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Time-Lapse Record of an Earthquake in the Dry Felsic Lower
Continental Crust Preserved in a Pseudotachylyte-Bearing
Fault

Neil S. Mancktelow! (2, Alfredo Camacho? ', and Giorgio Pennacchioni?

'Department of Earth Sciences, ETH Zurich, Zurich, Switzerland, Department of Earth Sciences, University of Manitoba,
Winnipeg, MB, Canada, *Department of Geosciences, University of Padua, Padua, Italy

Abstract The mechanisms of earthquake rupture in lower continental crust, below the usual frictional-
viscous transition, remain uncertain. In addressing this problem, the study of pseudotachylyte (quenched
frictional melt produced during seismic fault slip) and related structures from deeply exhumed rocks can
provide direct observational constraints. A felsic granulite from the Musgrave Ranges (central Australia)
exceptionally preserves pristine microstructures spatially related to a pseudotachylyte. This sample remained
dry, without introduction of hydrous fluids, during pseudotachylyte development and subsequent exhumation.
It was therefore unaffected by alteration and metamorphic re-equilibration. Fractures in the damage zone
developed asymmetrically to either side of the pseudotachylyte and are marked by new, randomly oriented
quartz, feldspar, and garnet grains. Pulverization of garnet occurred locally between intersecting fractures

with powder injected into dilatant fractures in a quartz inclusion within the garnet host. Injection of pulverized
material can explain the growth of new, compositionally different minerals (quartz, feldspar, kyanite, ilmenite,
magnetite, and rutile) along dilatant fractures developed in a short-lived seismic event. The pseudotachylyte
contains only clasts of quartz, suggesting an unusually high melting temperature. The sequentially developed
microstructures provide a time-lapse record of thermomechanical processes during a single earthquake event,
including initial rupture propagation with associated off-fault damage and local pulverization during very
dynamic fluctuations in the local stress field; frictional heating and eventual melting during fault slip; flow and
injection of melt; and rapid solidification (quenching) and crystallization of new minerals. This occurred under
lower continental crustal conditions of ca. 650°C and 1.2 GPa about 550 Myrs ago.

Plain Language Summary Some special rocks (pseudotachylytes: quenched melts produced by
frictional heating during seismic slip on a fault) exhumed from deep in the Earth's crust provide the opportunity
to study old earthquakes that occurred at depths that are not directly observable. The pseudotachylyte we
studied from the Musgrave Ranges in central Australia was formed during a single earthquake some 550 million
years ago at depths of ca. 40 km and temperatures of ca. 650°C, but remained remarkably well preserved on

its path to the Earth's surface. As a result, the sample preserves a complete time-lapse record of the sequence

of microstructures representative of different thermal and mechanical processes, which lasted only seconds to
minutes during a seismic event, including initial fracture propagation, off-fault damage with local pulverization,
and development, flow, and final solidification of frictional melt.

1. Introduction

Earthquakes recorded in the lower continental crust present a major conundrum with regard to rock mechanics
and earthquake mechanisms because they occur well below the depth of the usual frictional to viscous (or brittle
to ductile) transition. The properties and mechanical processes of these lower crustal earthquakes have generally
been inferred from geophysical data, from laboratory experiments, or from analytical and numerical models.
Complementary information comes from the study of exhumed rocks and in particular of pseudotachylytes,
which are special fault rocks widely recognized as quenched melts produced during coseismic slip in silicate
rocks (e.g., Austrheim & Boundy, 1994; Bestmann et al., 2011, 2016; Di Toro et al., 2009; Maddock, 1983;
Sibson & Toy, 2006). Pseudotachylytes are usually related to brittle-frictional deformation in shallow-depth
(<15 km) faults (Sibson, 1975), but have been also found in several exposures worldwide of lower crustal rocks:
the Bergen Arcs, southern Norway (Austrheim, 1987; Austrheim & Griffin, 1985; Boundy et al., 1992; Petley-Ra-
gan et al., 2018); Lofoten, northern Norway (Menegon et al., 2017; Steltenpohl et al., 2006); the Mont Mary area
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and Ivrea Zone, northern Italy (Pittarello et al., 2012); Calabria, southern Italy (Altenberger et al., 2011, 2013);
Cora Lake shear zone, western Canada (Orlandini et al., 2018; Orlandini & Mahan, 2020); and the Musgrave
Ranges, central Australia (Camacho et al., 1995; Hawemann et al., 2018).

Because of the high temperature and pressure ambient conditions at intermediate to deep crustal levels, where
rocks are commonly assumed to flow rather than fracture (e.g., Handy et al., 2007; Kohlstedt et al., 1995;
Sibson, 1977, 1982), two main opposing models have been proposed for the origin of deep-seated pseudotac-
hylytes (and therefore for the mechanics of the associated deep-seated deformation): (a) mechanical instability
during ductile solid-state flow (thermal runaway process) or (b) purely brittle-frictional slip. In the former model,
seismic slip results from the positive feedback between shear heating, viscosity, and strain rate that induces,
in a localized shear zone, a progressive slip acceleration eventually leading to melting along the slip surface
(John et al., 2009; Kelemen & Hirth, 2007; Papa et al., 2020; Thielmann, 2018; Thielmann et al., 2015). In
contrast, the brittle-frictional slip model considers deformation processes similar to those occurring for shallow
earthquakes, involving a sequence of short-lived deformations (Sibson, 1980; White, 1996) that result from (a)
initial propagation of the earthquake rupture (at a speed of kilometers per second), (b) accumulation of seismic
slip along the fault (at a speed of meters per second) with friction-induced thermal heating, and (c) eventually
melting and pseudotachylyte production (Di Toro, Pennacchioni, & Teza, 2005; Okubo et al., 2019; Petley-Ra-
gan et al., 2019). The brittle behavior of lower crustal granulite-facies rocks hosting pseudotachylytes has been
related to water-absent conditions, making high-temperature rocks strong and metastable (Jamtveit, Ben-Zion
et al., 2018; Jamtveit et al., 2019).

Studying the seismic behavior of the lower continental crust by direct observation in exhumed deep-seated pseu-
dotachylyte-bearing rocks is not, however, an easy task. Because of the long time spent at elevated temperature
and pressure, as well as the high potential for subsequent tectonic and metamorphic overprint at depth or during
exhumation, pristine pseudotachylytes and associated coeval microstructures are rarely preserved in the geolog-
ical record. An additional complication arises from the multiple reactivation of many seismic faults, which may
obliterate features associated with a single-jerk sequence of deformational events. Furthermore, some deep-seated
pseudotachylytes, for example from the classic location of the Bergen Arcs, are followed by extensive infiltration
of aqueous fluids with the hydration triggering metamorphic re-equilibration and ductile flow (Austrheim, 1987
Austrheim & Engvik, 1997; Jamtveit et al., 1990, 2019; Jamtveit, Moulas, et al., 2018; Kaatz et al., 2021; Lund
& Austrheim, 2003). This may also obliterate the former coseismic microstructural record.

In this study, we present observations from a sample collected in the Musgrave Ranges (central Australia), which
contains exceptionally well-preserved microstructures related to formation of a single isolated vein of pseudotac-
hylyte. We document the brittle, crystal-plastic, and melt microstructures and establish a relative chronology of
microstructural development. The sequence of microstructures represents a rather unique time-lapse record of a
single lower crustal earthquake that lasted seconds to minutes, hundreds of millions of years ago. Observations
on the mineralogy, microstructure, and grain (or clast) size distributions provide direct constraints on proposed
models for dynamic earthquake rupture at lower crustal depth.

2. Geological Setting and Sample Description

The Musgrave Province of central Australia is a granulite to amphibolite facies terrane with an E-W extent of ca.
700 km. Two major orogenic periods affected the area (a) the Musgravian Orogeny at ca. 1220-1150 Ma, which
produced high-temperature (ca. 900°C) granulites and anhydrous syn- to post-tectonic granites, at mid-crustal
pressures of ~0.6-0.8 GPa (e.g., Walsh et al., 2015), and (b) the Petermann Orogeny at ca. 630-520 Ma with
peak conditions of ~600-700°C and 1.0-1.2 GPa (Camacho et al., 1997; Camacho & McDougall, 2000; Ellis
& Maboko, 1992; Hawemann et al., 2018; Wex et al., 2018). The studied sample AW9 was collected from the
hanging wall of the crustal-scale Woodroffe Thrust (Figure S1 in Supporting Information S1; Bell, 1979; Bell
& Etheridge, 1976; Major, 1973), which had a ca. top-to-N displacement of at least 60 km during the Peter-
mann Orogeny (Wex et al., 2017). The Woodroffe Thrust and its immediate hanging wall contain one of the
largest concentrations of exhumed mid-lower crustal pseudotachylytes in the world (Camacho et al., 1995; Lin
et al., 2005), which were developed during the Petermann Orogeny (Hawemann et al., 2018; Wex et al., 2017).
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Figure 1. Block diagram showing the geometric relationships for the two thin
sections examined in this study with garnets shaded in orange and fractures
shown as red lines. The pseudotachylyte is parallel to the older granulite
facies foliation (dip direction/dip: 176/36, relative to True North, TN), which
carries a clear lineation (plunge direction/plunge: 234/20). Thin sections were
cut perpendicular to the foliation and perpendicular (AW9B_1la) or parallel
(AWO9B_2B) to the granulite facies lineation. The sense of shear indicated
within the pseudotachylyte layer is interpreted from the oblique mineral shape
fabric within this layer. The lower hemisphere equal area stereoplot shows the
differently oriented fracture sets A (upper side of pseudotachylyte layer) and B
(lower side) and their interpreted relationship to the movement direction on the
main fracture that generated the pseudotachylyte.

