify the order of strain-rate variation to understand whether
deformation was accommodated solely by aseismic or by simultaneous seismic and aseismic slip. The present study demonstrates
partitioning of strain-rate between coarse-grained quartz rich layers (CGQL) and amphibole-biotite rich layers (AMBIORL)
due to mineralogical and consequently rheological heterogeneities within the mylonitized amphibolites of the Karakoram Shear
Zone (KSZ), India. Variations in modal proportion of quartz across the layers resulted in a lower strain rate per unit area
accommodated by quartz, in the CGQL than in the AMBIORL that deformed a rate, 2.34-3.43 times higher than the CGQL.
Therefore, a considerably higher proportion of dynamically recrystallized quartz nucleated in the AMBIORL. Combined anal-
yses of the proportion of strain-rate partitioning with previously calculated bulk strain-rates suggest that both the CGQL and
the AMBIORL deformed by aseismic creep. Thus, strain-rate partitioning due to mineralogical or lithological heterogeneity
is a feasible mechanism for strain localization during aseismic creep. Calculated proportion of strain-rate partitioning, when
extrapolated to two adjacent lithologically distinct hypothetical layers (at a regional scale), yields differences of 100-200 kilo-
meters, in displacement accommodated by the two layers. Thus, this study suggests that variation in offsets of streams and
marker beds, along widely separated segments of the KSZ might well be the manifestations of strain-rate partitioning in the

middle-lower crust.
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Abstract

Shear zones in the earth’s crust commonly deform by aseismic creep processes which
involve localization of strain at varying rates across the shears. Therefore, it is of key
importance to quantify the order of strain-rate variation to understand whether deformation
was accommodated solely by aseismic or by simultaneous seismic and aseismic slip. The
present study demonstrates partitioning of strain-rate between coarse-grained quartz rich
layers (CGQL) and amphibole-biotite rich layers (AMBIORL) due to mineralogical and
consequently rheological heterogeneities within the mylonitized amphibolites of the
Karakoram Shear Zone (KSZ), India. Variations in modal proportion of quartz across the
layers resulted in a lower strain rate per unit area accommodated by quartz, in the CGQL than
in the AMBIORL that deformed a rate, 2.34-3.43 times higher than the CGQL. Therefore, a
considerably higher proportion of dynamically recrystallized quartz nucleated in the
AMBIORL. Combined analyses of the proportion of strain-rate partitioning with previously
calculated bulk strain-rates suggest that both the CGQL and the AMBIORL deformed by
aseismic creep. Thus, strain-rate partitioning due to mineralogical or lithological
heterogeneity is a feasible mechanism for strain localization during aseismic creep.
Calculated proportion of strain-rate partitioning, when extrapolated to two adjacent

lithologically distinct hypothetical layers (at a regional scale), yields differences of 100-200
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kilometres, in displacement accommodated by the two layers. Thus, this study suggests that
variation in offsets of streams and marker beds, along widely separated segments of the KSZ

might well be the manifestations of strain-rate partitioning in the middle-lower crust.

Plain Language Summary

Variation in strain-rate at the microscopic scale, or strain-rate partitioning across two
adjacent mineralogically distinct layers, occurred in the mylonitized amphibolites of the KSZ,
due to differences in rheological responses of the layers and the modal proportion of quartz.
Strain-rate partitioning resulted in a bimodal grain-size distribution of quartz. Calculated
proportion of partitioning of strain-rate between the two mineralogically distinct adjacent
layers suggest that both underwent extremely slow slip deformation by aseismic creep. Thus,
strain-rate partitioning is a feasible mechanism of strain localization across mineralogically
and lithologically distinct zones at diverse scales (micro- to regional) during aseismic creep
and can be an important attribute for the considerably variable displacements and hence,

offsets along widely separated segments of shears, like the KSZ.

1. Introduction

Strain-rate has always been a parameter of interest in both natural as well as
experimental deformation studies, for example, Boutonnet et al. (2013); Fagereng & Biggs
(2019); Gleason & Tullis (1995); Hirth et al. (2001); Peternell et al. (2019); Pfiffner & Ramsay
(1982); Takahashi et al. (1998). Estimation of strain-rates can be especially significant while
investigating active tectonic zones from the combined prespective of the nature and extent of
strain accumulation and release (Cannon et al., 2018; Fan and Murphy, 2021; Ojo et al., 2021;
Tamura et al., 2020). While strain-rates on the surface are estimated using geodetic techniques
(e.g., Gauhlat et al., 2013; Kreemer et al., 2014; Panda et al., 2020) rates of middle to lower

crustal deformations are calculated mainly based on deformed quartz, for example strain-rate
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formulations of Takahashi (1998) as well as the recent Quartz-strain-rate-metry (QSR)
technique devised by Boutonnet et al. (2013). Idea about strain rates becomes increasingly
essential when the deformation temperatures are estimated based on the observed
microstructures of minerals like feldspar (Ji, 1998; Pryer, 1993; Rosenberg & Stunitz, 2003)
and quartz (Hirth & Tullis, 1992; Stipp et al., 2002; Stipp et al., 2010). Although with
increasing temperature and decreasing strain rates there is a transition in the recrystallization
mechanism of quartz from bulging (BLG) through sub-grain rotation (SGR) to Grain Boundary
Migration (GBM) (Law, 2014; Stipp et al., 2002; 2010), not always this transition occurs at
conventional strain-rates of Pfiffner & Ramsay, 1982. This is particularly emphasized by Law
(2014) by extrapolating the regimes of operation of BLG, SGR and GBM for quartz to the
conditions of prevalence of experimental strain-rates. Apart from quantitative estimation of
strain-rates (Boutonnet et al., 2013; Pfiffner & Ramsay, 1982; Takahashi et al., 1998) it is also
important to characterize high and low strain-rate regimes across natural shear zones. In this
context, variation in strain-rates within regional scale ductile shear zones has been documented
qualitatively, by Bose and Gupta (2020) based on detailed field and microstructural studies.
However, such variation in strain-rates can be present at any scale and thus, the order of
variation is especially important to understand whether the variation in strain-rates involved
simultaneously operating seismic and aseismic slip. The present study demonstrates a bimodal
grain size distribution of quartz in two adjacent mineralogically heterogenous layers due to
partitioning of strain-rate at the microscopic scale in the mylonitized amphibolites along the
Karakoram Shear Zone (KSZ), India. The proportion of strain-rate partitioning has been
utilised to determine whether deformation occurred by seismic and/or aseismic slip in the two
adjacent layers. Based on the detailed microstructural observations, heterogenous mineral
deformation behaviour along with a difference, between the two layers in terms of the strain-

rate accommodated per unit area has been inferred as the key factors for strain-rate
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partitioning. Finally, implications of strain-rate partitioning in the middle-lower crust, for
variable offsets of streams and marker beds along widely-separated segments of the KSZ have

been discussed.

