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Dear Editor, 

 

We hereby submit a “letter” manuscript to Earth and Planetary Science Letters titled “Seismically induced kinking 

in quartz” by Bestmann, Grasemann, Kilian, Wheeler, Morales, Bezold and Pennacchioni. This paper focuses on 

detailed microstructural analyses of a deformed quartz vein next to a seismic fault zone. Our results provide 

insights about the deformation processes of kinking in quartz related to the seismic cycle. We were able to show 

that at the initial state of the seismic cycle pervasive formation of deformation lamellae provided the mechanical 

anisotropy necessary for subsequent coseismic kinking in quartz. In recent years, kinking in minerals, e.g. mica, ice 

and also alloys were of particular interest as an important deformation process in general, and in particular 

related to seismicity and meteorite impact. Therefore, our finding is of broad interest to a large swath of 

geoscientists. 

 

In this paper, we applied, for the first time, an integrated microstructural analysis workflow by correlated 

microscopy by using optical microscopy, scanning electron microscopy cathodoluminescence, electron 

backscatter diffraction (including weighted Burgers vector analysis), and transmission electron microscopy on a 

well-developed kinking in quartz. The association of the kinked quartz with a pseudotachylyte-bearing fault 

allows the development of quartz kinking to be discussed in the frame of the seismic cycle. In our model 

deformation lamellae formed at transient high differential stresses either during the loading stages preceding the 

earthquake or associated with the seismic rupture propagation. The initial high dislocation density within the 

deformation lamellae provided the mechanic anisotropy in quartz required for the subsequent coseismic 

initiation of kinking by fast slip of athermal dislocations. During post-seismic deformation dislocations were 

dynamically re-arranged under residual stress into sub-parallel subgrain boundaries which now characterize the 

kink band boundary region. 

 

We believe our paper is of special interest to the readers of EPSL, for several reasons. It has appeal for a variety of 

earth scientists, from structural geologist to paleo-seismologist to meteorite impact researchers, and for material 
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scientists. Our results show that transient high differential stress can produce an internal effective mechanical 

anisotropy even in a strong mineral like quartz which normally is free of weak crystallographic planes necessary 

for kinking. Surprisingly, subsequent crystal plastic processes can occur in a very short time span during coseismic 

deformation (possibly within milliseconds) even at relatively low ambient temperatures (300-350 °C) and relatively 

high strain rates in combination with still persisting high differential stresses. Therefore, intensive kinking of 

quartz potentially indicates paleoseismicity and is an important process of initial strain accommodation in 

crystals during coseismic high differential stress. 

 

We also would like to suggest a selection of potential reviewers, all of which are experts in the areas of either 

structural geology, paleo-seismology, impact researchers or a combination thereof: 

 

Claudia Trepmann claudia.trepmann@lmu.de    University Munich 
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Sandra Piazolo  S.Piazolo@leeds.ac.uk     University of Leeds 

 

We confirm that: (i) the data, results, and conclusions presented in this paper are original; (ii) this manuscript has 

not been published elsewhere and is not under consideration by another journal; and (iii) all authors have 

approved the manuscript and agree with its submission to Earth and Planetary Science Letters. Our submission 

includes 9 figures, a manuscript with a word count less than the maximum allowable, and supplementary 

material. 

 

We thank you very much for your consideration, and look forward to further correspondence. 
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Michel Bestmann (corresponding author) 

Bernhard Grasemann 

Rüdiger Kilian 

John Wheeler 
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Abstract 22 

Deformed quartz veins next (1-1.5m) to an exhumed pseudotachylyte-bearing (i.e. anciently seismic) 23 

fault within the Schobergruppe (Austroalpine Crystalline Complex, Eastern Alps) contain intensely 24 

kinked quartz grains. The monoclinic symmetry of kink bands is consistent with the slip sense of the 25 

fault. Cathodoluminescence images show a very high density of intragranular, sub-planar, lamellae 26 

accompanied by nanometre-scale fluid-related porosity visible in electron backscatter orientation 27 

contrast. Based on the oscillating orientation variation across subgrain boundaries (misorientation 28 

angle 1-9°) these lamellae (oriented (sub)parallel to a rhomb plane and spaced 4-10 µm apart) are 29 

identified as short-wavelength undulatory extinction microstructures (SWUE). Transmission electron 30 

microscopy reveals a high degree of recovery (low dislocation density) across the SWUE. Only grains 31 

with SWUE oriented parallel to the vein boundary are kinked. We infer following history for the kink 32 

evolution related to the seismic cycle: (I) Deformation lamellae formed during high differential 33 

stresses preceding the earthquake rupturing or associated with seismic rupture propagation. The 34 

initial high dislocation density within the deformation lamellae provided the mechanical anisotropy 35 

in quartz required for (II) the subsequent coseismic initiation of kinking. The lamellae acted as a 36 

geometric filter that only allowed r<a> slip of dislocations parallel to the lamellae. These athermal 37 

dislocations were able to glide fast over a relatively large distance before piling up and initiating 38 

kinking during the coseismic event. Progressive build-up of dislocations resulted in deformation 39 

bands which accumulated the final misorientation angle between host domain and kink domain. (III) 40 

During post-seismic deformation dislocations were dynamically re-arranged under residual stress 41 

into sub-parallel subgrain boundaries which now characterize the kink band boundary region. We 42 

suggest that kinking in quartz potentially indicates coseismic deformation and is an important 43 

mechanism for incipient strain accommodation during high strain rates. 44 

 45 

Keywords: quartz, kinking, seismic, athermal dislocation, anisotropy, weighted Burgers vector 46 
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 47 

1. Introduction 48 

Recognition of seismically induced structures is important to unravel the different deformation 49 

processes during the seismic cycle, especially at the base of the upper brittle crust where many 50 

earthquakes nucleate. The ancient seismicity of an exhumed fault is commonly recognized by the 51 

occurrence of pseudotachylytes, i.e. quenched melts produced during seismic slip along the host 52 

fault (Cowan, 1999). However, other microstructures have been proposed to develop during seismic 53 

faulting, e.g. intensely kinked micas (White, 2001; Bestmann et al., 2011; Anderson, 2021). In this 54 

study, we describe a quartz vein, sampled at a distance of 1-1.5 m from a pseudotachylyte-bearing 55 

fault that shows intense kinking of the quartz grains. The mica-rich host rock of the vein also shows 56 

intense kinking of micas. Since quartz does not commonly have a strong mechanical anisotropy, we 57 

address the question of why and how kinking of quartz may develop. Kinking requires the presence 58 

of a planar mechanical anisotropy, e.g. a multi-layered structure with a regular periodic alternation of 59 

thin weakly bounded layers (or of high viscosity layers interleaved with thin low viscosity ones) such 60 

as in minerals with a strong cleavage, e.g. micas (Bell et al., 1986) or in industrial metallic nano-61 

laminates (Zhang et al., 2022). Several experiments and numerical models have been carried out to 62 

