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Preserved in Pyroxene Microstructures From Exhumed Lower
Crustal Seismogenic Faults (Lofoten, Norway)
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Abstract Earthquake rupture in strong, anhydrous lower continental crust requires high brittle failure
stresses unless high pore fluid pressures are present. Several mechanisms proposed to generate high stresses

at depth imply transient loading driven by a spectrum of stress changes, ranging from highly localized stress
amplifications to crustal-scale stress transfers. High transient stresses up to GPa magnitude are proposed by
field and modeling studies, but the evidence for transient prerupture loading is often difficult to extract from
the geological record due to overprinting by coseismic damage and slip. However, the local preservation of
deformation microstructures indicative of crystal-plastic and brittle deformation associated with the seismic
cycle in the lower crust offers the opportunity to constrain the progression of deformation before, during and
after rupture, including stress and temperature evolution. Here, detailed study of pyroxene microstructures
characterizes the short-term evolution of high-stress deformation and temperature changes experienced before
and during lower crustal earthquake rupture. Pyroxenes are sampled from pseudotachylyte-bearing faults

and damage zones of lower crustal earthquakes recorded in the exhumed granulite facies terrane of Lofoten,
northern Norway. The progressive sequence of microstructures indicates localized high-stress (at the GPa level)
prerupture loading accommodated by low-temperature plasticity, followed by coseismic pulverization-style
fragmentation and subsequent grain growth triggered by the short-term heat pulse associated with frictional
sliding. Thus, up to GPa-level transient high stress (both differential and shear) leading to earthquake nucleation
in the dry lower crust can occur in nature, and be preserved in the fault rock microstructure.

Plain Language Summary Earthquake initiation within strong, dry rock types in the Earth's lower
continental crust requires high driving stresses if fluids are absent. Several mechanisms have been proposed

to generate these unusually high stresses deep in the lower crust, many of which imply very short-term stress
increases. High short-term stresses are proposed by field-based studies and numerical modeling, but the
geological record for these stress increases occurring in the build-up to earthquakes is not always obvious
because the effects of the subsequent earthquake normally will overprint the evidence. However, in some cases
a complete record of stress change before, during and after an earthquake may survive. In this study, detailed
observations of the deformation of pyroxene (a silicate mineral) characterizes the short-term changes in stress
and temperature experienced before and during earthquakes recorded in the lower crust. Pyroxene crystals
close to faults exhibiting ancient earthquake-generated frictional melts (pseudotachylytes) are investigated from
an exhumed fault zone in Lofoten, northern Norway. The microstructures imply high stress increases prior to
the earthquake, followed by widespread fragmentation and grain growth linked to the passage of earthquake
slip. These results support very high stresses localized within the lower crust and show that crystal deformation
can capture such changes.

1. Introduction

Relocations of earthquakes, the study of focal mechanisms, and increased recognition of the geological signature
of earthquakes recorded in exhumed lower crustal settings have promoted various models for nucleating seismic
rupture within otherwise typically viscous deformation conditions. Many of these models require stress ampli-
fication or transfer, whether driven by local rheological heterogeneities across a shear zone network (Campbell
et al., 2020; Hawemann et al., 2019; Orlandini & Mahan, 2020), dehydration reactions that increase fluid pressure
(Hacker et al., 2003) or locally redistribute stress (Ferrand et al., 2017), or downdip stress loading from seismo-
genic activity shallower in the crust (Dunkel et al., 2020; Ellis & Stockhert, 2004; Jamtveit et al., 2018; Okudaira
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etal., 2015; Papa et al., 2020). Intracrystalline deformation and recrystallization occurring over geologically rapid
timescales (i.e., equivalent to the seismic cycle) have been previously recognized in fault zones and deformation
experiments (Bestmann et al., 2012; Campbell & Menegon, 2019; Kidder et al., 2016; Kim et al., 2010; Kiister &
Stockhert, 1999; Trepmann & Stockhert, 2001), and recent work on both naturally and experimentally deformed
mid-to lower-crustal rocks has linked similar microstructures to stress transients. In some cases, such microstruc-
tures can be clearly linked to localized stress amplifications associated with deep crustal earthquakes, whether
stress increases were generated in situ within the lower crust (Anderson et al., 2021; Campbell et al., 2020;
Hawemann et al., 2019) or were transferred from shallower crustal levels (Ellis & Stockhert, 2004; Papa
et al., 2020; Trepmann & Stockhert, 2002, 2013). In both cases the stress amplification can be significant within
and just below the frictional-viscous transition zone (e.g., >300-500 MPa, Ellis & Stockhert, 2004; Trepmann &
Stockhert, 2001; Briickner & Trepmann, 2021), but earthquake rupture of the lower crust may require stresses on
the order of GPa, especially within strong, anhydrous granulites in the absence of high pore fluid pressure. Such
stress magnitudes prior to rupture have been implied by field characterization of pseudotachylyte-bearing faults
(Campbell et al., 2020) and, perhaps more commonly, are also associated with deformation linked to coseis-
mic loading once rupture propagation has initiated (e.g., Anderson et al., 2021). This microstructural record
of progressive and transient stress variation throughout the earthquake cycle (Anderson et al., 2021; Bestmann
et al., 2012; Briickner & Trepmann, 2021; Campbell & Menegon, 2019; Johnson et al., 2021; Mancktelow
et al., 2022; Petley-Ragan et al., 2019) offers an under-explored opportunity to further constrain deformation
mechanisms and conditions associated with both prerupture stress amplification and coseismic rupture within
the lower crust.

We present here a microstructural study of lower crustal pseudotachylyte-bearing faults that seeks to constrain
the timing and magnitude of stresses associated with the nucleation and propagation of earthquake rupture within
the lower crust, as well as the corresponding sequence of deformation processes. Following work on defor-
mation of plagioclase (e.g., Soda & Okudaira, 2018; Petley-Ragan et al., 2018, 2021) and garnet (Austrheim
et al., 2017; Hawemann et al., 2019; Papa et al., 2018; Petley-Ragan et al., 2019) in lower crustal seismogenic
faults, we focus on the deformation microstructures of pyroxenes, which present a more explicit record relative
to plagioclase of overprinting and spatial association of deformation with localized faulting in our samples.
The spatial association of our samples with pseudotachylyte-bearing faults allows a direct link with earthquake
rupture processes to be tested (e.g., Rowe & Griffith, 2015; Sibson, 1975). The structural setting for the sampled
faults was characterized in Campbell et al. (2020). The pseudotachylyte-bearing faults nucleated at lower crustal
depths under stress amplifications driven by local and coeval viscous shear zone activity, rather than requiring
loading from shallower earthquake slip (although this in situ nucleation is still compatible with the potential
presence of a seismically active upper crustal fault zone, Campbell et al., 2020). From field-based fault meas-
urements, seismic scaling laws imply that the stress amplifications locally may have reached 1 GPa, but field
evidence alone could not provide certainty for absolute stress constraints (Campbell et al., 2020). We adopt here
a microstructural approach to constrain the deformation mechanisms and record of stress changes to address that
uncertainty. By studying orthopyroxene and clinopyroxene both from the margins of, and as unmelted clasts
within, granulite-facies pseudotachylyte-bearing faults, we propose a record of spatial and temporal stress and
temperature variation related to the earthquake cycle in the lower continental crust.

2. Geological Context

We investigate pseudotachylyte samples from the Flakstadgy anorthosite near Nusfjord, Lofoten, Norway. This
anorthosite body forms part of the Anorthosite-Mangerite-Charnockite-Granite (AMCG) suite, intruded into the
Baltic Shield's lower crust around 1.9-1.7 Ga at granulite facies conditions (Corfu, 2004). The well-preserved
coarse-grained igneous texture and mineralogy of the Flakstadgy anorthosite consists of plagioclase + minor
amounts of clinopyroxene + amphibole + quartz + orthopyroxene + garnet + biotite (Markl et al., 1998; Menegon
et al., 2017). The anorthosite can be considered anhydrous, containing c. 0.04 wt. % H,O and no free H,O at the
time of deformation (Menegon et al., 2017).