2. Geological setting of the Karakoram Shear Zone

The NW-SE trending dextral KSZ extends from Tash Gurgan in the northwest to Kailash
area in the southeast for a distance greater than 1000 km (Boutonnet et al., 2012; Molnar &
Tapponnier, 1978; Peltzer & Tapponnier, 1988; Robinson, 2009a; Searle et al., 1998;
Tapponnier et al., 1982; Valli et al., 2008; Weinberg et al., 2000; Weinberg et al., 2009; Wallis
et al., 2016). The KSZ lies in between the Shyok Suture zone (SSZ), to its southwest and the
Tibetan block, to its northeast (Figures la and 1b). The SSZ represents junction between
cretaceous Ladakh Batholith/arc and Tibetan margin that formed at ~85 Ma (Figure 1a;
Borneman et al., 2015; Pundir et al., 2020a). The KSZ is characterized by intensely deformed
and mylonitized granite gneisses, slates and sheared phyllites (Pundir et al., 2020a). The right
lateral motion along the KSZ is still supposed to be active along some of the segments as
reflected by the deflection in the course of the Indus River by 120 Km (Boutonnet et al., 2012;
Gaudemer et al., 1989; Robinson et al., 2015). However, there is a lot of debate on the active
portions of the fault and especially the rate of displacement along different segments and
therefore the offsets. For example, 120 Km (Phillips et al., 2004; Searle et al., 1998), 149-167
km (Robinson, 2009a), greater than 400 Km (Lacassin et al., 2004; Schwab et al., 2004; Valli
et al., 2008). Robinson (2009a) speculated that difficulties in estimation of long-term slip rates
could be due to dispute over initiation age and tectonic histories of the different segments of
the KSZ. This speculation becomes even more important in the light of granulite through
amphibolite to greenschist facies metamorphism, reported from different parts of the terrane

(Rolland et al., 2009).
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Thus, apart from determining activity along specific segments of the KSZ in the present-
day it is also important to characterize the ductile deformation underwent along the different
segments of this zone during late Oligocene to mid-Miocene and more importantly the
processes that operated during the deformation. Given this background, the present study
documents micro-scale strain-rate partitioning in the mylonitized amphibolites across the
Tangtse-Muglib mylonitic strands of the KSZ (Figure 1b; Borneman et al., 2015; Boutonnet et
al., 2012; Boutonnet et al., 2013; Pundir et al., 2020a; 2020b; Searle et al., 1998; Searle and
Philips, 2007; Sen et al., 2014; Wallis et al., 2016; Weinberg et al., 2000). It has been
demonstrated that partitioning of strain-rate occurred between mineralogically distinct adjacent
layers and the variable offsets along different segments of the KSZ can be manifestations of
similar processes operating at various scales (micro- to- regional) in the present-day middle to

lower crust.

3. Methodology

Major lithologies as well as the planar and linear structural fabrics in the Karakoram
terrane were mapped mainly across the Tangtse-Muglib and the Darbuk-Shyok transects
(Figure 1b), respectively. Oriented samples were collected from suitable outcrops and the
planar and the linear structural data were plotted on Equal area projection diagrams. Oriented
thin sections from the less-deformed as well as the mylonitized strands of the Karakoram Shear
Zone (KSZ) were prepared from the oriented samples. The oriented thin sections were studied
under a petrographic microscope and the major minerals were identified. Detailed
microstructures of the major minerals were studied along with nature of deformation (rigid or
plastic) of the different minerals along the KSZ. Recrystallization mechanism of quartz and
feldspar were identified on the basis of microstructural criteria in accordance with Kruhl and
Nega (1996), Stipp et al. (2002), Vernon (2004), Passchier and Trouw (2005) and Stipp et al.

(2010). Based on these recrystallization mechanisms, the deformation temperatures were
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estimated at previously estimated strain-rates of the order of 1013 by Boutonnet et al. (2013)
for the KSZ. Qualitative identification of high strain-rate micro-domains have been carried out
on the basis of the proportion of nucleated recrystallized grains, the higher the proportion of
recrystallized grains the higher is the strain-rate and vice-versa (Jia et al. 2009; Peternell et al.,
2019). Moreover, Bose & Gupta (2020) correlated consistent increase in the proportion of
dynamically recrystallized grains with an apparent reduction in competency contrast between
feldspar and quartz which in turn was inferred as an outcome of increasing strain-rate by
Vigneresse (2004). The positive correlation between strain rate and the proportion of
dynamically recrystallized grains is also implied by the Orowan equation (Hull & Bacon,
1986; Karato, 2008) which suggests that

€ = bpv, 1)

where, € is the strain-rate, b is the burgers vector, p is the dislocation density and v is the
dislocation velocity. This implies that in the absence of considerable strain-hardening (p does
not vary significantly with strain rate) extent of dislocation creep increases with strain rate; a
greater extent of dislocation creep is manifested in a higher proportion of dynamically
recrystallized grains (Tullis et al., 2000; Vernon, 2004). Thus, in the absence of considerable
strain-hardening, zones with a higher proportion of dynamically recrystallized grains can be
correlated with higher strain rates (Jia et al., 2019), while lower strain rate zones are
characterized by a higher proportion of relict (non-recrystallized) clasts. The ratio of the strain-
rates between two micro-domains has been calculated using a combination of the ductile
rheological law (Gleason & Tullis, 1995) and the different piezometers of Twiss (1977), Stipp
& Tullis (2003) and Shimizu (2008). The strain accommodated by a particular micro-domain
has been calculated by multiplying the strain-rate with the duration of deformation and has

been converted into displacement using the equation of Fagereng and Biggs, 2019:

v = diw @)
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where, v is the shear strain, d is the displacement parallel to the boundaries of the zone that
had undergone shear deformation at a particular rate and w is the width of the zone that had

been deformed during shearing.