The studied sample has been selected from a large collection as the one best
preserving pristine features of pseudotachylyte formation. It contains a single
pseudotachylyte vein without any evidence for subsequent reactivation, such
as overprint by ductile shearing or alteration. Crosscutting relationships
establish that many of the pseudotachylytes from the Woodroffe Thrust and
its hanging wall accumulated in multiple events, that generation surfaces were
often reused, and that fine-grained pseudotachylytes preferentially localized
subsequent aseismic ductile shear (Hawemann, Mancktelow, Pennacchioni,
et al., 2019; Hawemann et al., 2018; Wex et al., 2017, 2018, 2019). In these
more common examples, analyzing the microstructures that sequentially
develop during an individual earthquake event and reflect the complex ther-
momechanical stages occurring during seismic rupture propagation and fault
slip is impossible. Samples that preserve small-scale, potentially single-jerk
events are relatively rare. In sample selection, we avoided pseudotachylytes
from large pseudotachylyte breccia layers, which record multiple generations
of frictional melts and concentrate on an individual, smaller scale vein with
a simple tabular geometry. This allows a very detailed investigation of the
pseudotachylyte and host rock damage over an individual thin section. The
lack of post-solidification deformation of the pseudotachylyte melt and of
hydrous alteration, both during pseudotachylyte development and during
exhumation to the surface, has meant that microstructures on the sub-micron
scale remained intact.

The sample is a weakly peraluminous, felsic granulite composed of
quartz + K-feldspar + plagioclase (An 30) + garnet + biotite + kyan-
ite + ilmenite + rutile + magnetite + hematite + apatite + zircon. This
assemblage, mainly developed during the Musgravian Orogeny, shows a
minor overprint in the Petermann Orogeny recorded by small amounts of
scattered kyanite, rutile, and (possibly) ilmenite. The granulite foliation is
defined by an alternation of quartz ribbons (a few hundreds of pm thick)
with layers of predominant feldspar (plagioclase and K-feldspar). Scattered

garnets of variable grain size are common (Figures 1 and 2). The single pseudotachylyte fault vein in the sample,

parallel to the granulite foliation, has a thickness of ca. 1.6 mm (Figures 1 and 2). The pseudotachylyte consists of

a fine-grained matrix of mainly plagioclase and K-feldspar with scattered clasts of quartz and shows an internal

oblique foliation (Figures 2a, 2b, 2d and 2¢). The granulite foliation carries a clear lineation (Figure 1), but there

is no discernible lineation referable to the pseudotachylyte. Thin sections were cut perpendicular to the foliation
and pseudotachylyte, either perpendicular (AW9B_1a) or parallel (AW9B_2b) to the granulite facies lineation

(Figure 1).

Microfractures are present in both AW9B_1a and AW9B_1b, on both sides of the pseudotachylyte, at an oblique

angle to the vein (Figures 1 and 2). The relationship between these fractures, the pseudotachylyte, and the granu-

lite foliation and lineation is presented in the stereoplot of Figure 1. The sense of shear implied from the oblique

foliation in the pseudotachylyte (Figures 2a, 2d and 3a) is ca. top-to-N (Figure 1) as also observed in the region-

al-scale Woodroffe Thrust (Figure S1 in Supporting Information S1). To allow a more direct comparison, with

the exception of Figure 1, all observations from AW9B_1a are presented in mirrored form (e.g., Figure 2). The
position of all figures from the thin sections is indicated in Figure 2c (AW9B_2b) and Figure 2f (AW9B_1a).
High-resolution versions of all figures are available in the data repository.

3. Methods

Thin sections were polished initially mechanically and then for ca. 10 mins with an alkaloid colloidal suspen-
sion (Syton), before study under the scanning electron microscope (SEM). The order of the analyses was Cath-
ode-Luminescence (CL), Secondary Electron (SE) and Back-Scattered Electron (BSE) imaging, Electron Backs-
catter Diffraction (EBSD) scanning, and Electron Micro-Probe Analysis (EMPA). These methods provide the
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Figure 2. Photomicrograph mosaics of the two thin sections in plane (a), (d) and crossed polarized light (b), (e), together
with the sketches from Figure 1 in (c), (f), showing locations of other figures. In (c) and (f), garnet grains are shaded in
orange and fractures shown as red lines. To maintain the same relative viewpoint as in AW9B_2b, thin section AW9B_la is
reflected in Figure 2 and in all other figures in the paper.
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fundamental tools for studying brittle, crystal-plastic, melt and crystallization microstructures associated with
pseudotachylytes (e.g., Petley-Ragan et al., 2018, 2019, 2021; Austrheim et al., 2017; Bestmann et al., 2011, 2012;
Pittarello et al., 2015; Trepmann et al., 2007; Trepmann & Stockhert, 2002). Details are given in the Supporting
Information S1.

EBSD measurements were processed using the open-source program package MTEX (Bachmann et al., 2010;
Hielscher & Schaeben, 2008). All EBSD crystallographic orientation maps are color coded according to the
Inverse Pole Figure (IPF) legend for either garnet or quartz (hexagonal), representing the crystal orientation
relative to the normal to the thin-section plane. For brevity, these maps are referred to as EBSD IPF maps. The
colormap used (ipfTSLKey in MTEX) is the standard scheme of the two main commercial software packages
(EDAX TSL OIM and Oxford Instruments HKL Channel 5) for direct comparison with most published work.
EBSD IPF and mineral phase maps are overlain by partially transparent Image Quality (IQ) gray scale maps
(Wright & Nowell, 2006) with darker tones indicating lower 1Q. This can highlight spatial variation in crystal
strain and more subtle substructures (Wright et al., 2011). Following the default convention in MTEX, all pole
figures are upper hemisphere, equal area projections (e.g., Hentschel et al., 2019). Grains were reconstructed
with the default threshold misorientation angle of 10° and subgrains with 2°. Grain boundaries in the figures are
outlined in black, whereas subgrain boundaries, when shown, are outlined in red. The J-index of Bunge (1982)
and the M-index of Skemer et al. (2005) were calculated to quantify the strength of the crystallographic preferred
orientation (CPO) for mean grain orientations. The J-index ranges from unity (random fabric) to infinity (single
crystal fabric), whereas the M-index decreases toward zero for a completely random fabric. Further details are
given in the Supporting Information S1.

Grain Size Distribution (GSD; e.g., Heilbronner & Keulen, 2006), Particle Size Distribution (PSD; e.g., Blenkin-
sop, 1991; Buhl et al., 2013), or Clast Size Distribution (CSD; e.g., Di Toro & Pennacchioni, 2004) are funda-
mental data for considering mechanisms of crystal-plastic recrystallization and new grain growth (e.g., Cross
et al., 2017), shear zone and fault dynamics (e.g., Aupart et al., 2018; Sammis et al., 1986), earthquake rupture
(e.g., Reches & Dewers, 2005; B. R. Song et al., 2020; Wilson et al., 2005), and the origin and tectonic signifi-
cance of pseudotachylyte (e.g., Behera et al., 2017; Bizzarri, 2014; Bjgrnerud, 2010; Deb et al., 2015; Di Toro &
Pennacchioni, 2004; Hisada, 2004; Pittarello et al., 2008; Sarkar et al., 2020). Results are typically presented as
a log-log plot of the cumulative number of grains, particles, or clasts greater than a certain value versus the 2D
size, given as the area or equivalent diameter (Blenkinsop, 1991; Buhl et al., 2013; Heilbronner & Keulen, 2006;
B. R. Song et al., 2020; S. J. Song et al., 2017). In the current study, the grain size is represented by the diameter
(d) of a circle equivalent to the grain area calculated with MTEX.

Cumulative plots may be continuous and well-fitted by theoretical continuous distributions, such as normal,
lognormal, gamma, or Weibull distributions (e.g., Phillips & Williams, 2021). However, based on theoretical
models (Turcotte, 1986) and practical observation, segments of such plots within an arbitrary “fractal range”
(Blenkinsop, 1991) have been fitted by a straight line with the negative of the slope corresponding to the “fractal
dimension” or D-value (e.g., see summary Table 1 in Buhl et al., 2013). Higher D-values indicate a larger propor-
tion of finer material and therefore more effective grain comminution (Buhl et al., 2013).

4. Observations
4.1. Geometry and Distribution of Fractures

Two dominant sets (A and B) of discrete fractures, marked by trails of recrystallized fine quartz and feldspar, are
observed over a width of ca. 1 cm to either side of the pseudotachylyte (Figures 1 and 2). The fractures of set A
(upper side in Figure 1) are relatively straight, making a true angle of ca. 30° with the pseudotachylyte (stereo-
plot, Figure 1). The fractures of set B (lower side in Figure 1) are more curved, especially in AW9B_2b, with the
angle close to the pseudotachylyte similar to a mirror image of set A. Moving away from the pseudotachylyte,
and particularly in AW9B_2b, the angle of set B increases to a true angle of ca. 60° (stereoplot of Figure 1).
Therefore, the maximum angle between the two fracture sets is ca. 90° with their intersection line lying in the
foliation plane. A smaller number of fractures with the orientation of set B are found in the area of set A and vice
versa (Figures 1 and 2).
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Figure 3. Scanning electron microscope images and Electron Backscatter Diffraction (EBSD) maps of pseudotachylyte and adjacent host rock in AW9B_2b. For
location, see Figure 2c. (a) Back-Scattered Electron (BSE) mosaic overview. The main minerals, with increasingly lighter gray scale, are quartz, plagioclase, K-feldspar,
and garnet. (b) BSE enlargement of the embayed garnet on the right side of (a). Note the lack of any fine structure discernible in the quartz ribbon. (c) Cathode-
Luminescence image of the same area as (b). A detailed substructure marked by darker linear features, interpreted to represent healed microfractures, is now visible. (d)
EBSD phase + IQ map of the left side of (c). Grains are outlined in black. (¢) EBSD phase + IQ map of the central garnet in (c) with an enlargement twice that of (d).
Grains are outlined in black. The garnet is not pervasively fractured adjacent to the pseudotachylyte and new grains are only developed along a distinct fracture zone
parallel to set B. (f) EBSD Inverse Pole Figure (IPF) + IQ map for quartz (hexagonal) from area (d), color coded according to the Inverse Pole Figure (IPF) legend,
representing the crystal orientation relative to the normal to the thin-section plane. Grains are outlined in black and subgrains in red. (g) EBSD IPF + IQ map for
garnet from area (e), color coded according to the Inverse Pole Figure (IPF) legend, representing the crystal orientation relative to the normal to the thin section plane.
Grains are outlined in black and subgrains in red. For (d) and (f), step size is 1.73 pm, resulting in 231,500 data points. For (e) and (g), step size is 0.87 pm, resulting in
365,806 data points.