Within the Flakstadgy anorthosite, a network of thin shear zones (usually 1-30 cm in width) cut across the intru-
sion, occurring in three dominant orientations (Menegon et al., 2017) and dividing the anorthosite into low-strain
blocks (Figures 1a and 1b). Some of these bounding shear zones contain mylonitized pseudotachylytes (classified
as “type-1” pseudotachylytes by Campbell et al., 2020); these mylonitized pseudotachylytes are not considered
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Figure 1. Pseudotachylytes representing lower crustal earthquake rupture associated with viscous creep along active shear zone networks near Nusfjord, Lofoten. (a)
Block diagram showing pseudotachylyte faults that dissect low-strain anorthosite blocks between localized viscous shear zones (adapted from Campbell et al. (2020)).
The small fault length and their restriction to anorthosite blocks between the shear zones is consistent with their coeval formation at the lower crustal conditions
interpreted for viscous creep on the shear zones (Menegon et al., 2017); (b) map of faults and shear zones across one such block in the Flakstadgy anorthosite
(68.055°N 13.367°E)—adapted from Campbell et al. (2020); (c) typical form of anorthosite within shear-zone bounded blocks at distance from pseudotachylyte
faults. The plagioclase shows microfracturing but very limited evidence for viscous creep (cross-polarised image). (d) example of pseudotachylyte fault with chilled
margin located in block shown in (b) (68.055°N 13.367°E); (e) Orthopyroxene (“OPX”) clast in crystalline matrix of pseudotachylyte showing characteristic radiating
plagioclase (“Plag”) microlites (cross-polarised image).

further in the present study. However, between the bounding shear zones and within the otherwise low-strain
blocks, pristine, mylonitized pseudotachylyte vein networks are observed—classified as “type-2” pseudotachy-
lytes by Campbell et al. (2020). Along the length of these veins, offset of passive markers and/or typical fault
geometries such as dilational stepovers (Campbell et al., 2020) indicate that they represent fault veins that local-
ized slip, and not large injection veins (i.e., Mode I fractures). The earthquakes recorded by these type-2 veins
are estimated to have had approximate magnitudes of My, 0.2-2.6 (Campbell et al., 2020). The surrounding
anorthosite, while fractured, also typically shows only minimal evidence of viscous creep away from either the
shear zones or the pseudotachylyte veins (Figure 1c).

The transient high stresses required to trigger brittle failure within these blocks were interpreted to result from
localized stress amplification driven by activity along the viscously deforming shear zones (Campbell et al., 2020).
Therefore, the earthquakes recorded by these “type-2” pseudotachylytes (Figure 1d) nucleated at the ambient
conditions of the coeval shear zone deformation, 650-750°C and 0.7-0.8 GPa (Menegon et al., 2017), implying
depths of 25-30 km in the continental lower crust. In this contribution, we evaluate the microstructural evidence
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for these transient occurrences of GPa -magnitude prerupture loading suggested by Campbell et al. (2020) and
identify further coseismic rapid stress and temperature oscillations.

3. Materials and Methods
3.1. Sampling Choice and Location

Samples were sourced from pseudotachylyte veins cutting across ~10 m blocks of anorthosite separated from
the adjacent blocks by shear zones (Figure 1a). Mylonitised pseudotachylytes found along many of the bounding
shear zones (“type-1" pseudotachylytes) are not considered in the present study since any microstructural record
related to pre- and coseismic deformation has been overprinted by subsequent viscous creep. Between the shear
zones, pseudotachylyte veins cut across the anorthosite, and these typically lack pervasive viscous overprint,
instead preserving primary quench crystallization morphologies (e.g., radiating microlites, spherulites, dendritic
crystals) and chilled margins (Figures 1d and 1e) that reflect extremely rapid crystallization from a melt. These
pseudotachylyte veins (“type-2 pseudotachylytes”) show clear evidence of being fault veins rather than injection
veins, displaying dilational pull-aparts in stepover geometries and offset of passive markers consisting of dikelets
or older pseudotachylyte-bearing faults. These pseudotachylyte veins have mean vein thicknesses of 1-10 mm,
and measured displacements range from 1 to 26 cm along fault lengths of 1.9-11.1 m (Campbell et al., 2020).
These type-2 pseudotachylytes are considered to record single-slip faulting (i.e., a single earthquake) with nucle-
ation at lower crustal depths (Campbell et al., 2020).

Samples N22 and LC1724 included in this study belong to two different networks of short (<15 m long) type-2
pseudotachylyte-bearing faults developed in decametric pods of undeformed anorthosite bounded by ductile
shear zones (Figures Sla and S1b in Supporting Information S1). These fault systems share several of the defin-
ing characteristics of the type-2 pseudotachylyte networks described in detail in Campbell et al. (2020). N22 was
sampled from 68.055°N 13.367°E (Figure 1b) and LC1724 from 68.056°N 13.377°E (Figure Sla in Supporting
Information S1). Both samples come from fault-vein networks with localized slip, as indicated by truncated
passive markers and/or pull-aparts along their strike (Figures S1c and S1d in Supporting Information S1).

Two near-parallel SE-dipping bounding shear zones characterize the LC1724 sampling site, with a type-2 network
of NE-, ESE- and SE- dipping pseudotachylyte-bearing faults cutting across the 6—10 m wide anorthosite block
in between (Figures S1b and Sle in Supporting Information S1). Type-2 faults at this site show similar orien-
tations (Figures Sle and S1f in Supporting Information S1) to similar type-2 networks analyzed in Campbell
et al. (2020).

N22 (Figure 1d) was sampled from a type-2 pseudotachylyte found in a block bounded by two near-parallel
SE-dipping shear zones. The N22 fault vein dips steeply to the NNW and is 4 m long. No offset markers were
found along strike, but a 5-cm wide pull-apart structure indicates sinistral slip (Figure S1d in Supporting
Information S1).

3.2. Microstructural Analysis and Electron Backscatter Diffraction (EBSD)

Four sections from two samples (N22 and LC1724) of pseudotachylyte veins were cut perpendicular to the vein
walls (Figure 2) but the true slip direction within the sample remains unconstrained. Thin sections were analyzed
using a combination of light and scanning electron microscopy (SEM). SEM data were acquired at the Electron
Microscopy Centre at the University of Plymouth using a JEOL 7001 FEG-SEM and a JEOL 6610 low vacuum
SEM. Typical beam conditions were 10-13 nA probe current and 20 kV accelerating voltage.

Samples for electron backscatter diffraction (EBSD) analysis underwent additional preparation with colloidal
silica polishing and carbon coating. Data were acquired at the Electron Microscopy Centre at the University of
Plymouth using a JEOL 7001 FEG-SEM and a JEOL 6610 low vacuum SEM, equipped with an Oxford Instru-
ments Nordlys Nano and a Nordlys Max detector, respectively. During EBSD analysis, working distances were
between 15.2 and 24.2 mm, accelerating voltage was 20 kV, and the sample was tilted at 70°. Step sizes for EBSD
mapping ranged from 0.1 to 0.9 pm. Phases were indexed using AZtec (Oxford Instruments) acquisition software.
Processing was undertaken with Channel 5 (Oxford Instruments) software. Filtering of the raw data involved
removing noise, nearest neighbor extrapolation and removal of any grains with circle-equivalent diameters less
than three times the step size. The results are presented in the form of phase maps, orientation maps (inverse pole
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figure, IPF, maps), grain orientation spread (GOS) maps, showing the average misorientation of a grain with
respect to that grain's mean orientation, grain reference orientation deviation maps, showing the misorientation
of points relative to that grain's mean orientation, and texture component (TC) maps showing the misorientation
with respect to a chosen reference point within the grain. Pole figures (lower hemisphere, equal angle) and maps
are orientated with respect to the pseudotachylyte vein and pole figures show a reference frame perpendicular
(Z,) and parallel (X,) to the vein edge.

3.3. Boundary Trace Analysis

Identification of slip systems using EBSD analysis was undertaken using the boundary trace analysis (BTA)
technique. Using this technique, subsetted regions transecting low-angle boundaries (with misorientation in the
3-10° range) were created from EBSD orientation maps. Pole figures were created for each subset. The BTA
method assumes a tilt boundary model, where the two regions on each side of the boundary are rotated around an
axis lying within the boundary plane. This axis, if parallel to a crystal axis, will be represented in the pole figure
by a tight point cluster at the position of that axis, while the other crystal axes may show rotation around that
orientation via a dispersed smear of points. The slip plane can be identified as it must contain both the rotation
axis and the slip direction, and the slip direction along with the pole to the slip plane must lie in a plane that is
perpendicular to the rotation axis (Lloyd et al., 1997).