Based on the above methods, micro-scale partitioning of strain-rate has been
demonstrated between two adjacent micro-domains which can be used to explain aseismic

strain localization in outcrop as well as in regional scale.

4. Results

4.1. Lithology and structure

Major lithounits exposed along the Tangtse-Muglib strand include mylonitised
amphibolites and granite gneisses (Figure 2a). The mylonitic foliation strikes NW-SE
(Figures 1b & 2b) and dips steeply either towards NE or SW (Figure 1b). Granite gneisses, in
contact with the amphibolites preserve a prominent segregation between the feldspathic and
the quartz-rich layers (Figure 2b). The feldspathic layers, generally pinch out within the
apparently less competent quartz-rich layers (Figure 2b) and exhibit a prominent dextral
asymmetry in plan (Figure 2b). On the surface of the mylonitic foliation (S; Figures 2c & d) a
subhorizontal stretching lineation (L) is detected (Figures 2¢ & d) which is conformable with

the observed dextral asymmetry (Figure 1b) in plan.

4.2. Microstructure

4.2.1. Granite gneisses
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The mylonitic foliation in the granite gneisses (location TM 1 in Figure 1b) is defined
by an alternate segregation between feldspathic and quartz-rich layers as also observed on
ground (Figure 2b). Both these layers are essentially monomineralic in nature (Figure 3a)
with sharp distinct boundaries between the two and is devoid of any cusps and lobes or
interfingering along the boundaries (Figure 3a). Within the quartz-rich layers interfingering is
observed along amoeboid grain boundaries (Figure 3b) that exhibit sutures with wavelengths
of the order of the grain size (Kruhl & Nega, 1998; Vernon, 2004) implying pre-dominant
GBM recrystallization (Stipp et al., 2002; Vernon, 2004). Lack of any layered arrangement of
uniform-sized recrystallized grains precludes the possibility of significant recrystallisation by
subgrain rotation (SGR; Stipp et al., 2002), at least in the studied lithounits. This implies that
deformation temperature was above ~550 °C (Stipp et al., 2002) if conventional strain rates
(Pfiffner & Ramsay, 1982; Law, 2014) are assumed. On the other hand, in the feldspathic
domains core-mantle structures (Figure 3c) are observed with a mantle of recrystallized
grains surrounding relict feldspar cores (Figure 3c). Sharp, distinct boundaries between the
core and the recrystallized mantle (Figure 3c) suggest that the feldspars underwent
recrystallization by bulging (BLG) mechanism that occurs at temperatures, not more than
~600 °C. Thus, microstructural studies carried out on the mylonitic fabric-defining minerals
i.e., feldspar and quartz reveal prevailing temperatures in between ~550-600 °C during the
dextral shearing event. Importantly, Boutonnet et al. (2013) calculated strain rates of the
order of 10713 s~ by applying quartz-strain-rate-metry (QSR) on the lithounits deformed

along the mylonitic strands of the KSZ.
4.2.2. Mylonitized amphibolites

In the relatively low strain zones (locations DS6-DS8 in Fig. 1b), the foliation is defined
by a preferred orientation of biotite (Figures 3d & 3e) and quartz ribbons (Figure 3e). Within

the quartz ribbons, grain boundaries of quartz exhibit amoeboid sutures (Figure 3e) with
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wavelengths of the order of the grain-size. This implies that quartz grains recrystallized by
grain boundary migration (GBM), similar to that in the granite gneisses. Importantly, the
amphiboles do not show any considerable preferred orientation (Figures 3d-3f) in these low
strain zones, unlike the biotites, and appear to have deformed by fracturing and rotation of
mechanical fragments. Deformed lamellar twins or wedge twins are observed in plagioclase

feldspar.

The mylonitized amphibolites (location TM 2 in Fig. 1b; Figures 2a & 2d), in contact
with the granite gneisses along the mylonitic strands of the KSZ, preserve the mylonitic
foliation (concordant with that in the gneisses) along with a subhorizontal stretching lineation
on the foliation (Figure 2d). Therefore, in all probability, the amphibolites were also
subjected to dextral shearing along with the granite gneisses at ~550-600 °C. Within the
mylonitized amphibolites, quartz grains exhibit an approximate bimodal grain-size
distribution (Figures 4a-4d) with coarser-grained monomineralic quartz-rich layers (CGQL;
Figures 4a-4f) and finer-grained quartz-amphibole-biotite rich layers (AMBIORL; Figures
4a-4d & 4f). Coarser quartz grains in the monomineralic layers with very few amphiboles and
biotite grains (Figures 4b & d-f) have amoeboid boundaries with interfingering contacts
(Figures 4e & 4f). Sutures along the boundaries have wavelengths of the order of the grain
size, implying GBM as the recrystallization mechanism in quartz, similar to that in the lower
strain zones and the granite gneisses (Figure 3b). However, a significant reduction in grain
size of quartz is observed in the fine-grained layers (Figures 4a-4d & 4f), which also contain
a considerable proportion of amphibole and biotite (Figures 4a-d & 4f). This significant
reduction in grain size implies a higher rate of nucleation of quartz in the fine-grained layers,
which might result from a greater extent of dynamic recrystallization of quartz. This
proposition becomes even more evident as ribbons of quartz, sandwiched between