Individual fractures transect large garnet grains (Figures 1 and 2), whereas the ductile granulite facies foliation
either bends around or is overgrown by large garnets (Figures 2a, 2b, 2d and 2e). The main pseudotachylyte vein
also crosscuts but locally embays into large garnet grains (Figures 1-3). Many fractures show no discernible
offset (e.g., Figure S2 in Supporting Information S1). Where observed, shear offset is small (<ca. 100 pm; e.g.,
Figures 3e, 4a—4d, S3 in Supporting Information S1) and the sense of shear is not consistent. The shear displace-
ment associated with the pseudotachylyte is unknown.

In quartz, the fractures are delineated by discontinuous trails of small (<30 pm) new grains. Feldspar and
garnet also develop new grains along the fractures but with a much smaller grain size than quartz. Grain sizes and
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grain size distributions for quartz, feldspar, and garnet are considered quantitatively below for direct comparison
with analogous data from previous studies of seismic faults and pseudotachylytes (e.g., Di Toro & Pennac-
chioni, 2005; B. R. Song et al., 2020).

SEM-CL images record much more extensive fracturing in quartz and feldspar than is discernible in BSE images
or under the optical microscope (Bestmann et al., 2012, 2016). In CL images, healed microfractures are visible as
linear features darker than the pristine quartz and feldspar (Figure 3c, Figures S2b, S2d—S2f in Supporting Infor-
mation S1; Bestmann et al., 2016). The CL patterns and microstructures mapped by EBSD in quartz ribbons are
not discernibly modified approaching the contact to the pseudotachylyte, but are sharply transected (Figures 3¢
and 3f). Healed microfractures in quartz and feldspar are parallel to, or extend into, trains of recrystallized grains
(Figures 3c, 3f, 4b, 4c, 4d, 5b and 5d) but do not overprint these recrystallized grains (Figure 4b). The microf-
ractures also affect garnet and are visible in CL within quartz inclusions hosted by garnet (Figures S2b, S2e and
S2f in Supporting Information S1).

The few biotite grains in the host rock are strongly kinked throughout the thin section. Such kinking of mica
has been already reported in other studies of pseudotachylyte (e.g., Anderson et al., 2021; Bargossi et al., 1982;
Bestmann et al., 2011; Di Toro & Pennacchioni, 2005; Passchier, 1982).

4.2. Fractures in Quartz Within the Host Rock
4.2.1. Crystallographic Orientation Data

Recrystallized quartz grains within fractures transecting the quartz ribbons have a random CPO (Figure 4e) and
random misorientation angles both between correlated, neighboring grains (J-index 1.21, M-index 0.0051) and
between uncorrelated grains (J-index 1.18, M-index 0.0047; Figure 4f). The rotation axis between neighboring
grains is also incoherent and random (inset Figure 4f, compare to Figure S4a in Supporting Information S1). The
grain orientation spread (GOS) in the small grains (d < 30 pm) is distinctly lower than in the larger host grains
(Figures S5a and S6e in Supporting Information S1).

Evidence for subgrain rotation is lacking. Some subgrains, with a size similar to recrystallized grains along the
fracture, occur within the host grain (Figures 4d, S6¢ and S7 in Supporting Information S1), but generally not
adjacent to the new grains (Figures 4d, S6c¢ in Supporting Information S1). As noted above, the rotation axis for
neighboring grains is not related to a coherent crystallographic direction (Figure 4f).

4.2.2. Grain Size Distribution

The GSD of recrystallized quartz grains along fractures shows a continuous change in slope (Figures 4g and 4h)
without any clear straight segment on the log-log plot (Figure 4h). This is the case for all 5 analyzed locations
(Figure S8 in Supporting Information S1). The data are well-fitted by either a continuous gamma or Weibull
distribution. This is true for individual areas (Figures 4g—4j, S6g, S6h and S8a in Supporting Information S1)
but is better defined for the cumulative data set (Figure S8b in Supporting Information S1). For grain sizes less
than ca. 20 pm, there is no significant difference in the log-log GSD plot between gamma, Weibull, and lognor-
mal distributions (Figure S8b in Supporting Information S1) and the great majority of grains (>90%) are almost
equally well described by a lognormal distribution. However, the GSD for the (few) largest grains (d > ca. 20 pm)
is better fitted by a Weibull distribution (Figure S8b in Supporting Information S1), which implies that there
are fewer larger grains than would be predicted by gamma or lognormal distributions. This is not just due to the

Figure 4. Scanning electron microscope images, Electron Backscatter Diffraction (EBSD) data, and Grain Size Distribution (GSD) plots for quartz from a fracture
zone of set B that crosscuts a quartz ribbon and adjacent feldspar. Thin section AW9B_2b; for location, see Figure 2c. (a) Back-Scattered Electron image. (b) Cathode-
Luminescence image. Note the much greater microstructural detail visible in both quartz and feldspar. (¢) EBSD phase + IQ map. (d) EBSD IPF + IQ map for quartz
(hexagonal). The step size in (c) and (d) is 1.3 pm, resulting in 395,580 data points. (e) Scatter and contoured pole figures for quartz new grains (d < 30 pm; n = 370)
in the quartz ribbon, demonstrating an effectively random distribution. (f) Misorientation angle plot of correlated, neighboring grains (895 pairs), uncorrelated grains
(Misorientation Distribution Function for mean orientation per grain), and a uniform distribution. The rotation axes between grains for the correlated case are plotted
in the inset, which approximate a random distribution. (g) Linear-log plot of quartz cumulative GSD for new grains developed in the quartz ribbon (d < 30 pm). (h)
Log-log plot of quartz cumulative GSD for new grains developed in the quartz ribbon (d < 30 pm). (i) Histogram of relative frequency versus grain size (equivalent
grain diameter d) with the best-fit lognormal and gamma continuous distributions plotted (j) Histogram of relative frequency versus log grain size (equivalent grain
diameter d) with the best-fit lognormal and gamma continuous distributions plotted.
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data limitations involved in sampling larger grain sizes. As is clear qualitatively from Figures 4d, S6c and S7 in
Supporting Information S1 as well as quantitatively from the GSD plots, there are few large new grains and there
is a true limit to the maximum grainsize, so that the new grains are all captured in a plot with d < 30 pm.

The RMS grain diameter for the 370 new quartz grains of Figure 4 is 11.6 + 5.2 pm (+1 standard devia-
tion). The value for the 1491 grains from all 5 analyzed locations (Figure S8b in Supporting Information S1)
is 10.50 + 4.93 pm. The mean from the best-fit gamma distribution for Figures 4g—4j is 10.4 + 5.1 pm and
9.23 +4.98 pum for all areas. The mean from the best-fit Weibull distribution for all areas (Figure S8b in Support-
ing Information S1) is 9.26 + 4.86 pm and is well within error of the best-fit gamma distribution (Figure S8b in
Supporting Information S1). The range of RMS grain diameters for individual data sets is from 11.7 to 8.3 pm
and for the mean of the gamma distribution from 10.6 to 7.3 pm.

4.3. Quartz Clasts Within the Pseudotachylyte
4.3.1. Geometry

Clasts within the pseudotachylyte are exclusively quartz (e.g., Figures 3a, 3d, 3e and 5) and preserve the same
microstructure as in the host quartz ribbons, including sets of healed microfractures parallel to trails of recrys-
tallized quartz (Figures 5b—5d). Quartz clasts have generally segmented along such already recrystallized healed
fractures (Figures 5a—5d) but locally fractures developed in pristine quartz without associated recrystallization
(Figures S9c and S9d in Supporting Information S1).

4.3.2. Crystallographic Orientation Data

Similar to the host rock, the misorientation plot for uncorrelated grains from the localized zone of recrystalliza-
tion in the quartz clast of Figure 5f is close to random, although the statistics is limited by the small number of
grains (105). The CPO of the new grains is also random (Figure 5g). Using the mean orientation of grains, the
calculated J-index is 1.70 and the M-index is 0.019. The rotation axis for correlated grains is also random (inset,
Figure 5f). The GOS in the small grains (d < 30 pm) within the localized zone is distinctly lower than that in the
larger host grains (Figure Se).

4.3.3. Grain Size Distribution

As within the host-rock, the GSD for the recrystallized quartz along healed fractures in clasts is well-fitted by a
continuous gamma distribution (Figures Sh and 5i). New quartz grains within the analyzed clast (Figure 5) have
an RMS grain diameter of 7.5 + 4.1 pm and a mean from the best-fit gamma distribution of 6.4 + 3.9 pm, which
is below the range obtained for the 5 areas from the host rock. However, because of the small number of grains,
the uncertainty is significant (Figure 5h) and the results from the quartz clast are indistinguishable from that of
the summed host-rock data set at the 95% confidence level.

Figure 5. Scanning electron microscope images, Electron Backscatter Diffraction (EBSD) data, and Grain Size Distribution (GSD) plots for an isolated larger quartz
clast within the main pseudotachylyte vein. Thin section AW9B_2b; for location, see Figure 2c. (a) Back-Scattered Electron image (b) Cathode-Luminescence image.
Note the dark lines interpreted as healed microfractures, similar to those in the country rock, and the narrow zone of new quartz grains parallel to these dark lines, which
are also interpreted to mark an earlier fracture. (c) EBSD phase + IQ map. Note that the pseudotachylyte is dominated by K-feldspar and plagioclase (“albite”) with
small amounts of biotite, magnetite, and hematite. (d) EBSD IPF + IQ map for quartz (hexagonal). IPF color code map is for quartz (hexagonal), as given in Figure 4d.
The step size in (¢) and (d) is 1.73 pm, resulting in 51,675 data points. (e) GOS for larger (pink; d > 30 pm; n = 6) and smaller (mauve; d < 30 pm; n = 105) grains
within the clast. (f) Misorientation angles for correlated (283 neighbor pairs) and uncorrelated smaller new grains with d < 30 pm, indicating an effectively random
texture. The axes of rotation between correlated grains are also effectively random (inset). (g) Scatter and contoured pole figures for the 105 smaller (d < 30 pm) new
quartz grain orientations with an effectively random distribution. (h) Comparison between the GSD for the smaller new grains (d < 30 pm, mauve) in the clast and the
GSD for all data on new quartz grains in the country rock (Figure S8b in Supporting Information S1). The GSD of new quartz within the clast is similar to that for all
other measurements in the country rock, within the 95% confidence limits. (i) Histogram of relative frequency versus grain size for the smaller new grains (d < 30 pm)
in the clast with the best-fit gamma continuous distribution plotted.
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Figure 6. Misorientation and Grain Size Distribution (GSD) plots for feldspar from the fracture zone of Figure 4. Grains shown in mauve with d < 100 pm from a
region along the fracture zone for (a) plagioclase (indexed in Electron Backscatter Diffraction as albite) and (b) K-feldspar are those considered in the subsequent plots.
(c) Misorientation angle plot of plagioclase grains with d < 30 um for correlated, neighboring grains (3,374 pairs), uncorrelated grains (Misorientation Distribution
Function [MDF] for mean orientation per grain) and for a uniform distribution. The rotation axes between correlated grains are plotted in the inset and are effectively
random. (d) Misorientation angle plot of K-feldspar grains with d < 30 pm for correlated neighboring grains (3,290 pairs), uncorrelated grains (MDF for mean
orientation per grain), and for a uniform distribution. The rotation axes between correlated grains are plotted in the inset and are effectively random. (¢) GSD log-log
plot for plagioclase grains with d < 100 pm. (f) GSD log-log plot for K-feldspar grains with d < 100 pm. (g) Histogram of relative frequency versus grain size for the
plagioclase grains of (e) with the best-fit lognormal continuous distribution plotted. (h) Histogram of relative frequency versus grain size for the K-feldspar grains of (f)
with the best-fit lognormal continuous distribution plotted.