3.4. Image Analysis for Gain Size Distributions

Analysis of grain-size distributions of fine-grained pyroxene aggregates occurring in the damage zone of and
in survivor clasts within type-2 pseudotachylytes was undertaken using the freely available image analysis soft-
ware “ImageJ.” Grain boundaries were identified via segmentation of SEM backscatter electron (BSE) images
acquired at magnification ranging from 850x to 2300x. This magnification was sufficient to resolve the fractures
and grain boundaries in the areas of interest (Campbell & Menegon, 2021). Grain area and circle equivalent
diameter (D, ,) were measured and calculated using ImageJ software.

4. Results
4.1. Sample Characterization

Pyroxenes are described from two pseudotachylyte veins: LC1724 (Figures 2a and 2b) and N22 (Figures 2c—2f).
These veins both show grain size reduction toward the margins of the vein. In sample LC1724, restricted viscous
shear deformation is observed in the fine-grained pseudotachylyte margin (Figure 2a; Figure S2 in Supporting
Information S1). However, this observation is restricted to a zone <1 mm wide adjacent to the margin, and has
not deformed the fault walls of the anorthosite (Figure S2 in Supporting Information S1).

The anorthosite host rock in these samples consists of plagioclase (labradorite), clinopyroxene (diopside) and
orthopyroxene (enstatite), with minor amounts of olivine, hornblende, biotite, pleonaste spinel, and garnet
(Figure 2). Olivine is fractured and mostly altered to iron oxides and enstatite and is locally rimmed by coronas
of intergrown enstatite, pleonaste spinel, hornblende, and biotite. Garnet may rim orthopyroxene in contact with
plagioclase.

The microcrystalline matrix of the LC1724 pseudotachylyte is primarily composed of plagioclase (labradorite),
orthopyroxene (enstatite) and clinopyroxene (diopside). Locally the pseudotachylyte matrix may also contain
biotite, potassium feldspar and hornblende. The pseudotachylyte vein displays radiating elongate microlites of
plagioclase in the center of the vein but these become finer and more granular toward the margin (Figures le
and 2a). Clasts observed in this sample are composed predominantly of plagioclase and orthopyroxene. The
margin with the host rock is planar and has no significant injection features visible within the thin section. The
pseudotachylyte vein in the thin section is 11 mm thick.

Figure 2. Distribution of pyroxenes and other phases in association with pseudotachylyte veins. Areas analyzed in this work are labeled; (a) pseudotachylyte fault
vein and anorthosite host rock in sample LC1724. (Only one side of the fault is captured—the margin of this pseudotachylyte vein has a 1 mm thick band of sinistrally
sheared spherulitic structures (cross-polarised light, thin section “b”—see Figure S2 in Supporting Information S1 for details of margin); (b) overlay highlighting
mineralogy of (a); (c) pseudotachylyte fault vein cutting anorthosite in sample N22 (cross-polarised light, thin section “a”); (d) overlay highlighting mineralogy in (c);
(e) Thin section N22b (cross-polarised light) showing pseudotachylyte vein and clasts; (f) overlay showing mineralogy of (e).
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The microcrystalline matrix of the N22 pseudotachylyte is composed of plagioclase (andesine), orthopyroxene
(enstatite), clinopyroxene (diopside), hornblende and minor biotite (see Menegon et al. (2017) for XRF analysis
of sample N22). Clasts are typically of plagioclase, orthopyroxene, clinopyroxene and some apatite. A damage
zone containing fragmented wall rock surrounded by thin veins of pseudotachylyte extends for around 2 mm
preferentially on one side of the main vein (Figures 2c and 2d). An additional sample of the N22 vein displays a
large, cm-scale fragmented lithic clast with an internal network of thin pseudotachylyte injection veins connected
to the main vein (Figure 2e). The main pseudotachylyte vein has a maximum thickness of 18 mm.

4.2. Microstructure of Clinopyroxene

4.2.1. Host Rock

Across the undeformed host rock, clinopyroxene grains display orthopyroxene lamellae. In the anorthosite inter-
nal blocks between shear zones (Figure 1a), clinopyroxene only rarely has twins evident (Figure 3a), but twins
become common close to pseudotachylyte veins (Figure 3b) at distances of <2 cm (i.e., within a thin section).

EBSD maps of an elongate clinopyroxene grain (Figure 2d, “host CPX 1”) lying 1-2 mm away from the N22
pseudotachylyte fault vein margin indicate laminar and slightly discontinuous twins on (001) and to some extent
on (100) planes (Figures 3c—3e). (001) twins are cut by a probable fracture, here picked up as a low-angle bound-
ary (LAB, misorientation of 3—-10°) in Figure 3c (white lines). Not all LABs in the EBSD maps, however, neces-
sarily represent fractures. Lamellae of orthopyroxene also lie along (100) planes of clinopyroxene. The grain
orientation spread (GOS) of the clinopyroxene grain is <5° and is lowest within the twins (Figure 3d). Clinopy-
roxene in the immediate margin to the fault (Figure 2d, “host CPX 27), and cut by the pseudotachylyte vein, shows
laminar (001) twins (Figures 3f—3h). The GOS of the clinopyroxene grain here is variable but always <4° and
again is lowest in the twin lamellae (Figure 3g). Although the IPF (Z) map is fairly uniform, grain reference orien-
tation deviation maps pick out subtle undulations parallel to (001) (Figure S3a in Supporting Information S1).

4.2.2. Clasts in Pseudotachylytes

All clasts of clinopyroxene display twins on (100) and orthopyroxene lamellae along (100) (Figures 4 and 5).
Clast 1 (Figure 2d, “clinopyroxene clast 1) is the most obviously elongate in shape (Figure 4), measuring approx-
imately 1000 x 300 pm, but all other clasts appear slightly elongate parallel to the vein margin except for clast
3, where the clinopyroxene forms part of a lithic clast alongside plagioclase (Figure 2d, “CPX clast 3”). (100)
is typically parallel or sub-parallel to the vein margin in clasts 1 and 3—4. Clast 1, and to some extent clast 4
(Figure 2f “CPX clast 4”), are bent, visible in the curvature of orthopyroxene lamellae (Figures 4 and 5c).

Clasts 1 and 4, plus regions near the edges of clasts 2 and 3 (Figures 2a and 2b) show moderately high GOS to
12° (Figures 4b, 5d and 5e). Lower GOS values are seen within twins and orthopyroxene lamellae, and the lowest
values occur where the orthopyroxene lamellae have recrystallized into a polycrystalline aggregate. Clasts 1, 3,
and 4 show systematic undulations with amplitudes of low misorientation (<4°) with wavelengths typically of
20-40 pm, which are most evident on texture component maps in regions free from twins and low-angle bound-
aries of 3—10° misorientation (Figures 4d and 5f). These features continue into the orthopyroxene lamellae. The
change in orientation across these undulations is continuous (Figures 4f and 5g) and we use the term “periodic
undulations” to refer to these. The boundary trace analysis in clast 1 indicates that the undulations are the result
of slip on the [001] (100) system with [010] as the rotation axis (Figures 4g and 4h). However, the undulations in
clast 4 do not give a clear rotation axis for boundary trace analysis, though there is some clustering around [001]
(Figure 5h).

Low-angle boundaries are developed in different orientations, most clearly seen in clast 1, which displays them
in at least three different orientations. Continuous linear LABs tend to correspond to fractures while shorter,
branching LABs define a region of patchy short-scale misorientation development running diagonally upwards
through the center of the clast (Figure 4). All LABs cut and offset the orthopyroxene lamellae and the periodic
undulations. Clast 4 also has prominent linear LABs with some common orientations (Figure 5c). As in clast 1,
some linear LABs cut the undulations and offset sharply the orthopyroxene lamellae (Figure 5f).

Fine-grained clinopyroxene occurs in intracrystalline bands across some clasts. In clast 2, fine-grained clinopy-
roxene has D__of 1.8-8.2 um (Figure 5a), showing similar but dispersed orientations relative to the parent clast

equ

(Figure S4 in Supporting Information S1). The rotation axes of these smaller grains are scattered and do not

CAMPBELL AND MENEGON

7 of 25



A~y
NI Journal of Geophysical Research: Solid Earth 10.1029/2021JB023616

ADVANCING EARTH
AND SPACE SCIENCE

CPX (diopside)

OPX (enstatite)

Plagioclase
(anorthite)
Amphibole
(hornblende)

Magnetite

Boundaries:

>10°

3-10°

Twin

IPF: clinopyroxene

[001] zv (001) twin 1100] 2V (100) twin (010) 2Zv

Host CPX 1
Xv Xv  (Phase
/ coloring) et
Main n=107199
grain e.