amphiboles and biotites, are also detected in the fine-grained layers (Figures 4b & 4f). As the
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temperature of deformation did not exceed ~600 °C, pinning of quartz by amphibole and
biotite in the fine-grained layers is manifested in the form of quartz grains with straight grain
boundaries at high angles to the foliation, occurring within the ribbons (Figures 4b, 4d & 4f).
Nevertheless, the grain sizes in the finer-grained layers appear to be the characteristic of
bulging recrystallization mechanism (BLG; Stipp et al., 2002; 2010), although no preserved
evidence of BLG mechanism (bulges with wavelengths of an order significantly lower than
that of the grain-size) have been detected (Figures 3 & 4). Moreover, in the coarser-grained
layers, quartz-grains indicate recrystallization by GBM. These layers do not apparently
preserve deformation bands and sub-grain boundaries, which generally indicate a higher
internal strain within the individual grains. This is in disagreement with BLG mechanism that
is much more likely to be associated with micro-domains in which quartz grains preserve a
higher internal strain, at least under conventional strain rates (Pfiffner & Ramsay, 1982),
similar to the prevalent conditions (strain rate ~ 10713 s~1; Boutonnet et al., 2013) in the
present case. Even within the fine-grained layers, there is variation in grain- size with
relatively finer grains adjacent to microdomains with a higher modal proportion of amphibole
and biotite and vice versa (Figures 4c, 4d & 4f). Thus, the extent of nucleation of quartz

grains appears to be related somehow to the proportion of amphiboles and biotites.
5. Discussion

Mylonitized amphibolites and granite gneisses, exposed along the Tangtse-Muglib
strands of the dextral KSZ, underwent deformation at ~550-600 °C under conventional strain
rates. The amphiboles and the biotites in the amphibolites had a tendency to segregate into
layers alternating with coarser-grained, monomineralic quartz-rich domains with increasing
strain during dextral shearing. Within the amphibole-biotite-rich layers (AMBIORL) in the
mylonitized amphibolites, the quartz grains are significantly finer than those in the

monomineralic coarse-grained quartz-rich layers (CGQL). This can be either due to the
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recrystallization of quartz by BLG (Stipp et al., 2002; 2010) in the AMBIORL and/or
considerably greater grain nucleation during dynamic recrystallization than that in the CGQL.
Other than the grain size of quartz, the AMBIORL and the CGQL also differ in the modal
proportion of amphiboles and biotites. Therefore, it becomes important to investigate the
mechanism of fining of quartz grains in the AMBIORL to determine whether the fining is

related to the higher modal proportion of amphiboles and biotites.
5.1. Finer quartz in the AMBIORL: BLG or higher grain-nucleation rate?

The gross grain size of quartz in the fine-grained layers (AMBIORL) is similar to the
size of those grains, which reportedly forms during BLG recrystallization of quartz (Figures
4b & d; Stipp et al., 2002; 2010). However, the absence of any crosscutting relationship
between the AMBIORL and the CGQL (Figure 4), along with the parallelism of these two
layers (Figure 4), suggests that both these layers deformed simultaneously. Apart from this,
the granite gneisses in contact with the mylonitized amphibolites do not preserve any
evidence of BLG recrystallization, although the mesoscopic mylonitic foliation in the two
lithologies is in concordance with each other. Microstructural features of feldspar and quartz
in both the lithologies undoubtedly indicate deformation temperatures to ~550-600 °C.
Therefore, it is very much unlikely that even if BLG operated in quartz in the AMBIORL,
locally in microscopic scale, it was not associated with deformation temperatures of ~280-
400 °C (Stipp et al., 2002) at which BLG in quartz generally operates under conventional
strain rates (Figure 5; Stipp et al., 2002; 2010). Moreover, the prevalence of ~280-400 °C
temperatures is difficult to visualize exclusively in the AMBIORL, which does not show any
crosscutting relationship with the mesoscopic foliation and the CGQL and especially when
GBM, in general, is the pre-dominant recrystallization mechanism in quartz. Thus, BLG, if
occurred at all, must have operated under strain rates of 1078 to 1072 s~ (Figure 5), which

is at least about 10* to 10> times higher than the conventional strain rates (Pfiffner &
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Ramsay, 1982) at 550-600 °C (Fig. 5). On the contrary, theoretical estimates using Fig. 5
suggest that GBM in the coarse-grained layers could not have operated at strain rates higher
than about 10711 s~1 at 550-600 °C (Figure 5). Based on QSR, Boutonnet et al. (2013)
inferred strain rates greater than 1.6 x 10713 s~ along the mylonitic strands of the KSZ.
Therefore, based on a combination of the strain rate data of Boutonnet et al. (2013) and
undoubted evidence of GBM recrystallization in quartz, the strain-rate in the CGQL can be
constrained in the range of 1.6 x 10713 to 1071 s~ at 550-600 °C (Figure 5; Boutonnet et
al., 2013). Thus, if BLG and GBM in quartz operated simultaneously in the AMBIORL and
the CGQL, respectively, then quartz in the AMBIORL must have deformed at a rate of about
102 to 10° times higher than the quartz in the CGQL (Figure 5). In this context, the higher
nucleation of quartz grains in the AMBIORL can be attributed to a higher rate of dynamic
recrystallization in the AMBIORL than in the CGQL. Nucleation of grains during
deformation is often positively correlated with strain rate (Peternell et al., 2019; Jia et al.,
2009), i.e., a higher strain-rate will lead to an increase in the nucleation of grains, as also
inferred quantitatively by the experimental studies of Peternell et al. (2009). Bose and Gupta
(2020) systematically correlated a higher proportion of recrystallized feldspar and quartz with
a consistent apparent reduction in competency-contrast between these two minerals, which in
turn indicates a higher strain-rate by the global model of Vigneresse (2004). Therefore, in the
absence of significant strain hardening in the quartz grains, the proportion of nucleated
dynamically recrystallized grains is likely to increase with an increase in strain rate. Thus, a
difference exists in the rate of deformation of quartz between the CGQL and the AMBIORL.
In other words, irrespective of the operation of BLG and/or higher grain nucleation rate (than
the CGQL) in the AMBIORL, strain-rate partitioning occurred between the CGQL and the