4.3.4. Clast Size Distribution

The CSD of quartz clasts within the pseudotachylyte, rather than individual grains, was measured by merging
neighboring quartz grains into amalgamated clasts (Figure S9 in Supporting Information S1). Arbitrarily, grains
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with a shared boundary shorter than 4 pm and with less than 25% of their perimeter in common were excluded
from the merge. This avoids unifying “clasts” that are impinging on only a short common boundary. For good
statistics, the results from 7 different areas were combined for a total of 3,431 clasts (Figure S9f in Supporting
Information S1). Unlike the GSD cumulative plot for the recrystallized grains (Figures 4h and 5h, S8 in Support-
ing Information S1), the CSD shows a linear distribution on the log-log plot for 2.5 < d < 50 pm, both for individ-
ual areas (Figure S9e in Supporting Information S1) and especially for the larger combined data set (Figure SOf
in Supporting Information S1). For the combined data, the D-value is 1.7 with a correlation coefficient of 0.9992
(Figure S9f in Supporting Information S1). The RMS diameter for all the clasts is 13.1 + 12.5 pm, with the large
standard deviation reflecting a broad spread in clast size (Figure S9e and S9f in Supporting Information S1). For
alognormal distribution fit to the full data set (Figure S9f in Supporting Information S1), the mean clast diameter
is 3.39 + 3.56 pm, reflecting the large number of small quartz clasts in the pseudotachylyte. It is probable that
the large number of clasts with d < 2.5 pm, which are below the linear “fractal range” (Blenkinsop, 1991) on
Figure S9f in Supporting Information S1, are not actually clasts but new grains that have crystallized from the
pseudotachylyte melt. However, there was no criterion to make a clear distinction.

4.4. Fractures in Feldspar
4.4.1. Geometry

The fracture pattern in feldspar mimics that in quartz as is also clear in the CL images (e.g., Figure 4b). However,
because the recrystallized grain size is distinctly smaller than in quartz, the trains of new grains marking fractures
tend to be narrower, forming a braided network of anastomosing fine fractures extending from broader zones of
quartz recrystallization (Figures 4c and 4d).

4.4.2. Crystallographic Orientation Data

The new smaller (d < 30 pm) feldspar grains are randomly oriented. For the example of Figure 6, the recrystal-
lized plagioclase grains have a J-index of 2.27 and an M-Index of 0.033 for correlated grains and a J-index of
2.16 and an M-index of 0.035 for uncorrelated grains. K-feldspar has a J-index of 1.73 for correlated grains and
1.69 for uncorrelated grains, whereas the M-index for both correlated and uncorrelated grains is 0.009. Such low
values of the M-index indicate that, for uncorrelated grains, the misorientation is effectively random. The plots
of Figures 6¢ and 6d show that, for correlated grains, the misorientation angle and corresponding rotation axis
between grains are also random. The GOS in the small grains (d < 5.25 pm) is distinctly lower than that in the
larger grains (Figures S5b and S5c in Supporting Information S1), supporting the textural observation that these
are new grains developed along fractures.

4.4.3. Grain Size Distribution

The GSD and grain size histograms for the two feldspars from the same fracture zone are very similar
(Figures 6e—6h). The great majority of grains with d < 5.25 pm shows a GSD with a continuous change in slope
on the log-log plot that is well-fitted by a lognormal distribution (similar to the small, recrystallized quartz grains
along the same fracture zone). However, the less numerous larger grains (ca. 100-150 from a total of ca. 2000;
Figures 6e and 6f) show a good linear fit, especially in the range 5.25 < d < 15 pm. In Figure 6, the RMS grain
diameter for d < 5.25 pm is 3.73 + 0.74 pm (plagioclase) and 3.75 + 0.73 pm (K-feldspar). The D-value for
5.25 <d < 15 pmis 1.97 (plagioclase) and 1.63 (K-feldspar). The grain size of the numerically dominant smaller
grains is therefore identical for the two feldspars, but the D-values for the larger grains are slightly different.

For the combined data set of plagioclase and K-feldspar (Figure S10 in Supporting Information S1), the single
regression line for 5.25 < d < 100 pm (with correlation coefficient 0.9972) shows a slope D = 1.67, identical
to the D-value obtained for quartz clasts within the pseudotachylyte (Section 4.3.4; Figure S9 in Supporting
Information S1). The RMS grain size for all feldspar with d < 5.25 is 3.78 + 0.71 pm and the mean from the
best-fit lognormal distribution is 3.72 + 0.74 pm. These values are identical to those for individual plagioclase
and K-feldspar, reinforcing the observation that there is no difference in the grain size statistics between the two
feldspars.
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4.5. Fractures in Garnet
4.5.1. Geometry

Fractures defined by trains of recrystallized grains in quartz and feldspar also crosscut granulite facies garnet
grains (Figures 1, 2, 7, S3 and S11 in Supporting Information S1). Additional secondary fractures within
garnets do not always extend into the surrounding quartz or feldspar (e.g., Figures 7, 8). In Figure 7a, the
main fracture (brown arrow) in the garnet sinistrally offsets the garnet boundaries and is continuous into the
surrounding rock, corresponding to a well-defined fracture of the set B (Figure 1). The subsidiary fracture
(black arrow; Figure 7a), which has the orientation of fracture set A (Figure 1), does not offset the quartz inclu-
sion into which it runs (Figure 7b) or the garnet grain boundary, and has no discernible continuation outside
the garnet. Despite the lack of offset, the quartz inclusion shows a whole set of internal healed fractures (dark
lines in CL, Figure 7b) that are parallel to the much more widely spaced, discrete fractures in the surrounding
garnet grain.

Subgrains and new grains are irregularly developed along the main fractures in garnet (Figures 7, 8, S3e, S11b
and S12b in Supporting Information S1). The fractures in garnet form a planar array, and the garnet and quartz
inclusions removed from these fractures remain little affected (e.g., quartz inclusion “1” in Figure 8). Garnet
immediately adjacent to the main pseudotachylyte vein is locally transected by discrete fractures (Figures 3e
and 3g) but is not shattered. Pervasive fragmentation of garnet in close proximity to the pseudotachylyte vein
is not observed (Figures 3, 7, 8, S11b in Supporting Information S1). However, localized garnet pulverization
related to fracture intersections does occur in one location and is described in detail below (Section 4.5.4).

4.5.2. Crystallographic Orientation Data

The new grains along the main fracture in Figure 7 all have a grain size d < 30 pm and an overall random orienta-
tion (Figures 7h—71). For uncorrelated grains in Figure 7i, the curve for the Misorientation Distribution Function
(MDF) calculated for mean orientation (i.e., one point per grain) is indistinguishable from the uniform distribu-
tion, with J-index of 1.11 and M-index of 0.011. However, in contrast to quartz and feldspar, the correlated new
garnet grains do show a weak preference for smaller misorientation angles and the rotation axes are preferentially
around the [111] and [101] axes (Figure 7i), although the corresponding changes in the J-index (1.16) and M-in-
dex (0.073) are small. The subgrain microstructure outlined by the red lines in Figure 7h also suggests a compo-
nent of recrystallization by progressive subgrain rotation.

4.5.3. Grain Size Distribution

For the range from 2 < d < 16 pm, there is a good linear fit (R = 0.997) on the log-log plot of the GSD with a
D-value of 2.34 (Figure 7k). However, the majority of grains with d < 2 pm shows a more continuous distribution,
similar to that observed in feldspar, which can be fitted with a lognormal distribution. The RMS grain diameter
for the 1066 new small garnet grains of Figure 7k is 3.04 + 1.98 pm, and the mean to the best-fit lognormal
distribution (Figures 7k and 71) is 2.24 + 1.34 pm. If all 3,762 grains from 10 different analyzed EBSD areas are
used, the results are D = 2.59 with R = 0.9981 for 2 < d < 25 pm (Figure S13a in Supporting Information S1);
if the range is split, then D = 2.28 with R = 0.9998 for 2 < d < 8.5 pm and D = 2.77 with R = 0.9946 for
8.5 < d < 25 pm (Figure S13b in Supporting Information S1). Alternatively, an improved fit for the whole data
range 2 < d < 30 pm is given by a lognormal or Weibull distribution (Phillips & Williams, 2021). However, as
seen from Figure S13 in Supporting Information S1, the divergence from tightly defined linearity that occurs for
d > 8.5 pm only corresponds to ca. 40 larger grains out of a total of 3,762. The combined data echoes the obser-
vation that there is no linear fit for finer grain sizes below ca. 2 pm, and these smaller grains in fact represent the
great majority.

4.5.4. Localized Garnet Pulverization and Injection

Pulverization occurred in local zones of dilatation at fracture intersections as in the garnet shown in Figure 8. The
quartz inclusion “2” in this garnet (Figure 8b) was shattered between two intersecting fractures (Figures S11 and
S12 in Supporting Information S1) and shows a pull-apart space filled with ultrafine garnet grains (Figures 9c—9f)
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identical in composition to the enclosing garnet (Table S1 in Supporting Information S1). Only garnet and quartz
were involved and no hydrous minerals developed (Figures 9c—9f). Figure 10 presents the EBSD results from
the garnet-filled pull-apart. The crystallographic orientation of the fine garnet grains is random (Figure 10d).
For the range 0.45 < d < 4 pm, the D-value is 2.9 (R = 0.995; Figure 10e), which is somewhat higher than the
value obtained for binned results for the small size fraction from other garnet fractures (D = 2.59; Figure S13a
in Supporting Information S1). The lower limit to the linear segment on the log-log plot is also at a smaller grain
size. Overall, the average grain size is much smaller in this zone of pulverization with an RMS grain diameter of
0.45 + 0.28 pm and a mean to the best-fit lognormal distribution of 0.28 + 0.08 pm (Figure 10f).

