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Abstract. Seismic faulting causes wall rock damage driven by both mechanical and thermal stress. In the lower
crust, co-seismic damage increases wall rock permeability, permits fluid infiltration and triggers metamorphic
reactions that transform rock rheology. Wall rock microstructures reveal high-stress conditions near earthquake
faults, however, there is limited documentation on the effects of a thermal pulse coupled with fluid infiltration.
Here, we present a transmission electron microscopy study of co-seismic microfractures in plagioclase feldspar
from lower crustal granulites from the Bergen Arcs, Western Norway. Focused ion beam foils are collected 1.25
mm and 1.8 cm from a 1.3 mm thick eclogite facies pseudotachylyte vein. Dislocation-free plagioclase and K-
feldspar aggregates in the microfractures record a history of fluid introduction and recovery from a short-lived
high stress state caused by slip along the nearby fault. The feldspar aggregates retain the crystallographic
orientation of their host and are elongated subparallel to the pseudotachylyte. We propose that plagioclase partially
amorphized along the microfractures at peak stress conditions followed by repolymerization to form dislocation-
free grain aggregates. Repolymerization and recrystallization were enhanced by the infiltration of fluids that
transported Ca and K into the microfractures. Subsequent cooling led to exsolution of intermediate plagioclase
compositions and the formation of the Bgggild-Hunterlocher intergrowth in the grains from the fracture closest to
the pseudotachylyte. Our findings provide unequivocal evidence that the introduction of fluids in the
microfractures occurred within the timescale of the thermal perturbation, prompting rapid annealing of damaged

wall rock soon after earthquake rupture.
1 Introduction

During continent-continent collisions, plagioclase-rich granulite- and amphibolite-facies rocks are strong, dry and
prone to seismic faulting. This is observed in some settings to allow fluid infiltration and subsequent
metamorphism of the dry crust (Jamtveit et al., 2016). Plagioclase responds by microfracturing and fragmentation
followed by fluid- and stress-induced recrystallization (Mukai et al., 2014; Petley-Ragan et al., 2018; Soda and
Okudaira, 2018). Grain size reduction by fracturing and subsequent nucleation and recrystallization localizes strain
in the lower crust, defining a transition from brittle to crystal-plastic deformation mechanisms with the potential
to develop into shear zones (Svahnberg and Piazolo, 2010; Menegon et al., 2013; Okudaira et al., 2016; Marti et
al., 2017). Thus, recrystallization and subsequent shear may overprint any microstructural record of the high-
intensity stress conditions created by an earthquake. Analysis of plagioclase microstructures that have not
undergone extensive recrystallization may provide valuable insight into the mechanical and thermal stress

experienced by the wall rock during a seismic event.
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For ambient lower crustal temperatures in the range 600-700 °C, the transient temperature following an earthquake
may exceed 1000 °C within 1 cm of the slip surface (Bestmann et al., 2012; Clerc et al., 2018). Additionally, in a
purely elastic model, Reches and Dewers (2005) showed that for a dynamic earthquake rupture propagating at 91%
of the Rayleigh wave speed wall rock stresses may approach 10 GPa within 3 mm of a propagating rupture. Such
conditions, although short-lived, are expected to drive irreversible processes within the rock record, such as
thermal shock fracturing (Papa et al., 2018) and dynamic pulverization (Reches and Dewers, 2005). Extensive wall
rock fragmentation without shear strain around amphibolite and eclogite facies faults provide some evidence for
the high stresses caused by the propagation of seismic ruptures (Austrheim et al., 2017; Petley-Ragan et al., 2019).
Recent experimental studies have reported generation of amorphous material associated with fracturing and
seismic slip under eclogite facies conditions (Incel et al., 2019). On the other hand, thermal radiation around
frictional melt veins can drive recrystallization processes and form fine-grained dislocation-free aggregates
(Bestmann et al., 2012; 2016). Signatures such as these are beneficial in recording the short-lived mechanical and

thermal anomalies around seismic faults.