understand the kinking process in foliated rocks (Gay and Weiss, 1974), micas (Bell et al., 1986) and 63 

metals (Humphreys et al., 2017; Zhang et al., 2022). Kinking is also observed within phases with a 64 

well-defined layer structure, e.g. kyanite, enstatite, and ice (i.e. Seidemann et al., 2020 and 65 

references within), and also in minerals with several slip systems, such as olivine and pyrite (compiled 66 

by Vernon, 2018) and mostly hexagonal metals (Matsumoto et al., 2018). Further, Cook et al. (2024) 67 

pointed out the importance of kinking to suppress strain hardening by localized strain accumulation 68 

in polycrystalline alloys. Compared to those phases where kinking is frequently observed, quartz with 69 

its three-dimensional covalent bonding does not show any particularly weak crystallographic plane or 70 

direction that could provide the mechanical anisotropy necessary for kinking. Interestingly, kinking in 71 

quartz was only observed in combination with deformation lamellae in naturally deformed quartz 72 
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(Nishikawa and Takeshita, 1999; Menegon et al., 2008) and in experiments (Carter et al., 1964). In 73 

recent studies on ice, electron backscatter diffraction (EBSD) analysis (including Weighted Burgers 74 

Vector analysis, WBV, Wheeler et al., 2009, 2024) has shown that kinking is an important mechanism 75 

of strain accommodation in crystals during the initial state of deformation under high differential 76 

stress (Piazolo et al., 2015; Seidemann et al., 2020). Our aim here is to present, for the first time, an 77 

integrated analysis by using EBSD (including WBV analysis), scanning electron microscopy (SEM) 78 

cathodoluminescence (CL) and transmission electron microscopy (TEM) on well-developed kinked 79 

quartz. The association of the kinked quartz with a pseudotachylyte-bearing fault allows to discuss 80 

the development of kinking with respect to the seismic cycle. 81 

 82 

2. Geological Settings 83 

The studied samples are deformed quartz veins from the pre-Alpine eclogite-facies paragneisses of 84 

the Austroalpine Prijakt Nappe of the Eastern Alps, Austria (Fig. 1a) (Schulz, 1993; Hauke et al., 2019). 85 

The quartz veins, parallel to the main foliation of the paragneisses (Fig.1b and c), underwent 86 

deformation under amphibolite-facies conditions (Linner, 1999) and were later affected by 87 

deformation during slip on a nearby E-W-striking, steeply-dipping, strike-slip fault also parallel to the 88 

main host-rock foliation. The fault zone, up-to-2 m wide, consists of cataclasites, ultracataclasites and 89 

pseudotachylytes (Fig. 1d). Within a distance of up to 4-5 m from the fault, the foliation-parallel 90 

quartz veins in the paragneiss were exploited by ductile (viscous) deformation at temperatures of 91 

300-350 °C (Bestmann et al., 2021) forming locally mylonites. This ductile overprint is absent in veins 92 

more distant from the fault. 93 

 94 

3. Methods 95 

Thin sections were made from sample chips cut orthogonal to the quartz vein boundary and host 96 

rock foliation (subparallel to the fault zone boundary) (XZ section), and parallel to the mineral 97 
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stretching lineation (X direction). The orientation of kink band boundaries (KBBs) and short-98 

wavelength undulatory extinction microstructures (SWUE, see section 6.2.1) were measured with a 99 

universal stage microscope. Backscatter electron orientation contrast (BSE-OC) images and EBSD 100 

measurements were performed with a Thermo Fischer Scientific (TFS) Helios nanoLab 600i field 101 

emission gun (FEG) SEM at the Department Materials Science and Engineering of the Friedrich-102 

Alexander-University (FAU) Erlangen-Nürnberg. For EBSD analysis (step size 250 nm), an Oxford 103 

Instruments Symmetry detector was used in combination with the AZtec 4.3 software. CL images 104 

were captured with a panchromatic (185–850 nm) TESCAN CL detector attached to a TESCAN Vega-105 

XM-U (tungsten filament) SEM at the GeoZentrum, FAU Erlangen-Nürnberg. Additionally, three CL 106 

images of representative microstructures were taken, using (i) the red filter, (ii) the green filter and 107 

(iii) the blue filter on a Gatan MonoCL4 system (wavelength sensitivity 185-850 nm) attached to a 108 

ZEISS Merlin FEG-SEM at the Department of Geosciences, Arctic University of Norway, Tromsö, 109 

Norway. Focussed ion beam (FIB) preparation of TEM samples, cut perpendicular to the thin section 110 

plane, was carried out at ScopeM at the ETH Zürich, Switzerland, using a TFS Helios nanoLab 600i FIB-111 

SEM and TFS Helios-5-UX with an AutoTEM-5 system. TEM analysis were performed using a Phillips 112 

CM-200 with 200 kV at the Institute I: General Materials Properties of the Department of Materials 113 

Science and Engineering, FAU Erlangen-Nürnberg. 114 

The EBSD data are presented as orientation maps (colour coded with respect to a specific 115 

sample reference direction) and the crystallographic directions and pole to crystal planes as pole 116 

figures with respect to the sample reference system, PFs (XZ, Y-direction in the centre, coinciding 117 

with the vorticity axis). EBSD data were processed using Channel-5 (Oxford Instruments) and Mtex 118 

(https://mtex-toolbox.github.io/). Calculated misorientation axis for different misorientation angle 119 

intervals are presented in (i) crystallographic coordinates (IPFc) and (ii) as pole figures in sample 120 

coordinates (PFs). They give insights into what sorts of dislocations have accumulated in particular 121 

boundaries, but usually by assuming a single slip system and pure tilt boundaries (Neumann, 2000). 122 

To go beyond that assumption Weighted Burgers Vector were calculated using the Crystalscape 123 
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software (Wheeler et al., 2009, 2024). For further detailed information about sample preparation, 124 

acquisition parameters and data processing see Method section in supplemental material.  125 

 126 

4. Samples 127 

The analysed thin section is from a deformed quartz vein (HS-2017-4, UTM33 326574E/ 5198989N), 128 

4-5 cm in thickness, where the vein crystals were stretched to strongly elongated grains (with an 129 

aspect ratio of as much as 6:1) during an earlier (pre-seismic) stage of ductile deformation (Bestmann 130 

et al., 2021). The long axis of elongated grains is oriented slightly oblique to the vein boundary 131 

indicating dextral sense of shear (top-to-E) in accordance with the kinematics of the strike-slip fault. 132 

Characteristic is the intense kinking of individual quartz grains across the entire thin section (Fig. 2a). 133 

The host-rock paragneiss, in direct contact with the vein, also shows strongly kinked micas (HS-2017-134 

4b, Fig. 1c). 135 

Five different quartz kink microstructures were analysed by optical microscopy, SEM-CL, 136 