4.6. New Mineral Growth Along Fractures and Grain Boundaries

Fractures commonly show the growth of new quartz, plagioclase, K-feldspar, kyanite and less commonly garnet,
ilmenite, and rutile (Figure 11). Garnet along fractures has a dendritic or cauliflower shape, similar to garnet
within the pseudotachylyte (Figure 11b). Cauliflower garnets from both sites are enriched in Ca relative to the
granulite facies garnet (Table S1 in Supporting Information S1), consistent with higher pressure conditions
during the Petermann Orogeny (ca. 650°C, 1.2 GPa; Camacho et al., 2009; Hawemann et al., 2018). Fractures
within garnet locally contain new feldspar, magnetite, and rutile (Figures 7f and 8b). The growth of these miner-
als, especially in a monomineralic host, such as garnet (Figure 7f) or K-feldspar (Figure 11c), implies the redistri-
bution of chemical components as also imaged in EMPA chemical maps (Figures 11e and 11f, S14 in Supporting
Information S1).

The fractures are marked by increased grain boundary porosity in the recrystallized aggregates (Figures 11c
and 11d, S15 and S16 in Supporting Information S1). This porosity is locally bridged by kyanite needles, which
are not extended and fractured (Figures 11c and 11d, S16d in Supporting Information S1). The dilatant grain
boundary space is locally filled with fibrous material linking matching sides of the boundaries and demonstrating
dominantly tensile opening (Figures 11d, S16d in Supporting Information S1). This intergranular material is
darker in BSE images than plagioclase (Figures 11d), and spot Energy Dispersive X-Ray Analysis (EDX) shows
a strong enrichment in SiO,.

In Figure 11a, the pseudotachylyte injection vein crosscuts the main fracture and several minor, parallel small-
er-scale fractures without diverging or following these earlier cracks. The enhanced porosity and chemical change,
typically involving enrichment in SiO,, does not crosscut the pseudotachylyte injection vein, as is confirmed by
the EMPA chemical maps of Figure S14 in Supporting Information S1. This is also reflected in the lack of new
mineral growth (kyanite fibers, quartz, plagioclase, K-feldspar, garnet, ilmenite, or rutile), impinging into the
pseudotachylyte vein. Therefore, vein injection post-dated fracture, chemical alteration, and new mineral growth.

Opened boundaries are observed not only between new grains along fractures but also between original relict
grains. These opened and reacted grain boundaries are subparallel to discrete fractures of sets A and B and are
not uncommonly the direct continuation of intracrystalline fractures (Figures 11, S15 and S16 in Supporting
Information S1). The opened boundaries do not show discernible shear offset (Figures S15 and S16 in Support-
ing Information S1). They are also associated with the introduction and removal of chemical components and
growth of new minerals, most typically plagioclase, quartz, and fibrous kyanite (e.g., Figure S15c¢ in Supporting

Figure 7. Scanning electron microscope images, Electron Backscatter Diffraction (EBSD) data, and Grain Size Distribution (GSD) plot from a fractured garnet in

the pseudotachylyte host rock. Thin section AW9B_2b; for location, see Figure 2c. (a) Back-Scattered Electron overview. Note the two large quartz inclusions and

the main crosscutting fracture (brown arrow), causing sinistral offset of the garnet boundary. A secondary fracture that does not offset the boundary of the garnet or

of the quartz inclusions is indicated by a black arrow. (b) Cathode-Luminescence (CL) image of the quartz inclusion in the upper right area. Note the two preferential
orientations of black lines (healed microfractures) parallel to the main and secondary fractures. (c) CL image of the quartz inclusion in the center right area. Again note
the two preferential orientations of black lines (healed microfractures) parallel to the main and secondary fractures. (d) EBSD phase + IQ map. (e¢) EBSD IPF + IQ map
for garnet and quartz (hexagonal). The step size in (d) and (e) is 1.73 pm, resulting in 284,416 data points. (f) Enlargement of the phase map to show the presence of
K-feldspar, plagioclase, magnetite, and rutile along the main fracture. (g) EBSD IPF + 1Q map for garnet and quartz (hexagonal) from the same enlarged area. The step
size in (f) and (g) is 0.43 pm, resulting in 224,393 data points. (h) EBSD IPF + IQ map for garnet from the enlarged area toward the top left of the main fracture, where
the garnet is strongly recrystallized. The step size is 0.43 pm, resulting in 144,974 data points. (i) Misorientation angle plot for grains with d < 30 pm from the region
of (h); inset shows the rotation axes for correlated (neighboring) grains (2632 pairs). (j) Pole figures for 500 randomly selected garnet grains with d < 30 pm from (h).
(k) Log-log plot of the GSD for garnet grains with d < 30 pm from the region of (h). (1) Histogram of relative frequency of garnet grain sizes (linear scale) with best-fit
lognormal distribution indicated.
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Information S1). Similar to the discrete fractures, the opened and reacted grain boundaries appear to be crosscut
by pseudotachylyte injection veins (Figures 11 and 12).

4.7. Melting and Pseudotachylyte Formation

The pseudotachylyte is most commonly delimited by a sharp, straight boundary with quartz ribbons or, less
commonly, feldspar of the host rock, but invariably shows embayments into large host rock garnets (Figures 3
and 12). The contrast in behavior of garnet and quartz adjacent to the pseudotachylyte vein is clearly demon-
strated in Figures 8, 9a and 9b, where an original quartz inclusion within garnet now protrudes into the pseudo-
tachylyte. This quartz grain has remained almost pristine, with only minor healed microfractures visible by CL
(Figure 9b). The portion of the quartz grain protruding into the pseudotachylyte is slightly dextrally sheared with
the deformation accommodated by minor intracrystalline plasticity, but without development of subgrains or
recrystallization (Figure 8c).

Planar fractures in host rock garnet are associated with strong and localized grain size reduction (Figures 3g,
7e, and 8c). However, where these fractures intersect the pseudotachylyte there is little indication for localized
embayment that would indicate preferential melting of the finer grained garnet along the fracture (Figures 3g
and 8).

Small injection veins of pseudotachylyte are mostly developed on the upper side of the pseudotachylyte fault
vein (Figures 1, 2 and 12). The injection veins are predominantly perpendicular to the main pseudotachylyte and
crosscut fractures of sets A or B (Figures 1, 2 and 11). Rare injection veins on the lower side are very short and
mainly localized on the boundaries of host rock large garnet grains. The relatively large injection vein shown in
Figure 12 has injected a large relict garnet at a distance of ca. 3 mm from the main pseudotachylyte. As can be
seen in Figures 12b and 12c, the vein bifurcates within the garnet, guided by minor conjugate fractures that are
only present within the garnet. The acute angle between these conjugate fractures is small (ca. 40° in the plane
of the thin section). The bisector of this acute angle is approximately parallel to the injection vein and therefore
perpendicular to the main vein.

4.8. Flow and Solidification of the Pseudotachylyte

The pseudotachylyte solidified and crystallized a fine-grained matrix composed of plagioclase and K-feldspar
with minor amounts of garnet, kyanite, magnetite, hematite, ilmenite, rutile, and biotite. The grain size of the
feldspar matrix is ca. 2 pm, although it should be noted that the employed EBSD resolution does not allow
robust grain size characterization for d < 2 pm. The pseudotachylyte matrix is heterogeneous and modal vari-
ation in plagioclase and K-feldspar defines an oblique, planar layering consistent with dextral shearing for the
chosen orientation of figures. K-feldspar is typically concentrated in the strain shadows of quartz clasts in this
sheared flow fabric (Figures 3a, 8 and 12a, S17 in Supporting Information S1). More elongate quartz clasts are
moderately aligned and in part define the foliation, but many more equant clasts were not elongated by the flow
(Figures 3a, 3d, 3e and 12a, S17a, S17b and S17c¢ in Supporting Information S1) and show no evidence of signif-
icant crystal-plastic deformation (Figures 5a-5d).

Garnet and kyanite are concentrated adjacent to large garnet grains at the pseudotachylyte boundary and show
a streaming away from this source consistent with a dextral sense of shear (Figure S17 in Supporting Informa-
tion S1). Small kyanite needles are well-aligned parallel to the planar feldspathic compositional layering. The
cauliflower garnet overgrows this planar fabric but is also commonly aligned in straight compositional trains
that make a larger angle to the pseudotachylyte layer walls than the foliation defined by feldspar and kyan-
ite (Figures 12a, S17 in Supporting Information S1). The aligned kyanite shape fabric does not bend around

Figure 8. Back-Scattered Electron (BSE) image and Electron Backscatter Diffraction (EBSD) maps of a large relict garnet grain bordering the pseudotachylyte layer
in AWO9B_ la. For location see Figure 2f. (a) BSE image. (b) EBSD phase + IQ map. Note the prominent quartz inclusion (1) protruding into the pseudotachylyte and
the inclusion (2) located between two fractures and shattered on its right side in the area of fracture intersection. Note also the magnetite present along some fracture
surfaces. (c) EBSD IPF + IQ map for garnet and quartz (hexagonal). Note the slight progressive variation in crystallographic orientation of inclusion (1), reflecting
minor dextral shear in the pseudotachylyte. Note also the zone of new quartz grains at the right side of inclusion (2). The step size in (b) and (c) is 1.73 pm, resulting in

963,264 data points.
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Figure 9. Scanning electron microscope images showing details of the quartz inclusions (1) and (2) from Figure 8. (a) Back-
Scattered Electron (BSE) image of inclusion (1). Note that it protrudes into the pseudotachylyte layer and is wrapped around
by trains of new cauliflower garnet grains crystallized from this flowing melt. Flow has resulted in minor dextral shear of
the protruding part of the inclusion. (b) Cathode-Luminescence (CL) image of inclusion (1). A limited number of dark lines
interpreted as healed microfractures are parallel to the boundary of the pseudotachylyte and to the main set B fracture in the
large garnet (Figure 8). (c) BSE image of inclusion (2) showing the dilatant extensional fracture now filled with pulverized
garnet. (d) CL image of the same area. Note that the shattered right side of the inclusion is also darker in CL. (e) BSE

image of right side of (c). (f) SE image of the pulverized garnet filling the dilatant fracture. Note the wide range of sizes and
irregular shapes within the main fracture and dodecahedral shapes of more constant size in the garnet apophyses and veins.

the cauliflower garnet and is locally overgrown. Kyanite is also present in the pseudotachylyte injection veins
(Figure 12f), where it is generally well-aligned and locally forms “log-jam” structures where the vein narrows.