Here we present a microstructural study of co-seismic microfractures in plagioclase from granulites in the Lindas
Nappe of the Bergen Arcs in Western Norway at varying distances from a pseudotachylyte vein formed under
lower crustal conditions (Fig. 1a). Our study builds directly on work done by Petley-Ragan et al. (2018) who
analyzed the same microfractures in plagioclase with electron backscatter diffraction (EBSD). They concluded
that the microfractures formed as a result of co-seismic damage in the wall rock adjacent to an earthquake fault
and hypothesized that the grains recrystallized within the timescale of pseudotachylyte crystallization. We use a
transmission electron microscope (TEM) equipped with an energy dispersive X-ray (EDX) detector to observe the
fine-grained aggregates at the nanoscale. Our combined microstructural and chemical study aims at unravelling

the thermo-mechanical evolution of plagioclase during and after earthquake rupture.
2 Geological Setting

The Lindas Nappe of the Bergen Arcs of Western Norway is host to a population of seismic faults identified by
the presence of mm- to cm-thick pseudotachylytes that cut through granulite facies anorthosite (Austrheim and
Boundy, 1994). The pseudotachylytes contain either an eclogite-facies or amphibolite-facies mineralogy, and the
wall rock damage adjacent to them are spatially related to fine-grained products of the same metamorphic grade.
The earthquakes took place within the lower crust during the Caledonian collision at 423-429 Ma (Jamtveit et al.,
2019) and provoked fluid-driven amphibolitization at 600 °C and 0.8-1.0 GPa (Jamtveit et al., 2018), and
eclogitization at 650-750 °C and 1.5-2.2 GPa (Jamtveit et al., 1990; Boundy et al., 1992; Glodny et al., 2008;
Bhowany et al., 2017). The wall rock damage is best observed on the micro-scale due to the high spatial density
of microfractures (<50 um thick) that criss-cross the wall rock mineral phases (Fig. 1). Microfractures in the most
abundant mineral constituent of the granulite, plagioclase feldspar, were studied in detail by Petley-Ragan et al.

(2018) and are further investigated here on the nanoscale.
3 Methods

Photomicrographs of the plagioclase microstructures were taken with a Hitachi SU5000 field emission electron
microscope (FE-SEM) at the Department of Geoscience at the University of Oslo. Chemical maps of the

plagioclase were obtained with a Cameca SX100 electron microprobe analyzer (EMPA) at the University of Oslo’s
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Department of Geoscience. The working conditions for EMPA were a beam diameter of 1 um, an accelerating
voltage of 15 kV and a beam current of 10 nA. The EMPA maps were used to perform mass balance calculations
of three plagioclase microfractures. After sesgmenting the feldspar in the microfracture from their host, the average
composition of the feldspar grains was compared to the average composition of the surrounding plagioclase host.

All other phases were excluded in the mass balance calculation.
3.1 Electron backscatter diffraction

Electron backscatter diffraction (EBSD) of the microfractures was done with a CamScan X500FE Crystal Probe
equipped with an Oxford/Nordlys detector at Geosciences Montpellier at the University of Montpellier in France.
The EBSD detector was run with an accelerating voltage of 17 kV and a step size of 0.2 um at a sample tilt of 70°
and a working distance of 25 mm. The toolbox MTEX (version 4.4.0) in Matlab was used to obtain phase maps,
pole figures and grain parameters from the EBSD data (Bachmann et al., 2010; Hielscher and Schaeben, 2008). In
the phase maps, high-angle boundaries in black are defined by misorientations =10° while low-angle boundaries
in grey are defined by misorientations <10°. Further details on the analysis of the EBSD data along with links to
the raw data can be found in Petley-Ragan et al. (2018).

The grain sizes were extracted from the EBSD data to fit a probability density function (pdf) to their size
distribution. The fitting method is the same that is presented in Aupart et al. (2018). The pdf returns the probability
of encountering a grain of a given size using the Freedman-Diaconis rule to estimate the optimal number of bins
for a given grain size population. The number of bins were restricted to 15-25. Grain size distributions have been
fitted using two different power laws representative of small and large grains. The small grain size slope is referred

to as a, and large grain size slope is referred to as a,.
3.2 Transmission electron microscopy

Focused ion beam (FIB) foils were prepared and TEM analyses were carried out at the Department of Earth
Sciences at Utrecht University. The FEI Helios Nanolab G3 was used to cut FIB foils perpendicular to the length
of the microfractures and ~15-20 pm in length in order to include both the host and microfracture constituents (Fig.
1d and e). The FEI Talos 200FX equipped with a high-sensitive 2D energy dispersive X-ray (EDX) system was
used to obtain bright-field (BF), dark-field (DF) and high angular annual dark-field (HAADF) images in scanning
TEM (STEM) mode. Large area EDX maps were acquired of the entire FIB foil for MF1 and parts of the FIB foil
for MF2.