EBSD and BSE-OC images. We describe here the most prominent and well-developed quartz kink 137 

microstructure. While the general conclusions are valid for all analysed kink microstructures, they 138 

can have slightly different characteristics (SOM-Fig. 1).  139 

 140 

5. Results 141 

5.1 Quartz kink microstructure 142 

We first describe lamellae within kinked quartz grains, then the kink band boundary regions (KBBR). 143 

 144 

5.1.1 Lamellae 145 
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In this contribution we use the word “lamellae” in a non-genetic way unless in the phrase 146 

“deformation lamellae”. Later we argue that the lamellae were once deformation lamellae but are 147 

now modified into SWUE (section 6.2.1). CL images reveal locally pervasive, dark lamellae (Fig. 2c) in 148 

most of the grains (either kinked or not, SOM-Fig. 1b, d). Lamellae are only visible in the blue spectral 149 

range (400-500 nm) while in the green (500-575 nm) or red spectral (600-700 nm) no CL intensity 150 

variation can be observed. Only the grains where the lamellae are oriented (sub)parallel to the vein 151 

boundary, here referred to as horizontal lamellae, are intensively kinked. The lamellae are very 152 

subtle under the optical microscope. The spatial density and sharpness of the lamellae in CL vary with 153 

their orientation: (i) the horizontal lamellae are sharply defined and closely spaced (3-10 µm apart); 154 

(ii) the inclined lamellae have a larger spacing (10-14 µm) and the dark/dull CL signal is blurred (Fig. 155 

2c). We infer that the horizontal lamellae are in their original orientation (host domain) and were 156 

rotated in the oblique orientation during kinking (kink domain). The angle  between the horizontal 157 

and the inclined lamellae is 33-43°, and the angle  between horizontal lamellae and KBBRs is 48-62° 158 

which is systematically smaller than the angle k between the KBBRs and the inclined lamellae (75-159 

90°) (Fig. 3). KBBRs also appear as dark features in CL. 160 

 In EBSD maps (Fig. 4a, b) low angle boundaries (LABs, <10° misorientation angle), also visible 161 

in BSE-OC images, match the horizontal lamellae (Fig. 5a-c). The misorientation angle across the 162 

lamellae is mainly in the range of 1-3°, with local values up to 5-9°. BSE-OC and light optical images 163 

show the presence of pores along LABs (Fig. 5b). Misorientation axes of LABs bounding horizontal 164 

lamellae cluster around the crystallographic c-axis <0001> (Fig. 4c). U-stage measurements show that 165 

the lamellae are oriented (sub)parallel to one of the r {10-11} planes (Fig. 5d-VI). Lamellae 166 

(sub)parallel to the basal plane, with misorientation axes clustering around m {10-10} or a <11-20>, 167 

are also observed (SOM-Fig. 1g). Here, we focus on the microstructure with lamellae subparallel to 168 

{r}. The angles between the misorientation axes and the traces of LABs ranges between 40° and 60° 169 

(Fig. 5h). WBVs (weighted averages of local Burgers vectors) point in opposite directions on the long 170 

boundaries of lamellae which are connected via a loop (Fig. 5d-III, V) and cluster around one of the 171 
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m-poles (Fig. 5d-IV). TEM-FIB foils across the lamellae reveal in general a very low dislocation density 172 

(Fig. 6a). Some of the LABs show evidence of ordered dislocations indicative of subgrain boundaries 173 

(SGBs), while others are relatively narrow and sharp without internal dislocation structure. 174 

 175 

5.1.2 Kink bands and their boundary regions (KBBRs) 176 

KBBRs have a dominant inclination angle  of 28-42° to the Z-direction, inclined consistently with the 177 

dextral slip of the nearby fault (Bestmann et al., 2021) (Fig. 2). The width of the alternating kink 178 

bands varies between 30-240 µm. KBBRs show a gradual orientation change and include: (i) a 179 

relatively wide zone (10-30 µm) containing mostly (sub)parallel LABs with a misorientation of 1-4.5°; 180 

and (ii) a narrower zone (< 10 µm) containing internal high angle grain boundaries (iHAGB) of 10-20°, 181 

locally up to 25° (Figs. 4c-II, 5c, 5e-g). Misorientation angle profiles indicate that LABs accommodate 182 

a cumulative misorientation angle of 33-43° across the KBBRs with a continuous orientation 183 

dispersion path (Bestmann and Prior, 2003) (Fig. 5g). The rotation axis is located around the Y-184 

direction and corresponds to one of the poles to {z} or {’} even for iHAGB (Figs. 4c-II, 5e, f). The 185 

continuous dispersion path defines a dextral sense of shear across KBBRs, considering the host as the 186 

reference orientation (Fig. 5e-VI, 5f-VI). The trace of KBBRs together with U-Stage measurements 187 

indicate that the KBBRs are (sub)parallel to one of the {m} planes (Fig. 5e-VI, 5f-VI). In contrast to 188 

horizontal LABs outside of the tilted domain, the misorientation axes of LABs within KBBRs cluster 189 

close to the crystallographic {z} and {‘} poles even for iHAGB (Figs. 4c-II, 5e-VII, 5f-VII). 190 

Misorientation axes cluster around the Y-direction. The angle between the misorientation axis and 191 

the trace of LABs is 0-10° (Fig. 5h). Therefore, the misorientation axis lays within the KBBR plane. 192 

Maps show the WBVs plot in opposite directions for the corresponding KBBRs (Fig. 5e-V, 5f-V). In the 193 

PFs for the left KBBR (KBBRA) the Burgers vectors plot towards the upper left quadrant (Fig. 5e-V) and 194 

for the right KBBR (KBBRB) to the lower right quadrant (Fig. 5f-V). This can be explained by realising 195 

that the LABs bounding the kink bands are of opposite rotation sense on opposite sides of the bands. 196 
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WBVs have a maximum nearly perpendicular to the trace of the KBBRs, but with some scatter. In the 197 

IPFc the Burges vectors are dispersed between a and m (Fig. 5e-IV, 5f-IV). The dislocation density is 198 

slightly higher across KBBRs (Fig. 6b) as for the horizontal lamellae in the host domain (Fig. 6a). Some 199 

LABs show internal ordered dislocations suggesting that they are subgrain boundaries whereas 200 

others do not show clear evidence of internal dislocations. 201 

The tilted lamellae within the kinked domains visible in CL images cannot be detected in 202 

EBSD maps and BSE-OC images. However, at the margin towards KBBRs some relicts of former 203 

horizontal LABs, now slightly bent, are present (Figs. 4b, 5c, 5g). In the kink domain, LABs run parallel 204 

to KBBRs and have misorientation angles of 1.5-4.5°. Misorientation axes show two clusters: one 205 

parallel to {c} (relics of horizontal lamellae) and one parallel to the poles of {z} or {‘} (related to the 206 