AMBIORL on the microscopic scale. However, it is yet to be determined, whether the
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proportion of strain-rate partitioning was sufficient to cause simultaneous operation of GBM

and BLG in the quartz grains in the CGQL and the AMBIORL, respectively.
5.2. Proportion of partitioning of strain-rate between CGQL and AMBIORL

Although strain-rate partitioning in between the CGQL and the AMBIORL becomes
evident from the discussions above, the proportion in which the partitioning occurred is yet to
be understood. Determination of the proportion of strain-rate partitioning can have
implications for simultaneous seismic and/or aseismic slip partitioning in mico-scale. We
assessed the proportion of partitioning of strain-rate between the CGQL and the AMBIORL
using a combination of the ductile rheological law (Gleason & Tullis, 1995) and the
piezometric equations (Shimizu, 2008; Stipp & Tullis, 2003; Twiss, 1977). The ductile
rheological law has been used in accordance with the formulation of Gleason and Tullis

(1995) as follows:
¢=de/dt=A.c". e ORT (3)

Where Q is the activation energy, A is a material parameter, R is the ideal gas constant, T is

the temperature, o is the flow stress, and n, the stress exponent = 4 (derived experimentally).
Piezometric equations applied in calculation include:

6= K(rwissa977)- D~%°8; after Twiss (1977);
where, K(ryiss, 1977 IS the constant in the piezometric equation of Twiss (1977)

6 = K(stipp and Tullis, 2003)- D~°7°*; after Stipp and Tullis (2003)

where, K(stipp and Tuliis, 2003) 1S the constant in the piezometric equation of Stipp and Tullis

(2003)

o= K(Shimizu, 2008)" D_O'S; after ShimiZU (2003)
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where, Ksnimizu, 2008) 1S the constant in the piezometric equation of Shimizu (2008)

The mean grain size (D; Table 1) has been calculated based on optical studies and as

per the formulations of Christie and Ord (1980).
For the CGQL, combination of ductile rheological law and piezometric equations yields

¢ = A. K(rwiss 1977)- (4.64 x 1073). e~ @RT; 5 substituted after Twiss (1977) (7

¢ = A. K(stipp and Tuuis, 2003)- (1.87 x 1073)e~@kT; & substituted after Stipp and Tullis

(2003)

(8)

€ = A. K(shimizu, 2008)- (1.66 x 1073)e~@RT; & substituted after Shimizu (2008) 9)

For the AMBIORL, combination of ductile rheological law and piezometric equations yields

¢ = A. K(rwiss977)- (1.085 x 1072)e~%RT; & substituted after Twiss (1977) (10)

€ = A. K(stipp and Tulis, 2003)- (6.27 x 1073)e~kT; & substituted after Stipp and Tullis

(2003)
(11)
¢ = A. K(snimizu, 2008)- (5.69 x 1073)e~9RT; & substituted after Shimizu (2008) (12)

Based on these equations (7-12), it has been estimated that quartz in the AMBIORL
deformed at a rate 2.34-3.43 times higher than that in the CGQL as per the following

calculations:

€amprori!€ccor = (1.085 x 1072) /(4.64 x 10~3%); dividing equation (10) by equation (7)
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=2.34 (13)

Eamprorléccor = (6.27 x 1073)/ (1.87 x 1073); dividing equation (11) by equation (8)
=335 (14)

€amproril€ccor = (5.69 x 107%)/ (1.66 x 10~3) ; dividing equation (12) by equation (9)
=3.43 (15)

Therefore, the partitioning of strain-rate in the AMBIORL is about 10° — 10! times
higher than that in the CGQL. Thus, it can be inferred that the finer grain-size of quartz in the
AMBIORL was solely due to micro-scale strain-rate partitioning and not due to any BLG
recrystallization mechanism that, on the other hand, would require the quartz in the
AMBIORL to deform at a rate 102 to 10° times higher than the quartz in the CGQL, as
discussed in section 4.1. Moreover, as the AMBIORL deformed at a rate, 2.34-3.43 times
higher than the CGQL then displacement accomdated in 12 Ma (duration of shearing along
the KSZ as per Pundir et al., 2020b) by the AMBIORL and the CGQL is 0.92 cm and 2.79-
4.1 cm (see Appendix), respectively. This displacement values imply extremely slow slip as
categorized by Nielsen (2017). Therefore, neither of the two layers deformed at high strain
rates and were involved in any seismic slip that is generally associated with velocities in the
order of ms~! (Nielsen, 2017) and strain-rates of 1t010? s~! (Kreemer et al., 2014;
Fagereng and Biggs, 2019). Thus, partitioning of strain-rate at the microscopic scale between
the CGQL and the AMBIORL, was associated with extremely slow slip deformation by
aseismic creep in both the layers. In accordance with observations and calculations, slow

aseismic creep was more localized in the AMBIORL than in the CGQL. So, strain-rate
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partitioning can be a very common mechanism for strain localization during aseismic creep

across any scale especially in the presence of mineralogical and lithological heterogeneities.

5.3. Partitioning of strain-rate: why and how?

At temperatures of 550-600 °C, although feldspar and quartz can undergo deformation
by dislocation creep, amphibole is more likely to deform by fracturing and mechanical
rotation due to its reported brittle-ductile transition at least above 700 °C (Passchier & Trouw,
2005). For example, Ross and Wilks (1996) inferred simultaneous plastic deformation of
plagioclase by dislocation creep and fracturing and mechanical rotation of fragments of
hornblende. Nevertheless, the preferred orientation of amphiboles in the high strain zones
(Figures 4b-4d), unlike in the relatively lower strain zones (Figures 3d; Figure 6a), suggests
that the amphiboles underwent rigid rotation towards the finite extension direction in the high
strain zones (Figures 6b-6¢). Fracturing in amphiboles could have also occurred under
conditions when the applied stress exceeded the yield strength of amphiboles. On the other
hand, Biotites deformed plastically with ease at ~550-600 °C as the brittle-ductile transition
for biotite occurs at temperatures as low as 150-250 °C (Passchier & Trouw, 2005). However,
biotite can deform only by slip on the basal plane along the <100> and the <110> directions
(Passchier & Trow, 2005). In this context, it is noteworthy that biotite belongs to the
monoclinic crystal system, with very few symmetry elements. As a result, plastic deformation
of biotite can occur by slip on only one suitably oriented slip plane along very few slip
directions, unlike quartz, which, due to the presence of a larger number of symmetry
elements (trigonal or hexagonal crystal system), can accommodate deformation by slip along
any of the six <a> directions on several crystallographic planes (Abalos et al., 2016; Hobbs,
1985; Mainprice et al., 1986; Schmid and Casey, 1986; Twiss and Moores, 1992). Thus,
although biotite in the AMBIORL underwent plastic deformation during shearing along the