3.3 Thermal diffusion model

In order to constrain the temperature history of each microfracture as a result of the nearby pseudotachylyte, we
modelled the diffusion of heat from the pseudotachylyte into the wall rock. The diffusion of heat into the wall rock
was calculated using a 1D steady-state thermal diffusion model from Bestmann et al. (2012). The model used an
ambient eclogite facies temperature (Tp) of 700 °C for the wall rock (Jamtveit et al., 1990) and a melting
temperature (Tm) for granulite of 1500 °C (Clerc et al., 2018). The model was calculated over a timescale (t) of
1000 seconds from initial frictional heating along the fault. With these parameters, the temperature (T) in Kelvin

at a certain distance (x) from the center of the pseudotachylyte can be expressed as,
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T (x,t) = 1/2(Ty — To){erfI(1 — x/a)/2(kt)"/?] + erf[(1 + x/a) /2(xt)*/?]}

At distances less than the half thickness of the pseudotachylyte (a), a thermal diffusivity (k) of 0.72 mm?/s was
used for the molten pseudotachylyte (Di Toro and Pennacchioni, 2004) while at distances greater than the half
thickness, a thermal diffusivity («) of 0.48 mm?/s was used to represent the granulite wall rock (Clerc etal., 2018).

The temperature evolution at the distance representing each microfracture was studied.
4 Results

Two microfractures of dominantly plagioclase and K-feldspar previously described by Petley-Ragan et al. (2018)
were subject to further study with transmission electron microscopy (TEM). Both microfractures are located
adjacent to a 1.3 mm thick eclogite facies pseudotachylyte. The microfracture orientations are independent of the
crystallographic orientation of the host grains. The microfractures contain fine-grained aggregates (grain size <5
pum) of dominantly plagioclase and K-feldspar (Fig. 2a and b). The microfracture from Figures 1b and d will
hereafter be referred to as Microfracture 1 (MF1) and is located 1.25 mm away from pseudotachylyte. MF1 has a
mean grain size of 1.73 um? (Aupart et al., 2018). The microfracture from Figure 1c and e will be referred to as
Microfracture 2 (MF2) and is located 1.8 cm away from the same pseudotachylyte (Fig. 1a). MF2 has a mean grain
size of 2.14 um? (Aupart et al., 2018). MF2 also contains a set of secondary fractures (Fig. 1c). The presence of

secondary fractures indicates that MF2 experienced more shear deformation than MF1 (Petley-Ragan et al., 2018).
4.1 Structure and composition of the microfractures

The grains within the microfractures have a crystallographic preferred orientation (CPO) that is controlled by the
host plagioclase on either side of the microfracture (Fig. 2 ¢ and d), and the K-feldspar grains have a CPO that
mimics that of the plagioclase grains (Petley-Ragan et al., 2018). The grains also show a strong shape preferred
orientation (SPO) with the long axis parallel to the pseudotachylyte wall irrespective of the microfracture
orientation (Fig. 2e and f). Plagioclase compositions in the ranges Angs.31 and Anes.gs were measured in the
microfractures. These originate from a host composition of Ang (Petley-Ragan et al., 2018). A similar bimodal
range of plagioclase compositions were observed at garnet-plagioclase phase boundaries and in an amphibolite
facies micro-shear zone at Isdal ca. 40 km NE of Holsngy (Mukai et al., 2014). Mass balance calculations based
on three microfractures show that there is 5-11 times more K in the microfractures compared to the host
composition (Fig. 3). Additionally, the microfractures are enriched in Ca and depleted in Na compared to their
host. The microfractures locally consist of quartz and kyanite, or intergrown clinozoisite, quartz and K-feldspar.

A few microfractures contain minor amounts of carbonates or phengite.