KBBR low angle boundaries). PFs show two clusters, one in the centre (KBBRs) and another around 207 

the position of the rotated c-axis (horizontal LABs) of the kink domain (Fig. 4c-III). The porosity along 208 

the CL lamellae is not evident in the kinked domains (Fig. 5b). 209 

 210 

5.2 Microshear zones related to kinked quartz 211 

The kinked grains are crosscut by (sub)horizontal intra-crystalline microshear zones and/or a 212 

bordered by inter-crystalline microshear zones (SOM-Fig. 2a, b). The recrystallized new grains have (i) 213 

a grain size of 2-6 µm (area equivalent diameter), similar to that of the subgrains (SOM-Fig. 2), and 214 

(ii) a crystallographic orientation progressively misoriented from that of the host grain (Bestmann et 215 

al., 2021). These features indicate dynamic recrystallization by subgrain rotation (Drury and Urai, 216 

1990; Bestmann and Prior, 2003). 217 

 218 

5.3 Mica kinking 219 
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Next to the kinked quartz vein the main foliation of the host rock paragneisses is delineated by mica 220 

layers of as much as 1 mm thickness (sample HS-2017-4b; Fig. 7a). Especially in these mica layers, 221 

muscovite and biotite show extensive kinking with different kink orientation (7b-d). Various types of 222 

kink bands are formed: (i) primary kink bands, (ii) secondary kink bands, and (iii) second generation 223 

of kink bands (sensu Etheridge et al., 1973). Characteristic are opening gaps between basal cleavage 224 

planes (Fig. 7h). The geometry of primary kink bands was analysed as potential indicator of coseismic 225 

loading (Anderson et al., 2021) (SOM-Fig. 3). 226 

 227 

6. Discussion 228 

In the following, we will relate the kinked quartz to the seismic cycle, where precursory or coseismic 229 

high differential stress conditions promoted the development of pervasive deformation lamellae. 230 

Lamellae introduced a strong mechanical anisotropy allowing subsequent coseismic initiation of 231 

kinking. Kinking was followed by dynamic recovery during post-seismic creep. Before discussing the 232 

deformation mechanisms (section 6.2) and the evolution model of quartz kinking (section 6.3), we 233 

briefly focus on mica kinking as evidence of coseismic deformation. 234 

 235 

6.1 Coseismic kinking of micas 236 

Kinking of micas has been described in several host rocks of pseudotachylyte-bearing faults (White, 237 

2001; Bestmann et al., 2011, Anderson, 2021). Kinking can be evidence for the high differential stress 238 

transients in the host rock of a seismic fault related to the stage of earthquake rupture propagation 239 

immediately preceding seismic fault slip (Di Toro et al., 2005; Okubo et al., 2019; Mancktelow et al., 240 

2022; Toffol et al., 2024). Anderson et al. (2021) suggested that the separation along the basal 241 

cleavage planes of micas, also observed in the rocks studied here (Fig. 7h), is characteristic for fast 242 

(coseismic) strain rates and contrast with the absence of separation in mica kinks developed under 243 

long-term geological strain rates. Further, the kink geometry also points to seismically produced 244 
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kinking (SOM-Fig. 3). Nearly pure mm thick mica layers seem to be prone to accommodate strain by 245 

instantaneous kinking even during the coseismic short-lived transient high differential stresses and 246 

strain rates. Aslin et al. (2019) showed that beside dislocation glide named ripplocations play a 247 

significant role for slip on (001). Instantaneous kinking of mica also occurs during impact events 248 

(Ebert et al., 2021 and references within) and nuclear explosions (Short, 1966) and therefore, it is 249 

likely that kinking could develop during seismic rupture events. Since the fault zone is (sub)parallel to 250 

the main foliation of the adjacent Schober paragneisses, and the (001) of mica are parallel to that 251 

foliation plane, the mica layers were in a favourable orientation for kinking during the seismic event. 252 

Honea and Johnson (1976) and Nishikawa and Takeshita (1999) showed that kinking mainly 253 

developed at high differential stress deformation when the maximum principal stress direction is 254 

roughly within the plane of mechanical layering. Therefore, the mica layer was able to accommodate 255 

the deformation by internal kinking. The different orientation of KBBs and the abundant appearance 256 

of secondary kink bands together with second generation of kink bands points to multiple kinking to 257 

accommodate larger strain (Etheridge et al., 1973). 258 

 259 

6.2 Quartz deformation mechanisms and processes during the seismic cycle 260 

6.2.1 Vein-parallel (horizontal) deformation lamellae in quartz 261 

Quartz across the entire thin section shows pervasive lamellae identified by CL contrast, but only the 262 

grains with fault-parallel (horizontal) lamellae are intensively kinked. The lamellae contain numerous 263 

tiny fluid-related porosity reminiscent of those commonly described for deformation lamellae 264 

(White, 1973; Vernooij and Langenhorst, 2005). Deformation lamellae are crystallographically 265 

controlled narrow planar features with a spacing of 0.5 – 10 µm (Drury, 1993). Quartz deformation 266 

lamellae are commonly characterized by an initial high dislocation density (Christie et al., 1964; 267 

McLaren et al., 1970; Drury, 1993; Trepmann and Stöckhert, 2013) and show after subsequent 268 

recovery a small misorientation angle of 1-3° (Drury, 1993) to 4° (Vernooij and Langenhorst, 2005). In 269 
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contrast, the studied lamellae show very low dislocation density and misorientation angles up to 9°. 270 

Based on the oscillating orientation variation these lamellae are referred as short-wavelength 271 

undulatory extinction microstructures - SWUE (Trepmann and Stöckhert, 2013). In kick-and-creep 272 

deformation experiments (Trepmann and Stöckhert, 2013) of quartz the SWUE preserve evidence of 273 

an initial coseismic peak stress event (kick stage at 400 °C and 10-4 s-1 strain rate). The kick stage of 274 

the experiment produced a layering formed by basal deformation lamellae with a high density of 275 

tangled dislocations in alternation with domains of lower dislocations density characterized by a 276 

small misorientation angle (< 2°). In the secondary creep stage of the experiment (900-1000 °C at 277 

residual stress), dynamic recovery rearranged the high dislocation density of the deformation 278 

lamellae into SGBs, spaced ~10 µm, and caused the development of SWUE. The SWUE in our study 279 

are interpreted in a similar way. The initially high dislocation density within deformation lamellae 280 

caused a strong mechanical anisotropy within quartz crystals (Fig. 8-I). Tangled dislocations within 281 

deformation lamellae (McLaren et al., 1970) caused work hardening because of the increasingly 282 

restricted glide of dislocation on the slip plane (Durinck et al., 2007; Trepmann and Stöckhert, 2013; 283 

Humphreys et al., 2017). This produced a rheological contrast between the deformation lamellae 284 

with a high dislocation density (Christie et al., 1964; McLaren et al., 1970; Trepmann and Stöckhert, 285 

2013), and the domains in between with a lower dislocation density. Therefore, deformation was 286 

mainly accommodated by slip of dislocations in the domains between the deformation lamellae.  287 

The lower CL intensity of SWUE can be related to various reasons amongst others, e.g. 288 

elimination of CL-emitting structural defects or changes in trace element chemistry. Given that blue 289 