Grain orientation spread

(GOS,°)

2

16

g 12

CPX (host rock)" - " . ) ! o " 3 .

50 ym o g R 4
[001] [100] (010) 0

) Host CPX 2
XV (IPF (2) coloring)

n =36106

h.

«—1(001) twin

Figure 3.

CAMPBELL AND MENEGON 8 of 25



A7t |

NI Journal of Geophysical Research: Solid Earth 10.1029/2021JB023616

ADVANCING EARTH
AND SPACE SCIENCE

cluster around crystallographic rotation axes. The intracrystalline bands may also contain hornblende (Figure 5a),
crosscut some LABs (Figure 5a), and generally offset orthopyroxene lamellae sharply. Clast 3 contains a similar
example of a prominent intracrystalline band with a width up to 15 pm (Figure 5b). Fine-grained clinopyroxene
in this band has a dispersed CPO relative to the rest of the clast (Figures S4c and S4d in Supporting Informa-
tion S1). Orthopyroxene lamellae, clinopyroxene twin boundaries, and any LABs are truncated and offset across
the band. The band contains fine-grained clinopyroxene alongside garnet and hornblende (Figure 5). Both are
also fine-grained (2-20 pm), although the garnet coarsens at the edge of the mapped region, on the rim of the
clinopyroxene grain. This assemblage shows no sign of retrograde metamorphic reactions relative to the esti-
mated conditions of deformation (Menegon et al., 2017). Similar bands in clinopyroxene filled with fine-grained
clinopyroxene and amphibole were described from the proximal damage zone of Nusfjord type-2 pseudotachy-
lytes in Jamtveit et al. (2019), and were interpreted as intracrystalline fractures that localized mineral reactions
and phase nucleation.

4.3. Microstructure of Orthopyroxene

4.3.1. Host Rock

Orthopyroxene in the host rock away from the pseudotachylyte veins does not display microstructural evidence of
deformation, apart from weak to moderate undulose extinction. In the host rock at the immediate margin of the
pseudotachylyte veins N22 and LC1724, the faults cut through orthopyroxene grains (Figures 2, 6 and 7). These
fault-margin grains show a number of microstructures that are not seen in more distal orthopyroxenes.

In N22, most of the orthopyroxene grain on the margin is fractured (Figures 6a and 6b), but a transition is seen from
linear fractures (e.g., Figure 6¢) to a particularly fine-grained, pervasively fragmented regions (Figures 6d—6h).
An orthopyroxene grain on the margin of the vein in LC1724 shows a similar feature (Figure S5 in Supporting
Information S1). Within these fragmented regions, there is variation in grain size and shape between subdomains
of fine-grained, fairly equant fragments (root-mean-squared grain diameter of 1.4 pm for N22, e.g., Figure 6f),
adjacent regions of coarser grains (Figure 6¢), and regions of larger, more angular fragments locally dissected by
intragranular fractures (Figures 6d and 6g). The coarser regions (root-mean-squared grain diameter of 2.6 pm for
N22) have either equant or moderately elongate morphology, with some 120° triple junctions, although others are
closer to 90° (Figures 6e and 7b).

Elongate grains are seen in several fragmented orthopyroxene grains (Figures 6e and 6h, 7, Figure S5 in Support-
ing Information S1) lying adjacent to the vein margin and have their long axis at a high angle to the vein boundary.
Similar elongate fragments also occur adjacent to large intragranular cracks within the orthopyroxene host grain
(Figure 6h). Fragmented orthopyroxene occurs also adjacent to non-fractured clinopyroxene, as shown in Figure
S5c in Supporting Information S1, where orthopyroxene lamellae within clinopyroxene are fragmented next to
the vein margin.

The GOS of the fine-grained fragmented orthopyroxene is low relative to the parent orthopyroxene grain
(Figures 7a; S5d in Supporting Information S1). However, low-angle boundaries and higher GOS values are
seen in some of the coarser fragments. The finer grains show dispersion of orientations away from the crys-
tallographic orientations of the parent orthopyroxene grain but otherwise are generally similar to the parent
orientation (Figures 7b—7d; S5e and S5f in Supporting Information S1). Misorientation axes are scattered in the
fractured grain region (Figure 7e), although some clustering around [001] is present (Figure S5f in Supporting
Information S1). The more elongate grains have a different CPO to the parent grain; they are preferentially elon-
gate parallel to [001], and show no prominent cluster of misorientation axes (Figure S5g in Supporting Informa-
tion S1). In general, the fragmented region shows a near-random distribution of misorientation angles between

Figure 3. Microstructures of clinopyroxene in the host anorthosite; (a) fine-grained clinopyroxene (“CPX,” plagioclase = “plag”) in anorthosite sampled within a shear-
zone bounded block but away from any faults—shows detail of Figure 1c (cross-polarised light); (b) clinopyroxene situated 5 mm from vein edge (position indicated

in Figure 2d) showing twinning (cross-polarised image); (c) electron backscatter diffraction phase map of clinopyroxene situated 2 mm from vein edge (position
indicated in Figure 2d, “Host CPX 1”) showing orthopyroxene lamellae, twin boundaries, and scarce low angle boundaries (white lines) which truncate twining (white
arrowheads); (d) grain orientation spread (GOS) map across same host rock clinopyroxene with values <5°, indicating level of internal strain; (e) pole figures for host
clinopyroxene 1 as shown in (c) with phase coloring (f) IPF (Z) map of clinopyroxene in the immediate margin of the pseudotachylyte (position indicated on Figure 2d,
“Host clinopyroxene 2”) showing little change in orientation across the grain; (g) GOS map of same clinopyroxene grain showing little internal strain; (h) pole figures
for host clinopyroxene 2 as shown in (f) with IPF (Z) coloring.
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uncorrelated grains but a higher frequency of misorientations <35° between neighbor grains than for a random
distribution (Figures 7f; S5h in Supporting Information S1).

The fractures evident in the BSE images of fragmented orthopyroxene (e.g., Figures 6b, 6¢ and 6g) correspond
either to LABs (i.e., with <10° misorientation across them) or, less frequently, to high-angle boundaries on
EBSD maps (Figures 7a—7c). Linear arrays of finer orthopyroxene plus minor clinopyroxene can be seen along
the larger of these cracks (Figure 6b), with wider regions of the finer grained material developed in fracture
intersections (Figure 6c¢), but the orientation of the finer-grained orthopyroxene is nearly identical to that of the
main grain (Figures 7b and 7c). These linear fractures appear truncated by the zones of more pervasive fracturing
(Figures 6d, 7a and 7b).

4.3.2. Grain Size Distribution in the Fragmented Domains

Some of the regions of fragmented orthopyroxene studied for grain-size analysis are shown in Figures 6d-6g
(sample N22) and Figures S5a and S5b in Supporting Information S1 (sample LC1724). The sampled set
consisted of 2033 grains from N22 and 421 from LC1724. All analyzed images were taken from the fragmented
regions of the orthopyroxene grains shown in Figures 6a and 7a. The grain-size distribution curve for both
samples shows differences between the smaller and larger grain size ranges (Figure 8). Power law, exponential
and log normal lines of best fit were calculated for sections of the distributions. Using the power law exponent,
for N22, the slope of the finer grain-size distribution was 2.3 and for the coarser range, 1.2. For LC1724, the finer
grained range gave a slope of 1.6, and the coarser range, 3.1 (Figure 8). The break in slope is less pronounced in
LC1724; it can best fit by two separate power law trendlines but also by an exponential law. In N22 the break of
slope is clear and occurs around 4.7 pm.

4.3.3. Clasts in Pseudotachylytes

Figure 9 shows the EBSD maps of an orthopyroxene clast in the pseudotachylyte matrix of sample LC1724, consist-
ing of microlitic plagioclase and granular clinopyroxene, hornblende and orthopyroxene (Figures le and 9a). The
clast occurs 3.4 mm from the margin of the PST vein. Undulose extinction and deformation bands are visible
optically (Figure le). EBSD mapping reveals that these bands represent intracrystalline arrays of fine-grained
orthopyroxene with very minor interstitial clinopyroxene and hornblende (Figure 9a). The fine orthopyroxene
grains have a maximum GOS of 0.59 (Figure 9b), a maximum D, of 6.3 pm and a root-mean squared D, of
2.1 pm. These arrays dissect the host orthopyroxene clast into domains that have accumulated different amounts
of internal deformation, as evident from their different GOS values in the 3—-8° range (Figure 9b).