KSZ, the availability of very few slip systems may well have restricted the biotites from
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accommodating the bulk of the strain. Under this situation, the bulk of the strain in the
AMBIORL was undoubtedly partitioned into the quartz-bearing domains (adjacent to
amphiboles and biotites), especially at temperatures where quartz can deform easily by slip

along any of the a-axes on several crystallographic planes.

Summarising the above facts, in the low strain zones of the KSZ, the foliation in the
amphibolites is defined mainly by a preferred orientation of biotites, and amphiboles do not
show any significant alignment (Figure 6a). The amphiboles and biotites were segregated into
distinct micro-domains with increasing strain  (AMBIORL in Figure 6b). The bulk of the
strain on the AMBIORL was localized into the quartz-bearing domains (Figure 6b) as
amphiboles did not undergo ductile deformation, and the biotites accommodated limited
strain. The occurrence of amphiboles and biotites in the AMBIORL, resulted in (a) the
localization of strain in the quartz-rich domains of the AMBIORL with strain on the quartz
grains naturally decreasing with distance from the amphiboles and biotites and (b) effective
reduction of the areal proportion of quartz in any particular area (e.g., A in Figure 6b) in the

AMBIORL than that in a similar area (A) in the CGQL (Figure 6b).

Thus, strain accommodated per unit area over any time interval (t) by quartz in the
AMBIORL will be higher than the strain per unit area on the quartz over the same time
interval (t) in the CGQL. As a result, the rate of deformation of quartz in the AMBIORL
must have been higher than that in the CGQL. A higher deformation rate in the AMBIORL
resulted in higher nucleation of dynamically recrystallized grains in the AMBIORL than in

the CGQL (Figure 6c).

5.4. Implications of strain-rate partitioning for the KSZ
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Micro-scale partitioning of strain-rate as discussed above for the mylonitized
amphibolites along the Tangtse-Muglib strand of the KSZ is promoted by an increase in
mineralogical and, therefore, rheological heterogeneity as demonstrated in section 5.3.
Considering that the KSZ deformed continuously from ~27-15 Ma (Pundir et al., 2020b), at a
bulk strain rate of 1.6 x 10713 s~1 (Boutonnet et al., 2013), a bulk strain of 60.5 and 141.6-
207.5 (see Appendix) were accommodated by the CGQL and the AMBIORL, respectively, in
the mylonitized amphibolites. For orthogonal thicknesses of w = 152.3 um and w’ = 197.1
pm (Figure 4d; Fig. 7a), for example, for the CGQL and the AMBIORL, respectively,
displacement accommodated by the CGQL will be 0.92 cm (Fig. 7a; see Appendix), whereas
in the AMBIORL will accommodate a displacement of 2.79-4.1 cm (Figure 7a, see
Appendix), as per equation (2). Therefore, even in the scale of a thin section, displacement
accommodated by the AMBIORL will be 1.87-3.18 cm greater than that accommodated by
the CGQL ((see Appendix; Figure 7a). If a similar proportion of strain-rate partitioning and
hence the accommodated strain are extrapolated to two adjacent deformed hypothetical
layers, each 10 meters thick (outcrop scale; Figure 7b), then displacement in layer 2 that
accommodated higher bulk strain will be about 800-1500 meters greater than that in the less
deformed layer 1 (Figure 7b, see Appendix). If similar extrapolation is done on two adjacent
hypothetical layers, each 1.25 km thick (Figure 7c; regional scale; total thickness 2.5 km
similar to the width of the Tangtse strand in Figure 1b), then layer 2 (more deformed) will
accommodate a displacement of about 100-200 km greater than that accommodated by the
less-deformed layer 1 (Figure 7c, see Appendix). It is noteworthy that the calculations for
Figures 7b and 7c are based on hypothetical layers between which strain-rate has been
assumed to have partitioned in a proportion similar to that between the AMBIORL and the
CGQL. Therefore, the calculated displacement should not supposedly represent the actual

displacement along the Tangtse strand of the KSZ (Figure 1b). Nevertheless, variations in
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offsets, similar to that calculated in Figure 7c, are observed along widely separated segments
of the KSZ (Robinson, 2009a). Therefore, the calculations using hypothetical layers in
Figures 7b & 7c has just been carried out to assess an estimate of the order of difference in
displacements accommodated by any two mineralogically and/or lithologically and hence
rheologically distinct layers between which strain-rate has been partitioned at a given
proportion. Thus, considering the natural lithological and hence rheological heterogeneity
across the shear zone on a regional scale, significant differences in accommodated
displacement between two adjacent layers are bound to occur even along any single segment
of the approximately 1000 km long KSZ. This implies that the displacements along widely
dispersed segments of the KSZ are likely to vary significantly, which is actually the case
(Robinson, 2009b). Presently and also in the Quarternary, ductile deformation at mid-crustal
depths of the lithospheric scale KSZ (Paul et al., 2021) must have involved similar strain-rate
partitioning across diverse scales which might very well be responsible for the observed
differences in offsets of marker beds and streams across the widely separated segments of the
shear (Lacassin et al., 2004; Phillips et al., 2004; Robinson, 2009a; Schwab et al., 2004,

Searle et al., 1998; Valli et al., 2008).