(~420nm) CL emissions in exactly the same vein quartz has been attributed to Ti4+ (Bestmann et al., 290 

2021), a loss of emission in SWUE could indicate either loss of Ti4+ or at least reordering those Ti4+ 291 

defects into a non-emitting state. Drury (1993) pointed out that the variation of fluid-related pore 292 

density along SGBs can reflect inhomogeneous recovery. In the studied vein, fluids could have 293 

derived from decrepitation of fluid inclusions during the initial deformation of the original vein 294 

crystals (Tarantola et al., 2010), resulting in the irregular traces of porosity observed along the SWUE 295 
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(Fig 5b). Subsequently, the high dislocation density along deformation lamellae could have facilitated 296 

fluid infiltration (Carter et al., 1964; Drury, 1993) and modification of Ti4+ defects such that total CL 297 

emission is reduced. At the other hand, post-seismic recovery of dislocations in SWUE and KBBRs 298 

would allow for a longer time span since diffusion should be considered sluggish at the estimated 299 

environmental conditions of ~350°C (Bestmann et al., 2021). Given that kink bands are more severely 300 

deformed and the initial sharp CL signal of the lamellae (as seen in the host) is blurred we conclude 301 

that the lower CL intensity along the lamellae developed before kinking has started.  302 

Based on misorientation axis information none of the commonly identified slip system can be 303 

deduced for the SWUE oriented subparallel to one of the rhombohedral planes {10-11}. Assuming a 304 

single type of edge dislocations and tilt boundaries, the strong cluster of misorientation axis around c 305 

would point to {m}<a> slip (Neumann, 2000). However, then the misorientation axis should plot 306 

within the LABs, which is not the case. Assuming a pure twist boundary (with a minimum of 2 types 307 

of dislocation required) the misorientation axis should be perpendicular to the LABs (Lloyd, 2004), 308 

which is again not the case. Therefore, the 40-60° angle between misorientation axis and the LABs 309 

(Fig. 5h) suggests the existence of a combination of edge and screw dislocations. The SWUE could be 310 

produced by recovery of dislocations piled up on rhombohedral slip bands. The WBVs plot around 311 

one of the m-poles (Fig. 5d-IV) but {m} is not a verified Burgers vector in quartz (Morales et al., 2013). 312 

However, if slip was equally partitioned along e.g. +a1 and -a3, m would be the weighted average of 313 

those two Burgers vectors. 314 

 315 

6.2.2 Kinking in quartz 316 

Clustering of misorientation axes around {z}/{’} within KBBRs (0-10° angle between misorientation 317 

axis and the KBBR trace, Fig. 5h) is compatible with tilt boundaries formed by {r}<a> and/or {<a> 318 

edge dislocation (Neumann, 2000). LABs are generally curved and, therefore, the boundary character 319 

needs to vary between tilt and twist boundaries. This might explain, why the WBVs scatter between 320 
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<a> and {m} (Fig. 5e-IV, 5f-IV). Potentially this could result from a combination of e.g. [+a1] and [-a3] 321 

slip with different magnitudes, related to the geometry of the LABs (trace). For KBBRs a certain 322 

rotation axis (around pole to {z}/{’}) is located within the slip plane (based on the trace of the SWUE 323 

CL-features in the kink domain, Fig. 5e-VI+VII, 5f-VI+VII) and is perpendicular to the corresponding 324 

slip direction, therefore subparallel to the Y-direction (coinciding with the inferred kinematic vorticity 325 

axis) (Figs. 4c-II) (Chen et al., 2021). This means that the crystal rotation axis (plotted in PFc) is 326 

oriented perpendicular to the loading direction (Hagihara and Miyoshi, 2022). In general, kink bands 327 

only form if the rotation of the kink band results in a progressive increase of the Schmid factor 328 

(Flewitt and Crocker, 1976; Chen et al., 2021). We analysed the generalised Schmid factor for {r}<a> 329 

and {<a> slip for different orientations of a triaxial deviatoric stress tensor for a possible range of 330 

principal stress directions within the kinematic section (SOM-Fig. 4). In general, kink bands tend to 331 

develop when the mechanical anisotropy is aligned (sub)parallel to the compressive principal stress 332 

direction (Zhang et al. 2022 and references within). Gay and Weiss (1974) demonstrated 333 

experimentally on foliated rocks that the angle  between the principal stress direction and the 334 

planar anisotropy controls whether a set of conjugate kinks ( 0-5°) or a single set of kinks ( 5-15°) 335 

develop. Therefore, we assume an angle  of 5-13° to be in accordance with the characteristic single 336 

kink orientation in combination with the inclination geometry (angle ) of the KBBRs with respect to 337 

the general sense of shear (dextral) (and shear zone, Bestmann et al., 2021) as well as to be able to 338 

activate slip of the (r)[a] slip system with the burgers vector within the kinematic section (SOM-Fig. 339 

4). Nishikawa and Takeshita (1999) showed for quartz veins deformed under sub-greenschist 340 

conditions that quartz grains unfavourably oriented for easy-slip on the basal plane (hard 341 

orientation) exhibit kinking that, in contrast, is not present in grains in a soft orientation. The kinked 342 

quartz grains show abundant sub-basal deformation lamellae oriented (sub)parallel to the maximum 343 

compressive stress. Based on the elastic multilayer model of Honea and Johnson (1976), Nishikawa 344 

and Takeshita (1999) showed by numerical modelling that the kink band width changes as a function 345 

of the angle between the sub-basal deformation lamellae and the orientation of maximum 346 
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compressive stress. The width of kink bands is narrower when the inferred shortening direction is 347 

(sub)parallel ( 0-10°) (Carter et al., 1964) and corresponds to the findings of the Schober quartz 348 

microstructures. In lamellar alloys with a harder and softer phase, kink bands develop when only one 349 

slip system is predominantly operative (Hess and Barrett, 1949; Hagihara and Miyoshi, 2022). The 350 

harder phase prevents that shear cut across the lamellar interface and favours strain localization 351 

parallel to mechanic anisotropy (Hagihara and Miyoshi, 2022). For quartz, we interpret that the 352 

deformation lamellae with high dislocation density represent the harder lamellar domain that 353 

prevents homogeneous distribution of strain within the crystal. 354 

 355 

6.3 Evolution model of kinking in quartz during the seismic cycle 356 

First, we consider the regional stress trajectory field related to the geometry of the seismic fault zone 357 

and the sample fabric. Then, we discuss a model for the evolution of quartz kinking with respect to 358 

the seismic cycle. 359 

 360 

6.3.1 Kinking of quartz in a transtensional stress regime 361 

The investigated quartz vein sample is close to a E-W striking pseudotachylyte-bearing dextral strike-362 

slip fault, likely associated with the Oligocene-Miocene transpressional fault system accommodating 363 

shortening and the lateral escape of the Alpine stack at the front of the Dolomites indenter 364 