The orthopyroxene clast shows slight but repeated undulations with parallel orientation (Figures 9c; S3b in
Supporting Information S1). These undulations are locally parallel to sharp, linear, very low-angle bounda-
ries (1-3°, red lines) (Figure 9c). These periodic undulations and the 1-3° low-angle boundaries occur on a
semi-regular wavelength of 10-20 pm, giving a crenulated undulose effect (Figure 9d). The misorientation axis
associated with these bands is [001] (Figure 9¢), which is consistent with slip on the (100) [010] system assuming
a tilt boundary geometry. The undulations and the low-angle boundaries are cut by the arrays of fine-grained
orthopyroxene.

The fine-grained orthopyroxene share a CPO with the host clast, although some dispersion is present (Figure 9f).
The dispersion predominantly occurs around [001]. Polygonal networks of low-angle boundaries, potentially
indicating the development of subgrains, have not been observed in the clast.

Figure 4. Microstructure of clinopyroxene clast “1” from electron backscatter diffraction analysis (position shown in Figure 2d); (a) Phase map highlighting bent
orthopyroxene lamellae, twin boundaries and low angle boundaries (white lines, 3—10°); (b) grain orientation spread map illustrating variable, but moderate, internal
strain across the clinopyroxene grain. Twin lamellae have very low (blue) values; (c) IPF (Z) orientation map of clinopyroxene. Lattice distortion of the entire grain is
clear, as are twinned regions (showing in purple) A sudden widening of a twin lamellae is show by white arrowhead; (d) texture component map (for clinopyroxene
only) showing degrees of misorientation away from the reference point (red circle). Smaller-wavelength undulations are most easily seen here, strongly developed over
regions indicated by pink arrows; (e) pole figures (lower hemisphere) for [001] and [100] axes and poles to (010) planes of clast 1; (f) misorientation profile from A-A’
(location indicated in d.) showing regular 20-40 pm undulation of the lattice. The progressive increase in misorientation from point A is due to the long wavelength
kinking of the clast; (g) Rotation axes shown in crystal co-ordinates and crystal axes shown in sample co-ordinates for subset A, indicated in (d)); (h) pole figures for
undulating region “subset B” (indicated in d.), used for boundary trace analysis. The rotation axis [010] is indicated in purple and the suggested slip direction in red. The
boundary trace parallel to the periodic undulation is indicated by the dashed lines.
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S. Discussion
5.1. Overprinting Relationships Between Deformation Microstructures

Twins occur in clinopyroxene, both within clasts in the pseudotachylyte veins—interpreted to be survivor clasts
that did not break down during coseismic melting - and in host rock grains situated at least up to § mm away from
the vein margin (Figure 3b). Twins in the host rock appear more frequently developed on (001), whereas clasts
record a mixture of (100) and some (001). In clasts 1 (Figure 4) and 3 (Figure 5b), the clustering of discontinuous
twins near the clast boundary implies that at least some twinning may have been driven by localized deforma-
tion conditions in the slipping fault zone. Twin boundaries are generally bent and cut by other microstructures,
including LABs, cracks, and periodic low (1-3°) misorientation bands (Figures 4 and 5), implying that twins are
typically the earliest microstructure recorded within clinopyroxene (Table 1), and extends some distance into the
wall-rock.

Other deformation microstructures are limited to clasts within the pseudotachylyte fault vein, suggesting that they
relate to highly localized deformation associated with the earthquake rupture. These include the periodic undula-
tions with 20—40 pm wavelength, which overprint orthopyroxene exsolution lamellae (Figure 5f) and deformation
twins, but are themselves cut and offset by fracturing (Figure 4) and sometimes by grain growth in intracrystalline
bands of fine-grained clinopyroxene + amphibole + garnet (Figures 5a and 5b).

In orthopyroxene (Table 1), fracturing and fragmentation are preserved in grains in the wall rock margin as
well as in survivor clasts. In the wall-rock margin, the dominant microstructure is spaced fracturing (Figures 6b
and 6c) with local regions of pervasive fragmentation (Figures 6 and 7; S5 in Supporting Information S1). In
the orthopyroxene clast analyzed with EBSD, undulating misorientation resulting from glide on (100) [010] is
cut by intracrystalline bands of fine-grained orthopyroxene + clinopyroxene + amphibole (Figure 9). Because
other orthopyroxene clasts show pervasive fragmentation similar to the margin grains (Figure S6 in Supporting
Information S1), we suggest that the analyzed orthopyroxene clast in Figure 8 preserves the earlier signature of
dislocation glide, which has escaped fragmentation.

In summary, we interpret these overprinting relationships (Table 1) to reflect the prerupture to coseismic defor-
mation of pyroxene in response to local stress amplifications that triggered the generation of type-2 pseudotachy-
lytes in Nusfjord. In the following sections, we propose a conceptual model associating these stress changes with
the seismic cycle already partly recorded by the presence of pseudotachylyte.

5.2. High-Stress Loading: Deformation by Low-Temperature Plasticity

We identify thin (<10 pm wide) repeated lamellar twins in the clinopyroxene clasts (Figures 4 and 5) as mechan-
ical (deformation) twinning (Raleigh & Talbot, 1967), an idea supported by some clustering in regions of the
clast which may have experienced stress concentrations (Figure Se). Some wider twins in clast 1 (Fig. 4c—purple
regions on IPF map) are potentially more characteristic of growth twins; the rapid thickening of the prominent
twin on the far right is similar to the “bursting” of growth twins that have been modified by mechanical twinning
(Koll¢ & Blacic, 1982). However, we have not observed the associated microtwins that occur in the clinopyrox-
ene example of Kollé and Blacic (1982). Between these thicker twins, fine-lamellar twins are more prevalent
than mapped by EBSD analysis, with additional lamellae that we interpret to be mechanical twins visible in the
underlying band contrast image (best seen in the lower right corner of Figure 4d). (100) is usually noted as the
prominent mechanical twin plane in clinopyroxene (Avé Lallemant, 1978; Kollé & Blacic, 1982), although (001)
can also host deformation twins (Raleigh & Talbot, 1967). In our host-rock grains, (001) is mostly seen forming
the twin plane. However, the twin width is similar to that observed in the clasts and also form multiple parallel
lamellae, so we also consider these to be predominantly mechanical twins. Overall, all of the twinned clinopy-
roxenes analyzed here are interpreted to display some mechanically derived twins.

Figure 5. Microstructures of clinopyroxene clasts 2—4 from electron backscatter diffraction analysis (positions shown in Figures 2d and 2f); (a) phase map of part of
clast two; (b) phase map of part of clast 3; (c) phase map of part of clast 4; plus the surrounding pseudotachylyte matrix; (d) grain orientation spread (GOS) map of clast
2 (clinopyroxene only) showing increasing values toward the clast edge (top), and very low values in the fine grained crack fill; (¢) GOS map of clast 3 (clinopyroxene
only) showing increasing values toward the clast edge, and very low values in clinopyroxene twins and in fine grained crack fill; (f) texture component map for clast 4
showing misorientation relative to the reference point (red dot). Clinopyroxene is mapped in blue and orthopyroxene in pink; (g) misorientation profiles for A-A’ (shown
in f.) highlighting regular undulations; (h) orientation of axes in clinopyroxene clast 4 (location of subset ¢ shown in f.). The boundary trace parallel to the periodic
undulation is indicated by the dashed lines. Rotation axes are displayed in crystal co-ordinates for the same subset.
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N22b: BSE/Phase

PST vein

Figure 6. Backscattered electron images of orthopyroxene grain and adjacent pseudotachylyte vein in sample N22: (a) View of orthopyroxene grain on margin of
pseudotachylyte vein with adjoining phases and subsequent image locations labeled; (b) Higher magnification view of same grain illustrating fracture sets across left
hand side of grain. Map locations for electron backscatter diffraction analysis shown in Figure 7 are indicated; (c) jigsaw-like fragmentation along cracks; (d) edge of
pervasively fragmented region. Dashed white lines indicate the main fracture orientations where they meet the fragmented region; (e) Variation in fragment size and
morphology in pervasively fragmented region. Some triple junctions show 120° angles and others show some curvature to intersect nearer to 90°. White arrowheads
indicate coarse grain concave faces in contact with smaller grains; (f) high-magnification image of pervasively fragmented region, showing finest grains; (g) edge of
fragmented region with coarse fragments; (h) fragmentation of orthopyroxene around an internal crack filled with biotite plus minor orthopyroxene, clinopyroxene and
hornblende.