6. Conclusion

During ductile deformation, rigid minerals incapable of ductile flow and minerals that
undergo limited plastic deformation can lead to micro-scale partitioning of the rate of
deformation of the mineral that can easily undergo plastic deformation. Partitioning of strain-
rate along natural shear zones is promoted by increasing mineralogical, lithological, and

therefore rheological heterogeneities, which leads to the accommodation of strain at a higher
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rate in the heterogeneous layers. Therefore, a higher strain accommodation occurs over a

particular lateral distance across any shear zone.

Partitioning of strain-rate in between the CGQL and the AMBIORL in the
mylonitized amphibolites along the KSZ involved slow aseismic creep and was not
associated with any fast-slip seismic events. Thus, strain-rate partitioning appears as an

important mechanism of strain localization during aseismic creep.

In the context of the KSZ, strain-rate partitioning between mineralogically
heterogenous layers of the same lithology and between different lithologies can account for
variable displacement even across any single segment of the shear. Thus, KSZ, being a 1000
km long lithospheric shear zone, must have transected different lithologies and hence
different rheologies in the vertical and horizontal directions due to which variability in
displacement along different segments of the shear appears to be a natural phenomenon.
Similar processes must have occurred at middle to lower crustal depths, along and across the
lithospheric KSZ, from Quarternary to the present. The manifestations of the variation in
displacements in the ductile regime can very well be the variable offsets of marker beds and

streams across the Karakoram Fault, now observed on the surface.
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Figure captions

Figure 1 a) Map of the Karakoram terrane. Study area is represented by the red-coloured
dashed box. Inset shows the Karakoram terrane on the map of India (adapted and modified
after Pundir et al., 2020b). b) Geological map of the area showing the major lithologies, the
planar and linear structural elements (adapted and modified after Pundir et al., 2020b). The
Tangtse and the Muglib strands of the Karakoram Shear Zone (KSZ) are marked in orange

colour. The present work is based primarily on locations TM 1 and TM 2 along the Tangtse
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strand of the KSZ and the locations DS 6, DS 7 and DS 8 in the relatively less deformed part

of the Tangtse Metamorphic Complex (TMC). Sample TM 2 is the key focus of this study.

Figure 2 Field photographs a) Granite gneiss and mylonitized amphibolite occurring in
contact along the Tangtse strand of the KSZ. Note the concordance of the planar fabric (S) in
the two lithologies. b) Dextrally sheared feldspathic domains in plan in the granite-gneisses
along the KSZ. c) Sub-horizontal stretching lineation (L) on the steeply dipping mylonitic
foliation surface in the granite gneisses along the KSZ. d) Sub-horizontal stretching lineation

on the steeply dipping mylonitic foliation (S) in the mylonitized amphibolites.

Figure 3 Photomicrographs: a) Foliation in the granite gneisses, defined by alternate
monomineralic layers of feldspar and quartz. Note the segregation between the feldspathic
and the quartz-rich layers. b) Amoeboid sutures along the boundaries of quartz with the
quartz ribbons. Note the deformation bands within some of the quartz grains. c) Core-mantle
structure in feldspar. Note the sharp boundary between the core and the mantle of
recrystallized grains. d) amphibole, biotite, feldspar and quartz in the deformed amphibolites
of the Tangtse Metamorphic Complex (TMC). Note the preferred alignment of biotites and
the lack of any alignment of the amphiboles. e) Foliation defined by a preferred orientation of
biotites and quartz ribbon in the deformed amphibolites. Note the high wavelength sutures
along the grain boundaries of quartz. f) Preferred orientation of biotites and deformed
lamellar twining in plagioclase in the deformed amphibolites of the TMC. d) Core-mantle
structures in the feldspathic domains of the granite gneisses. Note the sharp distinct

boundaries between the core and the mantle of recrystallized grains.

Figure 4 Photomicrographs along the Tangtse strand of the KSZ: a, b) Coarse-grained
monomineralic quartz-rich layers (CGQL) alternating with amphibole-biotite-quartz rich

polymineralic layers (AMBIORL). Note the considerably finer grain size of quartz in the
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AMBIORL as compared to the quartz in the CGQL. c, d) Consistent association of the finer-
grained quartz with the amphibole-biotite bearing domains in the AMBIORL. Note the
increase in grain-size of quartz with distance from the amphiboles and biotites. Points P and
P’ have been used to calculate displacement accommodated by the CGQL due to shearing
along the KSZ. Points Q and Q’ have been utilized to determine displacement accommodated
by the ABIORL during shearing. e) Microstructure of quartz in the CGQL. Note the
amoeboid grain boundaries in all directions with respect to the individual quartz grains as
well as the high-wavelength sutures along the grain-boundaries f) Microstructures of quartz
in both the CGQL and the AMBIORI. Note that both in the CGQL and the AMBIORL quartz
grains show high wavelength sutures along amoeboid grain boundaries. Also note that
pinning of quartz by amphiboles and biotites restricts GBM in quartz at high angles to the

foliation in the AMBIORL.

Figure 5 Diagram (adapted from and modified after Law, 2014) showing the ranges of strain-
rate at which GBM (Green dashed lines) and BLG (Yellow dashed lines) can operate in the
quartz grains deformed along the KSZ at 550-600 °C Yellow lines. Note that for BLG
operates at strain rates, at least 102 to 10° times higher than that required for GBM at 550-
600 °C. Orange dashed line represents the strain-rate values calculated along the KSZ by

Boutonnet et al. (2013).

Figure 6 Schematic diagram showing the stages of evolution of the amphibolites during
deformation along the KSZ. a) distribution of amphiboles, biotites and quartz in the relatively
low strain domains (in the TMC) with respect to the KSZ b) Increase in strain along the
mylonitic strands of the KSZ resulted in the segregation of the amphiboles and biotites into
layers (AMBIORL) alternating with monomineralic quartz-rich layers (CGQL). Modal
proportion of quartz in Circular area, A in the AMBIORL is lower than the modal proportion

of quartz in identical circular area, A in the CGQL. c) Greater nucleation of dynamically
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recrystallized grains in the AMBIORL owing to a greater accommodation of strain by the
quartz at higher strain-rate per unit area, adjacent to the amphiboles and biotites (that did not
accommodate significant strain) than the quartz in the CGQL, away from the amphiboles and

biotites.