Magnetite and hematite are generally absent in the areas of new garnet growth (Figure S17 in Supporting Infor-
mation S1). Minor amounts of biotite are present in the granulite host rock and are expected to have readily
melted during the frictional event (Bestmann et al., 2011; Papa et al., 2021). Biotite is locally observed in the
pseudotachylyte in minor amounts as small circular spherulites (e.g., Figure S9a in Supporting Information S1).
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Figure 10. Electron Backscatter Diffraction (EBSD) and Grain Size Distribution (GSD) analyses of the area of inclusion (2) in Figure 9e. (a) EBSD phase + 1Q map.
(b) EBSD IPF + IQ map for garnet. (c) EBSD IPF orientation map for quartz (hexagonal). The step size in (a)—(c) is 0.087 pm, resulting in 252,360 data points. (d)
Misorientation angle plot for grains with d < 30 um; inset shows the rotation axes for the correlated (neighboring) grains (4,436 pairs), which shows a weak preference
for [111]. (e) Log-log plot of the GSD for garnet with d < 4 pm. (f) Histogram of relative frequency of garnet grain sizes (linear scale) with best-fit lognormal

distribution indicated.

5. Discussion

Fracture sets A and B show no evidence of reactivation. Recrystallized grains along fractures crossing quartz
ribbons (Figure 4) were not later refractured and grain boundaries remained tight. Dilated grain boundaries in
fractures across feldspar are commonly bridged by fibrous materials linking matching sides and outlining the
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opening direction of the dominantly tensile fractures (Figures 11d, S16d in Supporting Information S1). If the
fractures of sets A and B preceded the pseudotachylyte-generating faulting, then they should have been reacti-
vated during the earthquake event, but this is not observed. We therefore infer that the host rock fracturing, asym-
metrically developed to either side of the main pseudotachylyte and crosscut by the pseudotachylyte injection
veins, was coseismic with the pseudotachylyte-generating rupture.

From crosscutting relationships, a sequence of coseismic events that occurred during a single earthquake can be
established (Figure 13):

1. dynamic, asymmetric fracturing in the damage zone during initial rupture propagation; healing of these
microfractures predated (2) and (3)
2. frictional wear, rapid heating, and thermal-shock fracturing

bt

friction-induced melting (pseudotachylyte formation) and melt injection
4. ductile shearing of melt, which continued during melt cooling and crystallization

The granulite facies host rock contains very minor amounts of biotite (the only hydrous mineral). There is no
evidence for infiltration of hydrous fluids related to enhanced permeability induced by the seismic fractur-
ing, in contrast to otherwise comparable examples from the Bergen Arcs, Norway (Austrheim, 1987; Jamtveit
et al., 1990; Jamtveit, Moulas, et al., 2018; Kaatz et al., 2021). Solid-state, ductile shearing of the pseudotachylyte
layer (stage 6 in Figure 13) is absent as demonstrated by the lack of significant crystal-plastic deformation of
quartz clasts within the pseudotachylyte. Hydration associated with fluid infiltration during exhumation is also
absent. The textures very much resemble the dry pseudotachylyte from the mantle peridotite of the Lanzo massif
in the western Alps (Pennacchioni et al., 2020) that escaped hydration and ductile deformation in the eclogite-fa-
cies subduction environment and throughout the exhumation path to the surface.

Although the AW9 pseudotachylyte did not localize subsequent solid-state ductile shear, other samples from the
surrounding region do show cycles of seismic fracturing and melting followed by aseismic high-temperature
shearing. This would be consistent with localized weakening of the dry lower crustal rocks as a result of seismic
fracture and associated grain size reduction (Hawemann, Mancktelow, Pennacchioni, et al., 2019; Hawemann
et al., 2018; Jamtveit, Ben-Zion et al., 2018; Wex et al., 2017, 2019).

In the sketch of Figure 13, initial seismic rupture (stage 1) is associated with off-plane fracturing flanking a
propagating fault tip. The fracture sets A and B are related to the fault surface, now outlined by the pseudo-
tachylyte, and fade away from the fault (Figures 1, 2 and 13). Pulverization and injection of garnet powder
(GSD with D-value of 2.9) are locally developed along fractures (Figure 10) and provide evidence that the
off-plane fractures developed dynamically during earthquake rupture (Incel et al., 2019; Reches & Dewers, 2005;
B. R. Song et al., 2020). The similarity to fractures developed in the experiments of Trepmann et al. (2007),
simulating mid-crustal coseismic deformation of quartz, also supports this interpretation. The new quartz grains
along such fractures, with a random CPO, were interpreted by Trepmann et al. (2007, 2017) to develop by rapid
stress relaxation after earthquake rupture below the usual seismogenic zone. Strong kinking of host-rock biotite,
observed throughout the AWO thin sections, has been reported adjacent to other pseudotachylyte veins (e.g.,
Passchier, 1982) and interpreted to be characteristic of coseismic deformation (Anderson et al., 2021; Bestmann
et al., 2011; Di Toro & Pennacchioni, 2005).

Earthquake rupture tip propagation is retarded by the energy consumed in microfracturing (e.g., Andrews, 2005;
Suzuki, 2012; Yamashita, 2000), but still occurs at a sub-Rayleigh wave velocity (e.g., Reches & Dewers, 2005;
Suzuki, 2012) on the order of km/s. In contrast, frictional slip on the developed main rupture surface, causing
wear (stage 2) and melting (stage 3), will be on the order of m/s (Petley-Ragan et al., 2019). This is reflected in the

Figure 11. Scanning electron microscope images and Electron Micro-Probe Analysis (EMPA) chemical maps from a continuous fracture of set A in AW9B_2b. For
location, see Figure 2c. (a) Overview Back-Scattered Electron (BSE) mosaic. Note that the pseudotachylyte injection vein, which is ca. perpendicular to the main
pseudotachylyte, crosscuts this fracture without diversion. (b) New growth of plagioclase, quartz, cauliflower garnet, ilmenite, rutile, and kyanite along the fracture.
For EMPA analyses of the minerals, see Table S1 in Supporting Information S1. (c) BSE image showing growth of new plagioclase (An 21-25), quartz, and kyanite
fibers. Note the currently pervasive open porosity. (d) BSE image at higher magnification showing currently open grain boundaries to newly grown plagioclase, SiO,-
rich (darker) grain boundary films and fibers linking matching boundaries. Note also the growth of kyanite fibers across these currently open boundaries. (e) and (f)
Chemical maps showing the relative enrichment of Ca and Na along the fracture, reflecting the growth of new plagioclase with An ca. 21-25. Red colors are higher
concentrations, green intermediate and blue lower. Note in (e) that this new plagioclase is more albitic (lower Ca) than the original relict large plagioclase grains. (g)
Location of chemical maps presented in Figure S14 in Supporting Information S1.
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Figure 13. Cartoon summarizing the temporal evolution of deformation processes related to seismic rupture. Redrawn and
modified after Swanson (1992), Rice et al. (2005), Di Toro et al. (2009), Petley-Ragan et al. (2019), and Okubo et al. (2019).
Contours at the fault tip indicate particle velocity magnitude following Okubo et al. (2019), giving an indication of the
distribution of the propagating process zone at the rupture tip, and the compressional and extensional sides, from Figure 3 of
that publication.

observation that frictional melting on the main fault postdates the pervasive microfracturing (e.g., Figure 3) and
formation of the secondary fractures of sets A and B. Healing of the host rock fractures also occurred before the
stage of frictional melt production since healed cracks are preserved within quartz clasts in the pseudotachylyte
(Figure 5) and pseudotachylyte injection veins crosscut host rock fractures without diverging or following these
earlier cracks (Figure 11).

The microfractures of sets A and B have minor shear offset and are predominantly tensile (mode I) fractures. The
matching geometry of opened grain boundaries with connecting, nearly orthogonal fibers (Figures 11d, S16d in
Supporting Information S1) also demonstrates that the fractures were mainly tensile. Tensile fractures develop
for small effective confining pressure and differential stress. Considering the Griffith/Navier-Coulomb brittle
failure envelope, a material with tensile strength 7, maximum principal compressive stress ¢,, minimum principal
compressive stress o;, and pore fluid p (e.g., Price & Cosgrove, 1990):

1. tensile failure occurs when (¢; — p) = =T and (0, — 0;) <4T
2. hybrid, mixed mode I + I if =T < (6; — p) < —0.8T and 4T < (0, — 0;) < 5.5T
3. otherwise, failure is in shear (mode II)

The tensile strength of quartz is ca. 150 MPa (Chao & Parker, 1983), similar to that for the San Marcos gabbro
with 68% plagioclase (Ai & Ahrens, 2004). Using this value, the maximum differential stress for tensile failure

Figure 12. Electron Backscatter images, Electron Backscatter Diffraction (EBSD) maps, and Electron Micro-Probe Analysis chemical maps related to a
pseudotachylyte injection vein in AW9B_2b. For location, see Figure 2c. (a) Back-Scattered Electron (BSE) overview mosaic. (b) EBSD phase + IQ map of the large
garnet in the uppermost left area. (c) EBSD IPF + IQ map for this garnet. The step size in (b) and (c) is 1.73 pm, resulting in 762,700 data points. (d) Chemical map for
Ca from the lower central part of (b) and (c). Red colors are higher concentrations, green intermediate and blue lower. (¢) Chemical map for Ti from the lower central
part of (b). Red colors are higher concentrations, green intermediate, and blue lower. (f) BSE image showing the flow pattern outlined by kyanite fibers. Location is

indicated in (e).
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in a quartzo-feldspathic rock, such as AW9, is ca. 600 MPa. For a thrusting regime, appropriate to the hanging
wall of the Woodroffe Thrust, o; is vertical and equal to the lithostatic load. Assuming that the metamorphic
pressure of ca. 1.2 GPa corresponds to lithostatic load, the minimum pressure reduction to cause tensile failure is
ca. 1.35 GPa with effective pressure at failure <650 MPa. The syn-tectonic mineral assemblage of sample AW9
demonstrates that the system was water-absent, although other fluids, for example, N, or CO,, could have been
present (Andersen et al., 1993; Larsen et al., 1998). However, for the extremely fast seismic deformation rates,
the rock is effectively an “undrained” system with a consequent strong effect of “dilatancy hardening” (Brace &
Martin, 1968; Brantut, 2020; Frank, 1965, 1966; Paterson, 1978; Rice et al., 2005). There is therefore a nega-
tive feedback effect that argues against high pore fluid pressure as a significant contributory factor for tensile
fracture in these lower crustal rocks. It follows that tensile fracturing under ambient pressure of ca. 1.2 GPa was
only possible during seismic decompression of ca. 1.35 GPa associated with the propagation of the fault tip
(Figure 13). This is compatible with the extreme mechanical conditions (tensile stresses approaching 5 GPa and
volumetric strain rates exceeding 10’ s~!) estimated by Reches and Dewers (2005) near an earthquake rupture tip
propagating at close to the Rayleigh shear wave velocity.