Deformation twinning via (100)[001] in diopside occurs at a critically resolved shear stress of 100-140 MPa but

is not dependent on temperature or strain rate and is produced by dislocation glide (Kollé & Blacic, 1982). Simi-
lar values were derived for jadeite (150 + 25 MPa) by Orzol et al. (2003). Twinning in host-rock clinopyroxene
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Figure 7. Microstructures of orthopyroxene in the host rock margin to a pseudotachylyte vein from electron backscatter diffraction analysis (map positions shown

in Figure 6): (a) grain orientation spread map of edge of fragmented orthopyroxene (b) IPF (Z) orientation map of orthopyroxene in same region as (a); (c) IPF (Z)
orientation map of region in center of orthopyroxene grain (d) pole figures for sample of fragmented region—Ilocation of this subset D shown (b); (e) rotation axes (in
crystal co-ordinates) pole figures for subset (d); (f) misorientation angle histogram for subset (d).

grains away from the vein margin suggests that this early stage of deformation was driven by stresses that were
not entirely localized along the future fault zone. This may be related to the earliest heterogeneous stress amplifi-
cation that built up prior to any individual brittle failure, less localized to the eventual rupture zone than the later
clast microstructures that all cross-cut twins. The change in twin law between the host-rock grains (001) [100]
and the clasts (100) [001] is likely to be coincidental but driven by the orientation of the principal stresses (Kollé
& Blacic, 1982; Trepmann & Stockhert, 2001). In the case that the twinning was driven in variously orientated
crystals by a single loading event, the differential stress can be assumed to be significantly higher than double the
critically resolved shear stress (Kiister & Stockhert, 1999). However, similarly to the interpretations of Trepmann
and Stockhert (2001) on naturally deformed, mechanically twinned jadeite, the relatively spatially prevalent twins
could be produced by multiple cycles of loading across the anorthosite block. In our framework this equates to
cyclical prerupture stress amplification, although not all cycles may have always achieved the critical brittle
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Figure 8. Grain size distribution for fragmented orthopyroxene in vein margins for samples N22 and LC1724. Best fit lines are shown for log normal (gray), power law
(red/blue), and exponential (purple/brown) distributions.

failure stress. Twinning in naturally deformed clinopyroxenes has been interpreted elsewhere as a feasible strain
response to instantaneous stress changes in the context of deformation conditions at shallower crustal levels
(Orzol et al., 2003; Trepmann & Stockhert, 2001), but such instantaneous stress changes are not a necessity for
twinning and are not required for the lower crustal setting of Nusfjord.

Most clinopyroxene clasts illustrated here show further deformation by low-temperature plasticity controlled by
dislocation glide along (100) [001], producing undulating misorientations that cut the twin boundaries and the
orthopyroxene exsolution lamellae. (100) [001] is the typical glide system in clinopyroxene (Avé Lallemant, 1978;
Ingrin et al., 1992; Kirby & Kronenberg, 1984; Kollé & Blacic, 1983; Raleigh & Talbot, 1967). In our samples,
evidence of any transition to dislocation climb is absent, consistent with the relatively low temperature conditions
of deformation for crystal plasticity in clinopyroxene (e.g., Bystricky & Mackwell, 2001). Flow laws extrapo-
lated to natural strain rates for dislocation glide of diopside require several 100 MPa or GPa of differential stress
for Peierls-controlled glide to occur in clinopyroxene (Figure 10, Table S1 in Supporting Information S1). The
micro-indentation tests of Dorner and Stockhert (2004) suggest that, even relatively low strain rates of 10714 s~!
at deformation temperatures of 600-700°C require flow stresses >1 GPa in order to activate Peierls-controlled
glide. If strain rates were to increase toward seismic strain rates, the required flow stress would increase further
(Figure 10). Based on the flow law for Peierls-controlled glide of Kollé and Blacic (1983), at temperatures
of 600-700°C, strain rates >10"'2 s~! are necessary to induce glide, and at strain rates of 10~ s~! or greater,
critical resolved shear stresses would be >1 GPa (at 700°C) and >3 GPa (at 600°C) (Figure 10). This glide law
was observed by Kollé and Blacic (1983) to initiate at critically resolved shear stresses >520 MPa in hedenber-
gite crystals poorly orientated for twinning; in crystals where twinning was possible, dislocation glide required
temperatures >850°C under their experimental conditions. Without knowing the stress orientation, the calcula-
tion of an equivalent absolute differential stress is not possible but the differential stress must be at least twice the
resolved shear stress. We therefore infer that the low-temperature plasticity microstructures observed in clinopy-
roxene clasts occurred as a response to transient and localized differential stresses in excess of 1 GPa. The locali-
zation of these microstructures to the clasts, being absent in the clinopyroxene grains which now form the margin
to the pseudotachylyte vein, suggests that these high stresses were localized to the rock volume that subsequently
formed the pseudotachylyte fault vein. However, overprinting by fracturing and fragmentation indicates that this
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Figure 9. Microstructures of orthopyroxene clast from electron backscatter diffraction analysis; (a) Phase map of analyzed region of clast and surrounding
pseudotachylyte matrix; (b) grain orientation spread (GOS) map of orthopyroxene. Fine-grained arrays of orthopyroxene have low GOS values (blue coloring); (c)
Texture component map of orthopyroxene, red dot locates reference point; (d) misorientation profiles along A-A’ B-B’ and C-C’, indicated in (c); (e) pole figure and
low-angle rotation axes (in crystal co-ordinates) for subset D, location shown in (c); (f) pole figures and high-angle rotation axes for the fine-grained orthopyroxene

arrays within the clast. Green overlay shows distribution of points from the main grain.
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Table 1
Overprinting Order of Microstructures Seen in Clasts and Host-Rock Pyroxenes (No Equivalence in Time Is Implied Across
Clinopyroxene and Orthopyroxene Microstructures Here)
Clinopyroxene Orthopyroxene
Earliest Twinning (low T plasticity)—host rock and clasts Periodic undulations (low T plasticity) - clasts
Periodic undulations (low T plasticity)—clasts Fractures, fragmented regions—host rock and clasts
Fractures—clasts Triple junctions in monophase fine-grained
assemblages, appearance of polyphase fine-
grained assemblage—host rock and clasts
Latest Fine-grained mixed phase assemblages—clasts
high-stress deformation occurred prior to the passage of the rupture tip. This could occur during prerupture load-
ing, or coseismically, as part of the process zone deformation.
The regular 20-40 pm wavelength periodic undulation of the clinopyroxene lattice (Figures 4f and 5g) bears
some similarities to the short-wavelength undulatory extinction (SWUE) recognized in quartz (Trepmann &
Stockhert, 2013) and olivine (Druiventak et al., 2012) “kick-and-cook™ experiments. However, the undulation
seen here in clinopyroxene has a longer wavelength. The undulose misorientation is characterized purely by
continuous sinusoidal curvature of the crystal lattice, which was accommodated by glide along the (100)[001].
Similar periodic undulations also occur in orthopyroxene clasts (Figure 9d)
and are consistent with dislocation glide on (100)[010] (Figure 9e).
10°
10° CPX y/ The formation of SWUE in quartz was attributed to high-stress disloca-
//// tion glide (“kick”-phase) that generates lamellae of tangled dislocations
10° // (Trepmann & Stockhert, 2013). Natural comparisons to SWUEs have been
__10° /7/ ” proposed in quartz (Birtel & Stockhert, 2008; Briickner & Trepmann, 2021;
» R Li= Trepmann & Seybold, 2019) and olivine (Matysiak & Trepmann, 2012) but
% 10 NN - _---—"'}// /_ e not previously, to our knowledge, in pyroxenes. The generation model for
c P o1/ s of Trepmann and Stockhert , invoking dislocation glide under
c 107 - /7 SWUEs of Trep d Stockhert (2013) king disl glide und
% 107 [T V4 high stresses caused by seismic loading, is inviting because of the shared
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stress, Kollé & Blacic, 1983)

Figure 10. Two flow laws for Peierls-controlled glide in diopside (Dorner
& Stockhert, 2004) and hedenbergite (Kollé & Blacic, 1983) at temperatures
for deformation in Nusfjord (600-700°C). The law from Dorner and
Stockhert (2004) is relevant for a temperature range of 350-750°C and uses
their “model I” value for pre-exponential factor. The law from Kollé and
Blacic (1983) is for Peierls glide on (100) [001] for <900°C and >520 MPa.
Note that the x-axis shows differential stress for Dorner and Stockhert (2004)
but resolved shear stress for the laws of Kollé and Blacic (1983).