The distribution of plagioclase grain sizes from each microfracture are displayed in Figure 4. Both distributions
show power law slopes with a crossover from a shallow slope (-1.1 and -1.4) for small grain sizes to a steeper
slope (-2.7 and -3.4) for large grain sizes. The crossover occurs near the mean value of the grain size and the steep

slopes for the larger grains is reflected by the essentially equigranular appearance of this microstructure.
4.2 TEM Results

A bright field TEM image shows that MF1 contains dislocation-poor and dislocation-free grains of dominantly

plagioclase and K-feldspar defined by straight grain boundaries with 120° triple junctions (Fig. 5a). Few grains
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contain dislocations. In contrast, the host plagioclase contains a high density of dislocations that are locally
arranged to form a subgrain wall. Ankerite (Ca(Fe,Mg)(COs),), grossular-rich garnet and sphene are additional
phases in MF1, with apatite and rutile inclusions inside the grains, pinned along grain boundaries and concentrated

along the subgrain wall in the host (Fig. 5b).

The EDX map of MF1 displays K-feldspar grains with homogeneous composition and plagioclase grains that are
heterogeneous with respect to their CaAl and NaSi content (Fig. 5b). The K-feldspar grains are clustered together
creating a fabric dominated by grain boundaries instead of phase boundaries. The irregular composition
distribution of Na and Ca in the plagioclase grains contradicts the backscatter electron image that suggests Ca
zoning around the grains (Fig. 1d and 5b). Instead, the Ca-rich domains locally overlie areas with submicron
lamellae (Fig. 6a-f). The lamellae are discontinuous throughout the plagioclase grains and, locally, they are
superimposed by tapered mechanical twins (Fig. 6a). Other grains contain both lamellae and twins that are spatially
distinct but are parallel to each other (Fig. 6d). In some grains, the lamellae appear slightly curved (Fig. 6¢) while
in others, the lamellae appear to form a ‘tweed’ structure (Fig. 6f). The spacing between lamellae is approximately
10-30 nm. The anorthite-rich domains have a composition (Angs.g3; Petley-Ragan et al., 2018) within the Bgggild-
Huttenlocher miscibility gap (Smith and Brown, 1988; McConnell, 2008). Similar intergrowths are not observed

within the host plagioclase.

MF2 is similarly dominated by dislocation-poor grains of plagioclase and K-feldspar with a number of grains
displaying twinning (Fig. 7a). The twins of separate grains are approximately parallel to each other and to (010)
of the host plagioclase (see Fig. 6 of Petley-Ragan et al., 2018), reinforcing the preservation of crystallographic
orientations of the host through the fracturing and recovery process. Kyanite and a K-rich micaceous phase are
additional phases in MF2. Apatite inclusions are present within the grains and pinned along grain boundaries. The
fabric is characterized by 120° triple junctions with rare dislocation-rich grains that display irregular boundaries
(Fig. 7b).

The EDX map of MF2 shows clustered homogeneous K-feldspar grains and zoned plagioclase grains (Fig. 7¢)
creating again a grain boundary-dominated fabric. Unlike MF1, the plagioclase grains in MF2 display Ca-
enrichment at their grain boundaries and the submicron lamellae are absent. The Ca-rich rims are approximately
100-200 nm thick.

4.3 Thermal Model Results

The temperature evolutions of MF1 and MF2 over 1000 seconds after frictional heating along the pseudotachylyte
are displayed in Figure 8. According to our steady-state thermal diffusion model, the temperature evolutions of
the microfractures are substantially different from one another. MF1 experienced a drastic increase in temperature
by up to ~135 °C above ambient (reaching ~835 °C) within a matter of seconds. By 100 seconds after heating,
MF1 had cooled back to 740 °C before gradual cooling to ambient temperature over the next few minutes. In
contrast, MF2 located about 2 cm further away from the slip surface than MF1, experienced a gradual increase to
a peak temperature of ~15 °C above ambient after 300 seconds. By 1000 seconds after frictional slip along the

fault, both microfractures had reached similar temperatures near ambient.

5 Discussion
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The micro- and nano-scale structures of the microfractures described above characterize the evolution of wall rock
plagioclase resulting from the stress and temperature perturbations created near a lower crustal earthquake slip
plane. The dislocation-free nature of almost all grains in MF1 and MF2 suggest nearly complete annealing of the
material within the microfractures (Fig. 5a and 7a). The grain fabric is dominated by straight phase and grain
boundaries, 120° triple junctions and pinned inclusions suggesting extensive grain boundary migration. The
inheritance of the crystallographic orientation of the host plagioclase and its twins within the grains points towards
an initial annealing process that is able to transfer and preserve crystallographic information. A pronounced shape
preferred orientation (SPO) of the grains parallel to the pseudotachylyte wall (Fig. 2) suggests that annealing was
initiated while a stress or thermal field with a consistent orientation relative to the seismic slip plane was still
present (Petley-Ragan et al., 2018). If these fields were generated by an earthquake, it would constrain the time
scale of initial microfracture annealing to the duration of pseudotachylyte crystallization and cooling (seconds to

minutes).