(Ratschbacher et al., 1989; Bestmann et al., 2021). However, the direction of 1 to the vein-parallel 365 

(horizontal) SWUE and the orientation of KBBRs together with the dextral shear sense suggest that 366 

the quartz kink bands developed in a transtensional regime (SOM-Fig. 4f) (Grasemann et al., 2019). 367 

Transtensional shearing in an overall transpressional regime can be explained by the location of the 368 

sample close to the slip plane in the compressional quadrant of a strike-slip fault (Pollard and Segall, 369 

1987). Here, the displacement component perpendicular to the fault is directed away from the fault 370 
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resulting in a diverging displacement perturbation field with a local transtensional deformation 371 

(compare fig. 2b and 3 in Grasemann et al., 2005). 372 

 373 

6.3.2 Pre-seismic loading or seismic rupture propagation: differential stress-induced deformation 374 

lamellae (Fig. 8-I) 375 

The fact that the densely spaced deformation lamellae in the deformed quartz veins occur only in the 376 

vicinity to a pseudotachylyte bearing fault zone suggest that their formation is related to seismic 377 

events. Deformation lamellae in quartz indicate high differential stresses in the range of 170-420 378 

MPa (Drury and Humphrey, 1988; Blenkinsop and Drury, 1988; Drury 1993). Therefore, they can 379 

develop during the loading stage preceding the earthquake. In general, deformation lamellae in 380 

nature and experiments originate in planes of high shear stress (Carter et al., 1964) and are mainly 381 

oriented sub-parallel to the basal plane or to prism planes in some cases (White, 1973; Drury, 1993). 382 

Veronique and Langenhorst (2005) showed in deformation experiments that deformation lamellae 383 

also develop subparallel to rhombohedral planes especially if the grain is oriented in a hard 384 

orientation with respect to the principal stress direction, at differential stress of around 400 MPa. 385 

Even higher transient differential stresses (in the range of GPa, Toffol et al., 2024) can be associated 386 

with coseismic rupture propagation and may have caused the extremely high density of deformation 387 

lamellae in all grains of the sample independent of their crystallographic orientation (SOM-Fig. 1). 388 

However, the resetting towards low CL intensity along the deformation lamellae has to occur in a 389 

very narrow time window before the kinking process started (see section 6.2.1 and 6.3.3). Bestmann 390 

et al. (2012, 2016) showed that the resetting of the CL signal of seismically induced fractured 391 

quartzite, preserved as CL microstructure in the host rock next to a pseudotachylyte vein and 392 

incorporated within the pseudotachylyte, occurred in the timespan between the rupture tip 393 

propagation and fault slip event. Therefore, a change of the CL signal in quartz towards lower 394 
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intensity (Ti4+ reduction most likely triggered by fluids, Bestmann et al., 2021) can happen very fast 395 

and might be related to seismic events. 396 

 Independent of the timing of the development of deformation lamellae, the question arises 397 

whether the dynamic recovery of the initial high dislocation density within the deformation lamellae, 398 

resulting in LABs which now define the SWUE, occurred before or after the kink process. A high 399 

dislocation density within the deformation lamellae hampers the out-of plane movement of kinking-400 

related dislocations (Zhang et al., 2022) and therefore favours that predominantly dislocations with a 401 

glide plane parallel to the lamellar structure of the grain are glissile and able to traverse over longer 402 

distances. Hence, we suggest that recovery was post-kinematic to kinking since dynamic recovery 403 

before kinking would have reduced the mechanical anisotropy across the deformation lamellae. 404 

 405 

6.3.3 Coseismic slip: initiation of kinking by fast athermal dislocation glide (Fig. 8-II) 406 

Kinking in quartz should be roughly coeval to the kinking in mica since otherwise differentially 407 

strained/shortened layers would result in a geometric space problem. In other words, there would be 408 

a need to store the differential displacement when mica kinks first and quartz kinks at some point 409 

later, e.g. during post-seismic deformation under residual stress. We propose that slip of dislocations 410 

generated during the coseismic deformation is controlled by the pre-existing crystallographic 411 

orientation of the deformation lamellae and its geometry with respect to the stress field. Only the 412 

dislocations with the glide planes parallel to the deformation lamellae (one r-plane) and the burgers 413 

vector within the kinematic section were able to glide, pile up and cause buckling initiation (Hagihara 414 

and Miyoshi, 2022), roughly at the same stage when mica kinking occurred during the coseismic 415 

event. The slip system {r}<a> has a high energy factor and is not the most favourable one (Heinisch et 416 

al., 1975). However, {r}<a> is the only slip system allowing dislocations to move over large distances 417 

between the deformation lamellae and can be activated at the high differential stresses of coseismic 418 

deformation. Other slip systems, with higher Schmid factor and better energy factor, likely became 419 
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inefficient after a short gliding distance by abutting against the deformation lamellae. In fact, 420 

deformation lamellae with the initially high dislocation density acted as barriers for those systems 421 

non-parallel to the lamellae (Hagihara and Miyoshi, 2022).  422 

  The question arises of how dislocations could move fast enough in order to initiate kinking 423 

during the coseismic event, at the ambient conditions of 300-350 °C (Bestmann et al., 2021). 424 

Bestmann et al. (2012) described transient high temperature during coseismic deformation adjacent 425 

(1-2 mm) to a pseudotachylyte fault vein. This is not the case for the Schober quartz vein that is too 426 

distant (1-1.5 m) from the fault to be affected by the thermal anomaly associated with seismic slip. 427 

Initial fast dislocation movement can be explained by the athermal dislocation glide model. Due to 428 

the high transient stress state during the coseismic event the Peierls stress of quartz with its relative 429 

strong chemical bonds can be easily overstepped and the fast motion of defects is possible without 430 

the help of thermal activation (Karato, 2008). 431 

 432 

We envisage the following model of kinking development. Kinking initiated from piling up of 433 

dislocation after a specific slip distance parallel to the deformation lamellae dislocations. Further 434 

addition of dislocations into the pile up caused progressive elastic buckling of the crystal lattice and, 435 

in turn, an increase of the Schmid factor of {r}<a> slip parallel to the deformation lamellae (SOM-Fig. 436 

4e). Even if the Schmid factor did not play a major role for the activation of slip systems, the 437 

presumption is that the Schmid factor for the active slip systems which accommodated kinking 438 

parallel to the deformation lamellae did increase during the continuous orientation change in the 439 

kink domain, and therefore acted as a self-enhanced process (Takagi et al., 2019; Chen et al., 2021). 440 

The local differential stress drives dislocations with one sign (black, Fig. 8) to glide toward the upper 441 

KBBR (even when not sharply developed at this state) and dislocations of the opposite sign (grey, Fig. 442 