Dynamic underpressure can explain the tensile fractures on the extensional side of the fault tip (set B for the
geometry of Figure 13) as predicted in numerical models (Di Toro, Nielsen, & Pennacchioni, 2005; Okubo
etal., 2019). However, these models do not predict the set A on the compressional side. Limited fractures with the
orientation of set A are also observed on the side dominated by set B (Figure S15 in Supporting Information S1).
The presence of both fracture sets on both fault sides is, however, well explained by the elastic model of Reches
and Dewers (2005). This model predicts very dynamic fluctuation of stresses on both sides of the rupture, which
changes from volumetric expansion to volumetric contraction during the few microseconds of passage of the
earthquake rupture. This further supports the interpretation that the host rock fracturing associated with the AW9
pseudotachylyte is coseismic. The fluctuation in volumetric strain rates predicted by Reches and Dewers (2005)
has not previously been documented in a natural example.

The newly grown anhydrous metamorphic assemblage along fractures and opened grain boundaries is consistent
with the ambient Petermann conditions (i.e., ca. 650°C, 1.2 GPa) and is commonly associated with markedly,
increased porosity (Figures 11c, 11d, S15 and S16 in Supporting Information S1). Bridging kyanite needles
(Figures 11d, S16d in Supporting Information S1) indicate that dilation was coeval with kyanite growth. The
locally preserved, SiO,-enriched material filling the porosity (e.g., Figures 11d, S15b, S15¢, S16¢ and S16d in
Supporting Information S1) shows fibers that track the tensile opening direction of matching sides of the cracks
or grain boundaries during growth. If the tensile cracks were seismic, the fibers formed in microseconds during
catastrophic extensional opening of boundaries at very low (<650 MPa) or potentially negative effective pres-
sure. Under these extreme conditions, the fibrous material was quite likely amorphous (Hayward et al., 2016)
and considering the anhydrous conditions and general degree of preservation of fine microstructure, it may have
remained amorphous (Dunkel et al., 2021; Pennacchioni et al., 2020). The dilatant grain boundaries were proba-
bly originally completely filled by such fibrous, amorphous material, and the observed associated porosity results
from later etching, possibly during sample preparation.

The trace of set A and B fractures is typically marked by a zone of new grains or by epitaxial healing. Similar
to the experiments of Trepmann et al. (2007) aimed at replicating coseismic processes, newly grown quartz
grains along microfractures have a random CPO. There is no evidence for progressive subgrain rotation, although
subgrains with a size similar to the new grains are observed in the host quartz ribbon (Figure 4d). Lobate grain
boundaries typical of fast grain boundary migration are not observed. Aggregates of annealed polygonal grains
are also not observed, despite the high ambient temperature of ca. 650°C. The GSD for the quartz new grains is
well-fitted by a continuous gamma or Weibull function, although for the majority of grains with d < 20 pm, a
lognormal fit is equally good (Figures 4g and 4h).

The GSD and CSD are critical data for assessing the mechanisms of recrystallization, new grain growth and
annealing versus cataclasis, grinding, and pulverization. Lognormal and gamma distributions, as found for
quartz new grains along the fractures, are reported for newly grown or recrystallized grains from a wide range of
materials and conditions. Qualitatively, the grain size histograms for recrystallized quartz in Figure 3 of Cross
et al. (2017) are lognormal, as was also found by Okudaira et al. (2013) in metacherts from a contact aureole. For
olivine, a lognormal GSD was reported by Tasaka et al. (2016) both for samples produced by hot pressing and
for deformed samples from torsion experiments. Aupart et al. (2018) reported a power law GSD for olivine from
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a wide range of both experimentally and naturally deformed samples. However, lognormal distributions were
found for high-temperature experiments and some mantle-deformed natural samples, where grain growth could
be important.

A continuous lognormal (or gamma or Weibull) distribution is in itself not characteristic of grain growth and
is often used to approximate the PSD of pulverized material or when solid materials are exposed to long-term
mechanical comminution (Neikov & Yefimov, 2019). Fowler and Scheu (2016) measured the PSD resulting
from laboratory decompression explosions of volcanic rock, which can be approximately represented by gamma
distributions. Phillips and Williams (2021) recently critically reassessed PSD data from a wide range of natural
and experimental fault rocks and concluded that lognormal distributions are the best description in a majority of
the cases.

Quartz clasts in the pseudotachylyte show an internal microstructure identical to that of quartz in the damaged host
rock. Large portions of the clasts consist of fragments of nearly undeformed monocrystalline ribbon grains with
local healed microfractures (Figure 5b). The clasts show no evidence for significant crystal-plastic deformation or
pervasive recrystallization prior to melting. Irregular planar zones of newly grown quartz grains (Figure 5d) are
directly comparable to zones of new grain growth marking healed fractures in the host rock (Figure 4). As in the
host rock, the CPO of these new grains is random (Figure 5f). The GOS of the new grains is distinctly lower than
that for the large grains of the relict host (Figure 5e) as also observed in the country rock (Figures S5a and S6e
in Supporting Information S1). Smaller grains within the pseudotachylyte are either single or composite grains
with a similar shape and size distribution to that of recrystallized quartz within the larger grain in Figure 5. The
recrystallized grain size within the clast is, if anything, slightly smaller than that of new quartz grains in the host
rock (Figure 5h), so there is no suggestion that the envelopment in pseudotachylyte melt promoted grain growth
or annealing. The CL signature of the newly crystallized grains, both in the limited zones within the large clast of
Figure 5b and in the smaller clasts, is darker than the relict material, similar to what is observed on more discrete
healed microfractures in the host rock. Overall, the observations indicate that microfracturing, healing, and new
grain growth occurred before clast formation. This implies that growth of 20-30 pm-sized new grains occurred in
microseconds between the fault tip propagation and off-fault damage zone development, and on-fault cataclasis,
wear, and frictional melting.

In contrast to the quartz new grains, the CSD of amalgamated quartz clasts shows a more linear distribution on
a log-log plot with a D-value of 1.7. This value is the same as the most common one obtained by Di Toro and
Pennacchioni (2005) for pseudotachylytes in the Adamello batholith of the Southern Alps, but the corresponding
arithmetic mean grain size of 3.9 pm is markedly smaller than that in their examples (see their Figure 10).

In contrast to quartz, feldspar shows a composite GSD. For small grain sizes <5 pm, a lognormal distribution
is the best fit. This is consistent with the microstructural observation that these are newly grown grains, with
the new plagioclase not only recrystallizing but also growing in relict K-feldspar and vice versa (Figure 4c). As
with quartz, the CPO of these feldspar grains, dominated by the much larger number of small grains, is random
(Figures 6¢ and 6d). As observed in other studies (e.g., Mancktelow & Pennacchioni, 2004), the grain size of
recrystallized or newly grown feldspar is significantly smaller (<5 pm) than that of quartz (<30 pm). The much
lesser number of larger “grains” represent fractured clasts of the original large relict grains and show a linear GSD
distribution on the log-log plot with a D-value of 1.67 (for combined plagioclase and K-feldspar; Figure S10 in
Supporting Information S1). This value is identical to that obtained for quartz clasts within the pseudotachylyte
(Figure S9f in Supporting Information S1).

Garnet shows a GSD pattern similar to that of feldspar but with a cutoff between a lognormal and linear distribu-
tion at ca. 2 pm (Figure 7k). Consequently, more of the grains probably correspond to clasts. Although the CPO
is still random (Figure 7)), correlated grains show a tendency to lower misorientation and rotation around the
crystallographic axes [111] and [101] (Figure 7i). This was also found by Hawemann, Mancktelow, Pennacchioni,
et al. (2019), together with TEM evidence for the interplay between fracturing and crystal-plastic processes in
garnet. The D-value is consistently higher (2.59 when data from all measurements are combined, Figure S13a
in Supporting Information S1) than in feldspar. The D-value is toward the upper limit of the values obtained by
B. R. Song et al. (2020) for garnet from the core of the Sandhill Corner shear zone. Such high values are inter-
preted by B. R. Song et al. (2020) to be characteristic for dynamic fragmentation during rupture propagation as
also considered to be the case in the current sample.
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An example of injection of cataclastic material is provided by the quartz inclusion within the garnet of
Figures 8, 9, and 10. The intersection of two fractures in the host garnet (Figures 8b and 8c, S11, S12 in Support-
ing Information S1) resulted in a dilational pull-apart within the quartz inclusion filled with garnet powder
(Figures 9, 10). Powder expulsion from the coseismic slipping surface is observed during the initial stages of high
velocity experiments in rotary rigs that simulate seismic slip (Niemeijer et al., 2011). To date, pulverization has
been reported from experiments (Incel et al., 2019) and pseudotachylyte-bearing rocks (Austrheim et al., 2017,
Jamtveit et al., 2019; Papa et al., 2018; Pennacchioni et al., 2020; Petley-Ragan et al., 2018, 2019; Trepmann &
Stockhert, 2002) and interpreted as in-situ shattering related to the dynamic stress field during earthquake rupture
propagation.