Figure 7 Diagram showing the variations in displacement from the micro to regional scale if
strain rate is partitioned in a proportion similar to that between the CGQL and the AMBIORL
in mylonitized amphibolites of the KSZ. a) Displacement accommodated by the CGQL and
the AMBIORL in microscopic scale. Note that the AMBIORL accommodates displacement
(d’) almost 2-3 km greater than the displacement accommodated by the CGQL (d). b)
Assuming similar proportion of partitioning of strain rate between hypothetical layer 1 and
hypothetical layer 2 in outcrop scale, layer 2 accommodates 850-1500 m greater than that
accommodated by layer 1. ¢) Assuming similar proportion of partitioning of strain rate
between hypothetical layer 1 and hypothetical layer 2 in regional scale, layer 2

accommodates 100-200 km greater than that accommodated by layer 1.

Table 1 Table showing the values of the mean grain size (D) for the CGQL and the

AMBIORL, respectively, calculated using the formulations of Christie and Ord (1980).
Appendix

Estimated displacements accommodated by the CGQL and the AMBIORL assuming that the
CGQL deformed at a rate of 1.6 x 10713 s~1 from 27-15 Ma (timing of shearing along the
KSZ). Similar calculations, extrapolated to hypothetical layers 1 and 2 to have an estimate of
the displacements accommodated in outcrop scale (10 m: assumed thickness of each layer)
and regional scale (1.25 km: assumed thickness of each layer) under conditions of similar
proportion of strain-rate partitioning, as derived in equations 13-15, between layer 1 and layer

2
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Displacement accommodated by CGQL and AMBIORL (micro-scale)

If, it is assumed that quartz in the CGQL deformed at a rate of 1.6 x 10713 s~ (Boutonnet et

al., 2013) then the quartz grains in the AMBIORL must have deformed at a rate in between
2.34(1.6x10713)s71103.43(1.6 x 10713) 571

as, éaymprorL/€ccoL = 2.34 10 3.43 as per equations (13) to (15)

Therefore, quartz the AMBIORL deformed at a rate of 2.34 x (1.6 x 10713) s~ to 3.43 x

(1.6 x 10713) 571

Considering that deformation in the CGQL and the AMBIORL operated at these rates from
27-15 Ma (Pundir et al., 2020D) i.e., for a duration of 12 Ma, strain accommodated by the two

layers are:

(Strain)ceoL = £cgor X (12 x 10° X 365 x 24 x 60 X 60)
=1.6x 10713 x 12 x 10° x 365 x 24 x 60 x 60
=1.6x12x365x24x36x 10713 x10° x 102
= 6054912 x 107°
=60.5

(Strain)amsiorL = £cgor X (12 X 10° x 365 x 24 x 60 x 60)

=234 x (1.6 x 10713 x 12 x 10° x 365 x 24 x 60 x 60) t0 3.43 x (1.6 x 10713 x 12 x 10° x

365 x 24 x 60 x 60)
= (2.34 x 60.5) to (3.43 x 60.5)
=141.57 to 207.5

Applying equation 2,
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Displacement (d) accommodated by CGQL = (Strain)cgoL X width of CGQL

= 60.5 x w; w: width of CGQL (Fig. 4d)

=60.5x152.3 pm

= 9214.15 um

=0.92 cm (Fig. 7a)

Similarly, displacement (d”) accommodated by AMBIORL

= (Strain)CGQL X width of AMBIORL

=(141.57 t0 207.5) x w’; w’: width of AMBIORL (Fig. 4d)

= (141.57 to 207.5) x 197.1 pm

=27903.447 pm to 40898.35 um = =2.79 cmto 4.1 cm (Fig. 7a)

Displacement accommodated by hypothetical layers 1 and 2 (outcrop scale)

If similar proportion of strain-rate partitioning are extrapolated to two hypothetical layers 1
and 2 (each 10 m thick) (Fig. 7b) such that layer 2 deforms at a rate 2.34 to 3.43 times that of
layer 1 (Fig. 7b) and layer 1 deforms at 1.6 x 10713 s~ (Boutonnet et al., 2013) then by

similar calculations, over 12 Ma
Displacement (d) accommodated by hypothetical layer 1 = 60.5 x 10 m = 605 m (Fig. 7b)
and, Displacement (d) accommodated by hypothetical layer 1 = (141.57 to 207.5) x 10 m

= 1416 to 2075 m (Fig. 7b)
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Displacement accommodated by hypothetical layers 1 and 2 (regional scale):

If similar proportion of strain-rate partitioning are extrapolated to two hypothetical layers 1
and 2 (each 1.25 km thick) (Fig. 7c) such that layer 2 deforms at a rate 2.34 to 3.43 times that
of layer 1 (Fig. 7c) and layer 1 deforms at 1.6 x 10713 s~ (Boutonnet et al., 2013) then by

similar calculations, over 12 Ma

Displacement (d) accommodated by hypothetical layer 1 = 60.5 x 1.25 km = 75.625 km (Fig.

7c)
and, Displacement (d) accommodated by hypothetical layer 1 = (141.57 to 207.5) x 1.25 km

= 177 to 259.37 km (Fig. 7c)

Thus, in micro scale AMBIORL accommodates a displacement, 1.87-3.18 cm greater than
the CGQL. When strain-rate is partitioned in a proportion equal to €,yp0rL/€ccoL, DEtWEEN
hypothetical layers 1 and 2, layer 2 accommodates displacement 811-1470 m and 101-183

km greater than layer 1 in outcrop scale and regional scale, respectively.



LAYER IN MYLONITIZED
AMPHIBOLITE
(TM 2)

MEAN GRAIN SIZE (D;
calculated after Christie and Ord,
1980)

Coarse grained quartz rich layer 127.5796 pm
(CGQL)
Amphibole-biotite rich layer 57.83167 um

(AMBIORL)
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(hypothetical)
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