8) to glide toward the lower KBBR (WBV PFs plots, Fig. 5e-V, 5f-V). This is in accordance with the 443 

finding of Burgers (1939) that during kinking sub-parallel arrays of edge dislocations move in 444 
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opposite direction and concentrate in pairs along a series of parallel slip planes (Orowan, 1942; Frank 445 

and Stroh, 1952). Within all analysed kink domains, a reversed sinistral sense of shear (with respect 446 

to general dextral sense of shear of the sample) is required/observed to accommodate the strain and 447 

is in accordance with the geometric evolution of kink band structures observed from crystal plastic 448 

experiments in metals (Hagihara and Miyoshi, 2022; Zhang et al., 2022). Progressive accumulation of 449 

dislocations results in deformation bands which increase the final misorientation between host 450 

domain and kink domain (Carter et al., 1964; Hagihara and Miyoshi, 2022). Note, no LABs developed 451 

during that stage, since climb is comparably slow with respect to the high strain rate. Roberts and 452 

Gow (1958) concluded, from deformation experiments on aluminium, that deformation bands are 453 

more abundant at lower temperatures and/or faster strain rate. Carter et al. (1964) came essentially 454 

to the same conclusions. They observed in quartz deformation experiments plenty of repetitive 455 

deformation and kink bands (in combination with deformation lamellae) at the experimental strain 456 

rate and explained that “the paucity of kink band in naturally deformed quartz may be attributable to 457 

the slower strain rates in natural deformation”. Since the transient strain rate was very high 458 

compared to “normal” geological strain rates, this explains why we observe in the Schober quartz 459 

vein such high densities of kink bands,  460 

At some point (quite initially) slip systems at high angles relative to the deformation lamellae 461 

have to accommodate the geometrically necessary thickening of the kink domains during progressive 462 

kinking to prevent openings (see also videos in the supplementary material of Zhang et al., 2022). 463 

This could be related to the activity of one of the slip systems with a higher Schmid factor (not 464 

necessarily {r}<a>), which are not parallel to deformation lamellae (SOM-Fig. 4d). As a result, the 465 

layer between the deformation lamellae broadens and subsequently the former sharp CL signal is 466 

blurred (Fig. 2c).  467 

In lamellar materials kinking starts with buckling (Jelf and Fleck, 1992) and a stable geometry 468 

is established already after small strain (Gay and Weiss, 1974; Zhang et al. 2022). There is a strict 469 

lock-up condition at  = 2 (Nizolek et al., 2021) where  is the tilt angle of the kink domain with 470 
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respect to the host domain and  the inclination angle of the KBBR with respect to the vertical axis 471 

(Fig. 3). Since the angles  and  are in a relatively small range (Fig. 3), we conclude that after the 472 

initial kink process (buckling by development of deformation bands) the geometry was relatively 473 

stable. We assume that kink bands did not grow laterally by kink band migration of the KBBRs 474 

through the host material as proposed by models of Twiss and Moores (1992). This would require 475 

that the entire KBBRs, containing now subparallel LABs, migrated together through the crystal, which 476 

seems very unlikely. Further in this model the angle  and k remains equal which is not the case for 477 

this study.  478 

 479 

6.3.4 Post-seismic creep: dynamic recovery (Fig. 8-III) 480 

We postulate that, after initial kinking, dynamic recovery occurred during post-seismic deformation 481 

under residual stress, which is a general phenomenon in seismogenic zones following an earthquake 482 

(Trepmann and Stöckhert, 2013). The accumulated dislocations reorganized into SGBs since under 483 

the lower post-seismic strain rates dislocation were able to climb at the ambient condition of 300-484 

350 °C. Similar to the experiments of Zhang et al. (2022) several (sub)parallel SGBs (1.5-4.5°) 485 

accommodated the large rotation angle (33-43°) across the KBBRs. Therefore, the arrangement of 486 

subparallel SGBs, which now characterise the KBBRs (width 10-30 µm), reflects the initial KBBRs 487 

(deformation bands) with the highest misorientation across. SGBs can coalescence to form new 488 

(sub)grain boundaries or even iHAGB (10-20°/25°) especially evident where the KBBR width is < 10 489 

µm (compare fig. 8b4 in Zhang et al., 2022). Note, all (sub)grain boundaries within KBBRs show a 490 

cluster of misorientation axis around{z}/{’}, also iHAGB (Fig. 4c-II), indicating dominant {r}<a> and, 491 

to a minor degree, {<a> slip (based on Schmid factor analyses, SOM-Fig. 4). Within kink domains, 492 

SGBs (1.5-4.5°) developed (sub)parallel to KBBRs due to dynamic recovery of dislocations on one of 493 

the r-planes parallel to the initial deformation lamellae. As a result, the former internal structure of 494 

the deformation lamellae is overprinted and only visible as relicts within the CL images. During the 495 
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initial layer-parallel slip or during post-seismic creep the fluid inclusion were erased within the kink 496 

domain. Outside of the kink domains, dynamic recovery modifies the former deformation lamellae 497 

into SWUE, with a low(er) dislocation density (Vernooij and Langenhorst, 2005; Trepmann and 498 

Stöckhert, 2013). 499 

Since kinking can only accommodate limited strain (Gay and Weiss, 1974; Nizolek et al., 500 

2020), further quartz deformation was accomplished by activation of intra- and inter-crystalline 501 

microshear zones (sub)parallel to the fault zone (SOM-Fig. 2). Paleostress piezometry based on the 502 

quartz (sub)grain size of 3-5 µm (mean equivalent diameter) and of 3.4 µm (root mean square grain 503 

size), developed by subgrain rotation recrystallization yields flow stresses of 160-210 MPa and 200 504 

MPa, respectively, for this stage of deformation (Stipp and Tullis, 2003; Cross et al., 2017) (SOM-Fig. 505 

2). These relatively high differential stresses are interpreted to reflect the localized strain rates 506 

during the immediate stages of stress relaxation following the main earthquake event.  507 

 508 

7. Conclusion 509 

Quartz kinking in a quartz vein next to a pseudotachylyte-bearing fault zone in the Schobergruppe 510 

(Austroalpine Crystalline Complex, Eastern Alps) was promoted by formation of deformation lamellae 511 

at transient high differential stresses during the seismic event, either during the loading stages 512 

preceding the earthquake or during the seismic rupture propagation. Deformation lamellae with an 513 

initial high dislocation density acted as barriers for dislocation movement during high strain rates. 514 

Only dislocations parallel to the deformation lamellae (r-planes) were able to glide over significant 515 

distances. The other slip systems, with different slip directions (even when easier to activate), were 516 

blocked after a short gliding distance abutting against the deformation lamellae. We suggest that 517 

athermal dislocations glided fast, piled up and caused kink initiation during the coseismic event. 518 

Quartz kinking occurred during the same seismic event inducing kinking of micas in the vein host 519 

rock. During post-seismic creep at lower residual stress, the accumulated dislocations in deformation 520 
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bands (initial kink band boundary regions) reorganized into subparallel subgrain boundaries at the 521 

ambient condition of 300-350 °C. Paleopiezometer analysis of kink-related microshear zones 522 

revealed that the post seismic creep took place at around 200 MPa. Therefore, intensive kinking of 523 

quartz and mica is an important process of strain accommodation in crystals during coseismic high 524 

differential stress, and can be used as indicators of paleoseismicity. 525 
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Figure captions 545 