600°C

- 700°C

the prerupture loading phase. After twinning, the periodic undulations are the
next earliest microstructure to form in clinopyroxene, and in orthopyroxene
are cut by fractures. Hence they are potentially related to the stress concentra-
tions during loading, preceding eventual rupture. These stress concentrations
are consistent, also in their magnitude, with the interpretation that prerupture
stress amplification within the anorthosite blocks was driven and governed
by geometrical effects of viscous creep activity along the coeval bounding
shear zones (Campbell et al., 2020).

SWUEs in quartz and olivine were attributed to high-stress loading
of the mid-to lower-crust via shallower earthquake activity (Birtel &
Stockhert, 2008; Matysiak & Trepmann, 2012; Trepmann & Stockhert, 2013).
The context of the seismic environment in Nusfjord, where type-2 pseu-
dotachylytes represent the in situ nucleation of short earthquake ruptures
(Campbell et al., 2020), fits better with the observations of Briickner and
Trepmann (2021) that such glide-controlled microstructures also occur adja-
cent to in situ earthquake rupture within the mid-to lower-crust. Our evidence
supports transient high-stress loading either being a result of local stress
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amplification preceding and eventually causing rupture nucleation (Campbell et al., 2020), to the process zone
preceding the rupture tip, and/or as a response to high rupture-tip stresses (Reches & Dewers, 2005). The former
is preferred due to the overprinting of glide structures in orthopyroxene by later fragmentation that can be linked
with more confidence to dynamic rupture-tip processes.

5.3. Coseismic Deformation: Pulverization of Orthopyroxene

The fine-grained orthopyroxene at the pseudotachylyte fault vein margin (Figures 6 and 7) is interpreted to have
formed via brittle grain size reduction, based on: (a) the fracture systems evident in BSE micrographs (Figure 6)
and the jigsaw-breccia type grain shapes preserved in some fine-grained regions (Figure 6g), and (b) the absence
of polygonal subgrains from the interior of the large orthopyroxene fragments, in accordance with the expected
lack of recovery in orthopyroxene at the deformation temperature of 700-750°C (e.g., Kanagawa et al., 2008;
Kohlstedt & Vander Sande, 1973). This jigsaw-style geometry, preservation of the overall shape of the parent
crystal (Johnson et al., 2021), and general lack of evidence for cataclastic processes such as grinding, fragment
rotation and frictional slip, are also indicative of a lack of shear displacement (Figure 7d, see also Petley-Ragan
et al., 2019; Soda & Okudaira, 2018; B. R. Song et al., 2020). Together, these observations support a mostly
tensile origin for this fragmentation within the orthopyroxene. We use the descriptive term “pulverization-style
fragmentation” to describe the observed fragmentation, which is pervasive over an area of >50 pm but may be
contained within only one or two parent grains. It should be noted that in comparison to recent robust definitions
of pulverization on a field scale, these microstructures would be considered highly selective and could be cate-
gorized as “selective, non-pervasive pulverization” (based on fragment size) or “selective, non-pervasive micro-
structural shattering” (based on microstructural style) under the recent classification of Ostermeijer et al. (2022).

An alternative explanation for fragmentation driven by thermal shock was ruled out due to the lack of fracturing
in the orthopyroxene clast (Figure 9), which, being within the vein, should have experienced higher coseismic
temperatures than the wall rock (Papa et al., 2018). However, other orthopyroxene clasts do show pervasive
fragmentation for which thermal shock cannot be ruled out (Figure S6 in Supporting Information S1). It is
possible that thermal shock fragmentation did indeed take place across many phases, localized to the outer clast
edges that experienced the most rapid temperature change, and that the fragmented regions were preferentially
removed during the coseismic slip phase by disaggregation and/or partial melting favoring small grain sizes (Papa
et al., 2018). However, we do not see enough evidence that favors thermal shock as a driver of fragmentation
within host-rock orthopyroxenes.

Although pulverization is considered to be depth-limited by increasing confining pressure (Aben et al., 2017,
Yuan et al., 2011), pervasive damage zones extending up to 200 m from the fault have been exhumed from
crustal depths around the frictional viscous transition (Sullivan & Peterman, 2017; B. R. Song et al., 2020; W. J.
Song et al., 2020; Johnson et al., 2021). Interpretations of pulverization of single grains have recently accumu-
lated from microstructural studies of lower crustal earthquakes in both naturally and experimentally deformed
rocks (Austrheim et al., 2017; Incel et al., 2019; Petley-Ragan et al., 2019; B. R. Song et al., 2020; Soda &
Okudaira, 2018). Minerals observed to undergo pulverization-style fragmentation include plagioclase (Pittarello
et al., 2008; Soda & Okudaira, 2018; B. R. Song et al., 2020), garnet (Austrheim et al., 2017; Incel et al., 2019;
Manktelow et al., 2022; Petley-Ragan et al., 2019; B. R. Song et al., 2020) and diopside (Petley-Ragan et al., 2019).
In the Nusfjord samples, orthopyroxene is the only mineral to show microstructures compatible with pulveriza-
tion style fragmentation, although on a centimeter-scale the wider anorthosite is intensely fractured in places.

Pulverization-style fragmentation, particularly where tensile fracturing is involved, is attributed to dynamic
rupture-tip stress fields that overcome the high confining pressure (Reches & Dewers, 2005), but has also
been linked to impulsive coseismic loading and unloading of the wall-rocks (Brune, 2001), or to the passage
of high-energy stress waves ahead of the rupture front or around rough fault geometries, which can explain
fragmentation at greater distances from the slip plane (Doan & Gary, 2009; Johnson et al., 2021 and references
therein). The asymmetry of fragmentation observed in the field along major tectonic faults favor a link with the
asymmetric rupture-tip stress fields, where one side of the tip is in compression and the other in tension (Dor
et al., 2006; Petley-Ragan et al., 2019; Reches & Dewers, 2005; Wilson et al., 2005; Xu & Ben-Zion, 2017).
Although supershear ruptures may favor pulverization (Yuan et al., 2011), sub-shear ruptures should also induce
extreme stress and strain rate conditions a few mm from the rupture—one calculation predicts 5 GPa tensional
stress and ~10° s~! dilation in this zone (Wilson et al., 2005). In our samples, it is not easy to judge whether the
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pulverization style fragmentation occurs on one side of the fault only, because there is no orthopyroxene visible
in the opposing wall to compare with. While fragmented orthopyroxene occurs within clasts in the vein, the delo-
calization effect of the pseudotachylyte melt makes it impossible to know where the initial rupture plane was in
relation to the in situ position of that grain. There is evidence for injection veins and damage on both sides of the
fault in one sample (Figures 2¢ and 2d), which may dispute asymmetry (although injection veins are not always
linked to rupture-tip stress fields). However, the alternative models of impulsive loading cycles or high-energy
stress waves (Brune, 2001; Doan & Gary, 2009) are also coseismic processes and as such this uncertainty does
not change our interpretation of the timing of these microstructures.