The observation of lamellae structures in MF1 but not MF2 suggests that unmixing of plagioclase grains of
intermediate compositions occurred within the timescale of the local thermal anomaly. The Bgggild-Huntlocher
miscibility gap takes place below 800 °C (Carpenter, 1994; McConnell, 2008), approximately 20 seconds after
heating in MF1 (Fig. 8). However, chemical diffusion in silicates is known to be extremely slow under dry
conditions (Pennacchioni et al., 2020; Dunkel et al., 2021), and would require the presence of fluids. Fluid
introduction is also reflected by the presence of hydrous phases, such as clinozoisite and phengite, and carbonates
within these microfractures, as well as a significant increase in K compared to the host wall rock plagioclase (Fig.
3). Furthermore, our mass balance illustrates an increase in Ca in the plagioclase aggregates compared to their host
which creates a composition that promotes unmixing below 800 °C. Our observations thus provide unequivocal
evidence that dynamic rupturing and subsequent seismic slip was followed by fluid infiltration within seconds,

altering the microfracture composition prior to recovery.

If grain recovery and development of the pronounced SPO had occurred over much longer time-scales, MF1 and
MF2 would have reached similar temperature conditions (Fig. 8) and the SPO would have been controlled by a
far-field stress. Assuming that the long axes of the plagioclase grains are oriented perpendicular to the largest stress
axis (o1), the observed SPO would imply that the far-field o1 was perpendicular to the slip surface. This is
inconsistent with the fault being developed as a shear fracture driven by the same far-field stress that would have
controlled the SPO. Therefore, we propose that the observed SPO is more readily explained by a fast recovery
process and a local stress field that is controlled by the geometry of the pseudotachylyte. This is consistent with
studies by Bestmann et al. (2012, 2016) who suggest that dynamic recrystallization of damaged quartz occurred

within the short-lived thermal anomaly related to a seismic event.

The power-law grain size distributions of the MF1 and MF2 grain populations (Fig. 4), also support relatively
rapid recovery as a slow steady state growth process is expected to lead to a log-normal distribution of grain sizes
(Aupart et al., 2018). The extremely steep slopes characterizing the larger grain size fraction of the plagioclase
aggregates in the MF1 and MF2 microfractures are similar to what has previously been described from pulverized
garnet and olivine from the wall rocks of lower crustal seismic faults (Aupart et al., 2018). The origin of this

scaling is, however, not fully understood.
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5.1 Pre-recovery state of plagioclase

Deformation experiments performed at eclogite facies conditions may offer some insight into the state of the
microstructures within the microfractures prior to recovery. Incel et al. (2017; 2019) observed brittle fractures
filled with amorphous material during deformation experiments on blueschist under eclogite facies conditions.
They interpreted the amorphous material to result from shock loading during the propagation of a dynamic rupture.
Although their experiments involved a short recovery time (<1 hour) some of the amorphous material

recrystallized, creating idiomorphic garnet crystals with a size of ~20 nm.

Amorphization of plagioclase feldspar is dependent on pressure (P), temperature (T), composition (X),
compression rate (P/t) and pressure duration (t). Amorphization that is strongly dependent on temperature is
commonly referred to as heterogeneous amorphization or melting, and is a relatively slow process due to its
dependence on the diffusion of atoms (Wolf et al., 1990). On the other hand, amorphization that is strongly
dependent on pressure, pressure-induced amorphization, may be static or dynamic depending on the compression
rate (Sharma and Sikka, 1996). In the following, we will discuss pressure-induced amorphization. For anorthite-
rich compositions (Ansi-100) complete pressure-induced amorphization occurs at pressures > 13 GPa and T =
660 °C, while albite-rich (Anz) compositions are not completely amorphous until P > 26 GPa and T = 950 °C
(Daniel et al., 1997; Kubo et al., 2009; Tomioka et al., 2010). A short pressure duration results in lower degrees
of amorphization (Tomioka et al., 2010) while high compression rates of 10!-102 GPa/s can reduce the pressure
required for amorphization (Sims et al., 2019). The short-lived (microseconds) high intensity (10®° GPa/s)
conditions in the proximity of earthquake rupture tips (Reches and Dewers, 2005) may partially amorphize
plagioclase feldspar (Anao) in the wall rock, even if the local pressure for complete amorphization is not reached.
The presence of asymmetric tensile cracks on some of the microfractures indicates that the propagation velocity
of the microfractures approached the shear wave velocity (Petley-Ragan et al., 2018) inducing similar short-lived
high-intensity stresses within their vicinity. Therefore, a mixture of amorphous material with remnant fragments

may have been present within the microfractures immediately after earthquake and microfracture rupture.