 546 

Figure 1. (a) Simplified geological map of part of the Eastern Alps (modified after Schuster et al., 547 

2014). Important Tertiary fault systems are given. Note sampled fault (red stippled line) is a 548 

continuation in strike of the Defereggental-Anterselva-Valles fault (DAV). Innsbruck-Salzburg-549 

Amstetten fault (ISAM); Salzach-Ennstal-Mariazell-Puchberger fault (SEMP); Mur-Murztal fault (MM); 550 

Lavanttal fault (LA); Molltal fault (MO); Iseltal fault (IS). (b) Field pictures of layer-parallel quartz veins 551 

with respect to the foliation of the host rock paragneiss. (c) Sample location of the analysed quartz 552 

vein (HS-2017-4) and the adjacent host rock paragneiss (HS-2017-4b) (UTM33 326574 E/ 5198989 N), 553 

ca. 1.5-2 m distance to the seismic fault zone. (d) Pseudotachylyte (UTM33 326542 E/ 5198982 N) 554 

from the fault zone. 555 

 556 

Figure 2. (a) Quartz vein with intensively kinked quartz grains (optical microphotograph under 557 

crossed polarized light, XPL). (b) Area as marked in (a). (c) Corresponding cathodoluminescence 558 

images, CL, to optical image (b) reveal intense laminar structures across kinked quartz grains. Note, 559 

areas with narrow and sharply developed horizontal lamellae are the host domains and areas with 560 

inclined and blurred/broader lamellae represent kink domains. 561 

 562 

Figure 3. Sketch of quartz kind band microstructure and geometry parameters. General sense of 563 

shear is dextral. Note, weighted Burgers vectors (WBV) plot in opposite directions for the 564 

corresponding kink band boundary regions (KBBRs). 565 

 566 

Figure 4. Electron backscatter diffraction, EBSD, data of kinked quartz microstructures as shown in 567 

Fig. 2b. (a, b) EBSD orientation map, colour coded with respect to the Z-direction (sample reference 568 

system) (step size 250 nm, boundary levels are given). (c) Orientation data of map presented in (b). (I, 569 

II, III) Data of different microstructural domains across kinked area. Crystallographic axes and planes 570 
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are presented as pole figure (upper row), PF (lower hemisphere), and misorientation axes of low 571 

angle boundaries (<10°) as inverse pole figures, IPFc (crystallographic coordinates), and as PFs (sample 572 

coordinates) for different misorientation angle intervals (lower rows). Blue circle marks centre of the 573 

cluster of misorientation axis for the horizontal lamellae (short-wavelength undulatory extinction, 574 

SWUE) in the host domain and orange circle for the kink band boundary regions (KBBR). In (II) IPFc 575 

indicating theoretical slip systems in quartz, assuming edge dislocations, for specific misorientation 576 

axis (after Neumann, 2000). The clustering between `and z corresponds to slip systems r<a> and/or 577 

<a>. 578 

 579 

Figure 5. Detailed EBSD data analysis across kink microstructure. (a) CL image. (b) Backscatter 580 

electron orientation contrast (BSE-OC) image. Note, porosity along horizontal lamellae (white arrows 581 

and magnified inset). (c) EBSD orientation map of same microstructures as presented in (a) and (b). 582 

(d-f) EBSD data of horizontal lamellae (SWUE), kink band boundary regions KBBRA and KBBRB. (I) EBSD 583 

orientation maps. Coloured lines represent subgrain boundaries <10° and blue lines high angle 584 

boundaries >10-15° following Fig. 4b. (II, III) Map with Weighted Burges Vectors (WBV). (IV, V) WBV 585 

plotted in crystallographic coordinates, IPFc, and in sample coordinates, PFs (all data plotted + 586 

contoured). Note in (V), for the two kink band boundary regions KBBRA and KBBRB the WBV point to 587 

different directions. (VI) Orientation data plotted in PFs (lower hemisphere). Trace/dip of SWUE and 588 

KBBRs are marked with different coloured lines and the specific misorientation axes are indicated by 589 

coloured circles. (VII) Misorientation axis of low angle boundaries (1-10°) are plotted in 590 

crystallographic coordinates, IPFc, and in sample coordinates, PFs. (g) Misorientation profile across 591 

kink band boundary region. (I) EBSD orientation map colour coded with respect to orientation spread 592 

(see colour code). (II) Misorientation angle along line, as given in (I), relative to point A. (III) 593 

Misorientation angle from point to point. Note, sub(parallel) subgrain boundaries accumulate total 594 

misorientation angle of 38° across kink band boundary with a transition width of ca. 20-25 µm. (h) 595 

Boundary map shows the angle of misorientation axis with respect to the trace of subgrain 596 
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boundaries – see colour code, which can be used to indicate tilt boundaries versa twist boundaries 597 

and mixed boundary configuration. 598 

 599 

Figure 6. TEM analysis across (a) horizontal lamellae (SWUE) and (b) kink band boundary region. Both 600 

TEM lamellae were cut perpendicular to map surface. (I) EBSD orientation map with location of FIB 601 

lamella (boundary levels follow Fig. 4b). (II) Misorientation profile along trace of FIB lamella. 602 

Misorientation angle of low angle boundaries (LABs) are given. (III) TEM mosaic (bright field images) 603 

of FIB lamella. LAB-2 in (a) and LAB-4 in (b) shows ordered dislocations. In general, the dislocation 604 

density is very low, especially across horizontal SWUE. Note, since for all samples beam damage 605 

during TEM analysis was very fast, it was only possible to capture one image per area of interest, 606 

under the working TEM conditions (with the highest diffraction contrast). Therefore, a quantitative 607 

estimate of the dislocation density was not possible and only a comparative density description 608 

between the investigated areas is provided. 609 

 610 

Figure 7. Kinked micas. (a) Host rock gneiss containing up to 1 mm thick nearly pure mica layer – 611 

biotite and muscovite (a-e: optical microphotographs, XPL). (b) Micas in the mica-layer are heavily 612 

kinked, but isolated micas in the gneiss matrix rarely. (c, d) Micas can show different kink band 613 

boundary orientation. (e) Optical micrograph of kinked mica aggregate analysed by backscatter 614 

electrons (BSE). (f) BSE image of same area as in (e) shows a kinked aggregate of biotite (Bt), 615 

muscovite (Msc) and chlorite (Chl). (g, h) High magnification BSE images from areas as marked in (f). 616 

(g) Primary kinking (Etheridge et al., 1973) in muscovite. (h) Opening gaps in muscovite along 617 

cleavage planes induced during the kink process. 618 

 619 

Figure 8. Evolution model for the kinked quartz grains modified after Zhang et al. (2022).  620 

 621 
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