The pulverized garnet is identical in composition to the surrounding host garnet (Table S1 in Supporting Infor-
mation S1). It has a random distribution, an RMS grain size of 0.45 + 0.28 pm, and a high D-value of 2.9. The
injected powder escaped significant grain growth or annealing (Figure 9), despite the very fine grain size and the
high-grade metamorphic conditions. Only the grain shape shows modification toward a polygonal shape (e.g.,
Figure 9f). Injection must have been instantaneous during coseismic dilational fracturing of the quartz inclusion.

Mechanical introduction of pulverized material could also explain the occurrence along fractures of new minerals
with different composition to the immediate host. As outlined in Sections 4.6 and 4.7, the fractures and related
zone of chemical alteration, with new mineral growth, are crosscut by pseudotachylyte injection veins. This
implies that fracturing and introduction of the material were effectively synchronous and nearly instantaneous.
As in the quartz inclusion, the foreign material could be injected as a cataclastic powder along transiently dila-
tional fractures. Growth of new minerals from this introduced powder occurred subsequently under the ambient
high-grade conditions. The lack of growth of these new minerals into or across pseudotachylyte injection veins
suggests that this mineral growth may also have occurred in the very short time between fracture formation and
injection of the pseudotachylyte.

Features related to stage (2) of frictional wear and possible thermal-shock fracturing are largely obscured by
subsequent frictional melting. Embayments of pseudotachylyte into large garnets and the protruding quartz inclu-
sion (1) of Figure 8 demonstrate that the melt zone widened beyond the precursor fault zone with the result that
details from within this zone are now lost. However, the similarity in the microstructure of the quartz clasts to that
of the relict quartz ribbon grains in the host rock, together with the total lack of evidence for precursor (ultra-)
mylonitization, indicates that melting was not preceded by extreme crystal-plastic deformation and self-localiz-
ing thermal runaway (John et al., 2009; Kelemen & Hirth, 2007; Papa et al., 2020; Thielmann, 2018; Thielmann
et al., 2015).

In the pseudotachylyte of AW9, which developed in a quartzo-feldspathic host rock, clasts only consist of quartz.
However, in the literature, pseudotachylytes within feldspar-bearing rocks invariably contain feldspar clasts
(Austrheim & Boundy, 1994; Camacho et al., 1995; Di Toro & Pennacchioni, 2004; Maddock, 1983; Pass-
chier, 1982; Pittarello et al., 2012; Sarkar et al., 2019; Sibson, 1975; Spray, 1992; Steltenpohl et al., 2006; Wenk &
Weiss, 1982). These observations suggest a friction-induced temperature high enough to melt all minerals except
quartz. As discussed in Papa et al. (2021), the non-equilibrium melting temperature of minerals during pseudo-
tachylyte development is not well known, but estimates have been made (e.g., Spray, 2010; Papa et al., 2021):
plagioclase (An 35) likely begins incongruent melting at ~1200°C and reaches the liquidus at ~1400°C, whereas
quartz melts at 1715°C, although Lee et al. (2017) proposed frictional melting of quartz at lower temperatures
(1350-1500°C). Qualitatively, the lack of feldspar clasts implies that the AW9 pseudotachylyte melt attained an
unusually high temperature, suggesting a relatively energetic seismic event for its small size.

Pseudotachylyte injections, only observed on one side of the main fault vein (Figure 1), remain relatively straight
and perpendicular to the fault, even where crosscutting set A fractures (Figures 1, 2 and 11a) and large garnets
(Figure 12a). The tensile fracture sets A and B are asymmetrically arranged at an angle to the main fault, indi-
cating that they formed when a significant shear stress was maintained on the main fault during dynamic rupture
propagation. The primary orientation of ¢, was ca. parallel to set B (i.e., about 60° to the fault surface), consistent
with the angle predicted for dynamic off-fault structures by Okubo et al. (2019). As the fault tip moved away, the
shear stress decreased with slip, cataclasis, increase in temperature and, especially, development of melt. By the
time of melt injection, shear stress on the layer was very low and the principal stress axes would have rotated adja-
cent to the pseudotachylyte. Because the primary angle to ¢, was greater than 45°, this rotation would result in o,
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being nearly perpendicular and ¢, nearly parallel to the melt-filled fault. The rotated orientation of the principal
stress axes then controlled the development of nearly perpendicular tensile injection veins produced during the
stage of frictional coseismic slip. This proposal contrasts with the interpretation for the injection veins described
from the Gole Large Fault Zone in the Adamello intrusion by Di Toro, Nielsen, and Pennacchioni (2005), who
inferred that injection veins fill fractures developed during the propagation of the earthquake rupture tip. During
extension of layered materials, the relative dynamic pressure should be higher in the weaker layer with the differ-
ence in magnitude scaling with the strength of the strong layer (Mancktelow, 2008). This aides the development
of tensile injection veins by both increasing the fluid pressure in the injecting melt and reducing the effective
pressure in the host rock, promoting tensile rather than shear failure (Zhong et al., 2021).

In Figures 12b and 12c, the injection vein enters the garnet without diversion, ca. perpendicular to ¢, and parallel
to ¢,. Within the garnet, the vein bifurcates to follow a set of conjugate fractures developed symmetrically about
o, with an apparent opening angle of ca. 40°. If these fractures intersect in the line perpendicular to the interpreted
movement direction (Figure 1), the true opening angle should be ca. 30°. Displacement on these fractures is not
discernible and they are effectively “shear joints”, presumably mixed mode I + II fractures. The cohesion of
garnet is much greater than that of quartz or feldspar (Incel et al., 2019; Kavner, 2007; Pardavi-Horvath, 1984).
For the same differential stress, tensile fracture driven by a decrease in effective confining pressure is promoted
relative to mixed mode or shear failure in materials with higher cohesion. Reduction in effective confining stress
may be due to continued dynamic pressure reduction, to the pore-fluid effect of the injecting melt vein, or both.
At the time of vein injection, deformation was driven by displacement (or velocity) boundary conditions related
to the seismic event and stresses were higher in the garnet with the extension accommodated by conjugate mixed-
mode rather than tensile fracturing as occurred in the quartz and feldspar layers.

The melt foliation in the main pseudotachylyte fault vein is defined by compositional heterogeneity of the feld-
spar matrix and the shape-preferred orientation of kyanite needles. Garnet growth occurred relatively late in the
crystallization sequence, crosscutting the flow layering in feldspar and the aligned kyanite, but still developing
a foliation during continued flow in the pseudotachylyte as it crystallized. Both the shape and compositional
fabrics are planar, implying almost constant viscosity of the pseudotachylyte melt across the fault vein width
during progressive melt crystallization and growth of garnet. Crystallization must have occurred in the very
initial, high-temperature stages of cooling before quenching at the borders of the pseudotachylyte layer estab-
lished a temperature gradient. This gradient should result in localization of strain toward the hotter, less viscous
vein center, which is not observed. Ductile shear flow did not continue in the totally solidified pseudotachylyte as
indicated by the lack of significant crystal plastic deformation and elongation of the quartz clasts.

6. Conclusions

The studied sample exceptionally preserves the sequence of structures developed during a single seismic event
in the lower continental crust, below the depth of the usual brittle-ductile transition, which is generally taken
to mark the base of the seismogenic zone. However, the similarity of the CSD between fractured clasts in the
pseudotachylyte and in the host rock, both with a D-value of ca. 1.7, as well as the identical microstructure within
quartz clasts in the pseudotachylyte and the quartz ribbons of the host rock, is strong evidence for brittle failure
during earthquake rupture and frictional heating during slip, leading to eventual melting. There is no evidence
for strongly localized crystal-plastic shear and mylonitization as a precursor to melting as should be expected for
a thermal runaway process. Therefore, we conclude that this lower crustal earthquake developed by a brittle-fric-
tional mechanism similar to that for shallow earthquakes. The microstructural sequence records the development
of the initial seismic rupture and the associated localized damage zone developed asymmetrically at the propa-
gating crack tip, localized pulverization and extremely rapid new grain growth on these off-fault, predominantly
tensile, fractures, slip accumulation and eventual melting on the main rupture, and finally quenching and solid-
ification of the melt as it returned to ambient temperatures. This provides a rather unique time-lapse record that
can be used to constrain the mechanisms of earthquake rupture and pseudotachylyte development on the micron
to centimeter scale of the current observations.

There is no evidence for any significant infiltration of hydrous fluids during or subsequent to this seismic event.
The introduction of new material along discrete fractures cannot have been facilitated by high pore fluid pressures
or fluid-enhanced diffusion. Instead, it is concluded that foreign material was nearly instantaneously introduced
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through injection of pulverized material along the transiently dilatant tensile microfractures. A direct model for
this is provided by the example of pulverized garnet that filled an adjacent dilatant fracture in a large quartz inclu-
sion within a garnet host. This proposal provides an explanation for the growth of new, compositionally different
minerals (e.g., quartz, feldspar, kyanite, magnetite, ilmenite, garnet, and rutile) observed along healed fractures.
This new mineral growth, and the associated compositional change, is apparently crosscut by pseudotachylyte
injection veins, with the conclusion that this mineral growth occurred during the earthquake. Growth of new
grains of random quartz and feldspar along fractures is also interpreted to have happened during the earthquake.
Quartz clasts in the pseudotachylyte show the same microstructure of new grains outlining healed fractures that
is documented in the damage zone in the flanking country rock. These new grains have also been disaggregated
into the pseudotachylyte melt. The new quartz grain growth must therefore have occurred in seconds between
fracture formation in the damage zone of the propagating crack and incorporation of the clasts into the developing
pseudotachylyte melt. Thermal effects due to envelopment in the pseudotachylyte have not modified either this
microstructure or the fine-scale structure of healed microfractures visible with CL. The remarkable conclusion is
that the growth of new grains of quartz and feldspar, and locally also the growth of new minerals, occurred in a
very short time on the order of microseconds to seconds, but then remained unmodified, even down to the submi-
cron scale, for hundreds of millions of years. Features, such as the asymmetric development of tensile fractures
and localized pulverization under lower crustal conditions, reflect a very dynamic and extreme variation of stress
in space and time, which is characteristic of a propagating earthquake rupture.

Data Availability Statement

EBSD and grain size data as well as high-resolution figures are publicly available at http://doi.org/10.25430/
researchdata.cab.unipd.it.00000516.
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