Repolymerization of amorphous material on the microfracture walls and remnant fragments would directly transfer
the crystallographic orientation of the host. Crystallographic information may also be preserved by the presence
of short-range atomic order within amorphous material, allowing for immediate repolymerization without the aid
of a fragment nucleus (Casey et al., 1993; Konrad-Schmolke et al., 2018). Repolymerization has also been
suggested to occur directly along crystal lattice defects where amorphous material originates (Konrad-Schmolke
et al., 2018). In this context, dislocations within the grains may have healed much more quickly than would be
expected from dislocation migration recrystallization and the fragments would have experienced healing from
multiple available interfaces. Other preferred areas of repolymerization were likely parallel to the minimum
principal stress direction, growing grains with a stress-dependent SPO. Therefore, recrystallization from an
amorphous material may be a likely candidate to create the observed dislocation-free fabric with a strong SPO

within seconds to minutes after seismic slip.
5.2 The role of fluids

Recent studies of seismic faults in lower crustal granulites have demonstrated that under dry conditions, both mass

transfer and microstructural recovery is very limited. Even relict amorphous material has been reported from within
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the pseudotachylyte itself (Pennacchioni et al., 2020; Dunkel et al., 2021). The microstructures and mineralogical
effects observed in the wall rock microfractures in our study, including the presence of minor hydrous phases and
carbonates, clearly reflect the introduction of fluids at a very early stage after earthquake development. The
maximum rate of fluid migration in the wake of a dynamic rupture connected to a fluid reservoir is still poorly
constrained. However, unpublished modelling results by our group at the University of Oslo indicate that incipient

water migration rates in tensile microcracks may reach a significant fraction of the Rayleigh velocity.

The consumption of fluids by fluid-consuming reactions in the wall rocks would maintain fluid pressure gradients
that would drive sustained fluid migration into the wall rocks as demonstrated by Malvoisin et al. (2020). These
authors presented petrological data and numerical models indicating that in the presence of fluids, densification
associated with eclogite-forming reactions would occur within weeks, and consume fluids injected during and

immediately after an earthquake.

The source of fluids during eclogitization in the Bergen Arcs has been discussed for several decades. Svensen et
al. (1999) demonstrated that aqueous brines entering a dry granulite under eclogite facies conditions may get
extremely enriched in a variety of solutes during hydration reactions and thus represent an effective medium for
substantial mass transfer in a relatively fluid-poor system. This may explain the chemical difference between the
original wall rock plagioclase and the feldspar aggregates observed in the microfractures (Fig. 3). Recently,
Jamtveit et al. (submitted) show that shear heating of Lower Paleozoic metapelites located in the immediate
footwall of the Lindas Nappe may have dehydrated and contributed to fluid production during Nappe emplacement.
To what extent this fluid production has contributed to the brittle failure of the overlying lower crust is still not

well constrained.
6 Conclusion

Our nanostructural observations are relevant for understanding plagioclase deformation during and after an
earthquake in the lower crust, prior to any subsequent shear zone development. We propose that plagioclase within
the microfractures experienced partial amorphization at peak pressures coeval with earthquake propagation and
microfracturing in the wall rock. Repolymerization on microfracture walls, remnant fragments and from short-
range atomic ordering in the direction parallel to the minimum principal stress formed a strong CPO and SPO in
the grains. Repolymerization and recovery within the timeframe of pseudotachylyte formation explains the
presence of dislocation-free grains, as has been interpreted for similar structures observed in quartz (Bestmann et
al., 2012, 2016). In close proximity to the pseudotachylyte, wall rock temperatures reached ~850 °C before rapidly
cooling back to ambient eclogite facies conditions and into the plagioclase miscibility gap. This caused exsolution
of intermediate plagioclase compositions and the formation of nano-scale lamellae. Yet, the complete
recrystallization of the material in the microfractures and the exsolution of plagioclase to form lamellae would not
have been possible without the presence of fluids. We hypothesize that the lamellae described here are a unique
signature of fluid-driven recrystallization within plagioclase-rich wall rock in the vicinity of pseudotachylyte. The
observed microstructures and associated mass transfer demonstrate that externally derived fluids entered the wall

rock microfractures on the time scale of the earthquake.

Data and Sample Availability
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Raw electron backscatter diffraction and geochemical data are available on Open Science Framework at

osf.io/g36m7/. Rock samples are available through A. P.-R. and FIB foils are available through O. P.
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Figure 1: Fractured wall rock plagioclase. (a) Thin section scan of wall rock plagioclase (Plg), garnet (Grt),
clinopyroxene (Cpx) and scapolite (Sc) adjacent to an eclogite facies pseudotachylyte (pst) on Holsngy. (b) Fine-
grained reaction products of clinozoisite (Czo) are associated with the microfractures. Box denotes the location of
MF1. (c) Some microfractures in plagioclase display secondary cracking. Box denotes the location of MF2. (d)
Backscatter electron image of MF1 with fine-grained plagioclase, alkali feldspar (Kfs) and minor kyanite (Ky). (€)
Backscatter electron image of MF2 with fine-grained plagioclase, K-feldspar, dolomite (Dol) and clinozoisite. Red
lines indicate the location of focused ion beam cuts for TEM analysis shown in Figs. 4-6.
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Figure 2: EBSD results of MF1 and MF2. Phase maps of (a) MF1 and (b) MF2. Pole figures of the plagioclase
grains in (c) MF1 and (d) MF2. The red dot is the orientation of the host plagioclase. Rose diagrams of the long

axis distribution of the plagioclase grains in () MF1 and (f) MF2. The pseudotachylyte is to the right of all maps

with vertical orientation. See Petley-Ragan et al. (2018) for more details on the EBSD methods and results.
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Figure 3: Mass balance of plagioclase microfractures. Three separate plagioclase microfractures were analyzed
for Na, Ca and K. Xracure iS the bulk composition of the fracture and Xnest is the bulk composition of the adjacent

plagioclase host.
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Figure 5: Microstructures of MF1. (a) BF-STEM image of the entire FIB cut from Fig. 1d. The plagioclase (PIg)
host to the left is rich in dislocations while the grains within the microfracture to the right are poor to absent of
dislocations. Apatite (Ap) and rutile (Rt) inclusions are present within the host and the grains, as well as pinned
along grain boundaries in the microfracture. (b) EDX map overlain with grain and phase boundaries (black).
Ankerite (Ank), garnet (Grt) and sphene (Sph) are additional phases within the microfracture.

Figure 6: Plagioclase intergrowths in MF1. (a) BF-TEM image of the submicron lamellae in a plagioclase grains
that are overlain by mechanical twins. (b) EDX map showing the distribution of Ca and Na in the plagioclase
grains associated with the intergrowth in (a). The Ca-rich domains overlay the lamellae. (¢) BF-TEM image of
lamellae in two separate grains that show slight curvature. (d) BF-STEM image of discontinuous lamellae within
a grain that hosts twins in its core. () STEM bright field image of discontinuous lamellae within a plagioclase

grain. (f) Bright field TEM image of lamellae resembling ‘tweed’ exsolution within plagioclase.
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Figure 7: Microstructures of MF2. (a) Bright field image of the entire FIB cut from Fig. 1le. The plagioclase
(Plg) microfracture contains dislocation-free grains with some twins. (b) EDX map of a dislocation-rich grain
overlain with grain and phase boundaries (black). (c) EDX map of the area in (a) overlain with grain and phase

boundaries (black). The Ca-rich domains are present along grain boundaries.
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Figure 8: Results of the steady-state thermal diffusion model. The temperature at each microfracture is
calculated relative to an ambient eclogite facies temperature of 700 °C over a timescale of 1000 seconds after
heating up to 1500 °C along the fault surface. The heat is considered to first travel through the molten
pseudotachylyte (k = 0.72 mm?s) before diffusing through the wall rock (k = 0.48 mm?s). Close to the
pseudotachylyte, MF1 experienced a drastic temperature increase and steep cooling while MF2 experienced only
a slight temperature increase. See results and discussion for details.
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