5.4. Grain Growth of Orthopyroxene Driven by a Short-Term Heat Pulse

Many of the orthopyroxene fragmented grains are somewhat modified in shape. Grain growth from the
fine-grained fragments is apparent in the elongate orthopyroxene grains and in regions with well-developed
120° triple junctions (Figure 6e), which along with concave faces of larger grains suggest a greater influence
of surface-energy over strain-energy driven grain boundary migration (Platt & Behr, 2011), although a mix of
concavo-convex boundary forms can be seen (Figure 6e). Grain-size distributions (Figure 8) are commonly used
to determine processes of fracturing, faulting, and grain growth (e.g., Aupart et al., 2018; Keulen et al., 2007;
Muto et al., 2015), although distinguishing mechanisms of brittle fragmentation is not always certain based on
this analysis alone (Stiinitz et al., 2010; Wilson et al., 2005). The observed range of 2D power law slope values
in our analysis, 1.2-3.1 (Figure 8), is comparable with grain-size distributions reported for mid-to lower-crustal
earthquake damage (Aupart et al., 2018 and references therein; Jamtveit et al., 2019; Soda & Okudaira, 2018;
B. R. Song et al., 2020) including those attributed to coseismic pulverization of garnet, olivine, and plagioclase.
Neither of our samples are conducive to a single best-fit power law or log normal distribution, with the break
in slope estimated at a diameter of around 4.7 pm for both samples, but LC1724 can also be fitted relatively
satisfactorily with an exponential law (Figure 8). A calculation of the grinding limit for pyroxene (jadeite, in
the absence of fracture toughness data for enstatite) using the crack nucleation model of Hagan (1981), which
approximates the threshold crack size as ¢ ~ 30(K;/H)? (where H is hardness (H, ~5, Spray, 2010) and K|
= 0.7 MPa m~2, Spray, 2010), gives a threshold crack size of 0.4 um. Despite

adeite —
is the fracture toughness (Kc;, i
uncertainties in the parameters, this is significantly smaller than the grain size (~ crack size) at the break of slope
(Figure 8), which is therefore unlikely to be related to the grinding limit. A two-stage fracturing process has
been suggested for bifractal distributions elsewhere (B. R. Song et al., 2020) involving an initial high strain rate
coarse fragmentation modified by a finer fragmentation focused along the initial fractures, representative of some
frictional sliding. However, we do not observe the clusters and arrays of finer fragments along larger cracks and
their intersections (Figure 6d), which B.R. Song et al. (2020) use to support this (their figure 7). Another source
of multi-stage fracturing would be multiple deformation events with mixes of dynamic loadings at differing strain
rates (Aben et al., 2016), but there is no evidence in these samples that the faults have undergone multiple slip
phases (Campbell et al., 2020). Instead we suggest that this change in slope, if physically present, could reflect
modification of the original fragmentation grain size by the subsequent grain growth apparent in the BSE images.
This is consistent with the findings of Keulen et al. (2007) and Aupart et al. (2018) that changes in GSD slope
reflect a switch in grain processes, although it should be noted that those studies looked at shear deformation
rather than tensile fragmentation.

The CPO of the elongate grains differs from that of the more equant fragments, which tend to be similar to the
parent CPO (Figures S5f and S5g in Supporting Information S1). The short axes of the elongate grains are of
a similar size to the diameter of the equant grains, and angular triple junctions are developed between adjacent
fragments (Figures 6e and 6h) suggesting that the elongate grains may have formed via growth of the initial
fragments, possibly with some component of rotation. The shape preferred orientation is always at a high angle
to the vein edge (Figures 6 and 7, Figure S5 in Supporting Information S1) and the grain elongation is predom-
inantly parallel to [001], which has been reported as the fastest diffusion and growth direction in orthopyroxene
(Dohmen et al., 2016; Milke et al., 2013). This elongation is also observed at the edge of a large intracrystalline
tensile crack within a host-rock-margin orthopyroxene grain (Figures 6a and 6h) which extends between points
of 0.34-1.09 mm perpendicular distance from the pseudotachylyte vein edge. The apparent orientation of the
crack forms a high angle to the fault vein, suggesting that the crack was tensile, as does the parallel elongation of
the orthopyroxene perpendicular to the crack. This geometry is similar to tensile cracks formed within dynamic
stress fields linked to crack tip propagation (Ngo et al., 2012), suggesting that it may have formed concurrently
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Figure 11. OPX grain growth modeling from initial diameter of 1 pm. Growth law parameters from the synthetic samples of
Skemer and Karato (2007) are used to compare rates for 1300°C and 1200°C; for 700°C, the rate constant k (rate constant) is
extrapolated from enthalpy and k; values provided in the same publication.

with the pulverization style fragmentation within the grain. The distribution of the elongate grains along the edge
of this crack and along the pseudotachylyte vein margin therefore implies that elongate grain growth occurred
after fragmentation but potentially concurrently with continued slip and the associated frictionally generated
thermal pulse that drove melting along the fault plane. No significant compositional changes have been identified
via energy dispersive X-ray spectroscopy analysis across fragments suspected to have undergone growth, but the
small fragment size makes resolving such changes difficult.

Because of the transience of frictional heating, grain growth needs to take place during or immediately after
earthquake slip. Using the orthopyroxene grain growth laws of Skemer and Karato (2007), we assess the poten-
tial growth time necessary for a starting orthopyroxene fragment size of 1.0 pm at temperatures ranging from
1300°C - close to typical pseudotachylyte maximum melt temperatures (Sibson & Toy, 2006) - down to an ambi-
ent temperature of 700°C (Figure 11). At 700°C, the orthopyroxene will not achieve the required grain size of
D,,, = 2.6 pm (for the elongate grains) within 3 Gyr, implying that some form of a heat pulse must be required
for grain growth. At temperatures around 1300°C, the required grain growth may be achieved within 16 min and
at 1200°C, within 3 hr (Figure 11). These temperatures can be feasibly generated during coseismic frictional
heating, so that growth of the elongate grains likely initiated during slip.

5.5. Conceptual Model of Prerupture and Coseismic Deformation in Pyroxenes

Based on the overprinting relationships of microstructures in the pyroxenes (Table 1) and our interpretations of
their deformation mechanisms plus resulting stress and temperature implications, we suggest a conceptual model
of prerupture and coseismic deformation of clinopyroxene and orthopyroxene (Figure 12).

1. Distributed twins seen in clinopyroxene appear to be spatially associated with pseudotachylyte veins but
are not as localized as subsequent deformation microstructures. The critical shear stresses associated with
clinopyroxene twinning (Kollé & Blacic, 1982; Orzol et al., 2003), although significant (100s MPa), are not
necessarily high relative to expected brittle failure strength (GPa); twinning may relate to progressive stress
amplification prior to the brittle failure stress being reached (Campbell et al., 2020), driving the onset of
dislocation glide.

2. Low-temperature plasticity other than twinning in clinopyroxene and orthopyroxene is predominantly found
within clasts, suggesting a much more pronounced localization of stress (potentially >1 GPa, Figure 10)
around the eventual rupture plane. This interpretation is consistent with those made for similar high-stress
dislocation-glide-controlled microstructures observed in naturally and experimentally deformed rocks
(Druiventak et al., 2011; Matysiak & Trepmann, 2012; Trepmann et al., 2013).

3. Low-temperature plasticity is overprinted by pulverization style fragmentation in orthopyroxene, which most
likely relates to dynamic stress fields associated with the passage of the rupture tip (the “fault tip process
zone” of Petley-Ragan et al., 2018—their figure 4), or may relate to impulsive loading or high energy stress
waves. There appears to be no microstructural record for this stage in the clinopyroxene.
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Figure 12. Proposed order and association of pyroxene microstructure and deformation processes with potential rupture processes. A conceptual example from the
context of the shear-zone bounded block shown in Figure 1b—in this example, the prerupture stress loading is thought to be driven by the activity of the shear zones
(Campbell et al., 2020).

4. After the passage of the rupture tip, frictional heating during continued earthquake slip melts phases along
the fault plane, eventually cooling to form the pseudotachylyte vein. Fragments of pyroxene and plagioclase,
sourced from the fault walls and comminuted material, may survive, unmelted, as clasts. Conduction of the
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frictional heat pulse into the wall rock is a feasible driver of (oriented) grain growth within the fragmented
orthopyroxene immediately adjacent to the pseudotachylyte vein.

6. Conclusions

Deformation mechanisms in both clinopyroxene and orthopyroxene spatially associated with ancient seismo-
genic faults from Nusfjord (Lofoten, Norway) record increasing localization of progressively higher stress (up
to GPa in magnitude) prior to rupture, preceding pulverization-style fragmentation of orthopyroxene potentially
linked to the passage of the rupture tip, or to alternative coseismic stress modifications. The spatial association of
these microstructures with a single-slip pseudotachylyte-bearing fault plane, constrained to represent earthquake
rupture nucleating at lower-crustal depths, implies that the sequence of overprinting microstructures may be
linked to loading and eventual rupture during one lower crustal seismic cycle.

The extent to which low-temperature plasticity within lower crustal granulite can accommodate transient stress
amplification may be an important control on when and where rupture and subsequent seismic damage can initi-
ate within the lower crust. Intracrystalline deformation of phases along the fault plane and in the damage zone
is an increasingly recognized and valuable record of the short-term changes to the stress regime prior to rupture
in lower crustal rocks.
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Available data in support of this work include: unfiltered EBSD datasets, images used for grain size data anal-
ysis, spreadsheets showing calculations for grain size data analysis and grain growth modelling. These data are
available at the British Geological National Geoscience Data Centre via https://webapps.bgs.ac.uk/services/ngdc/
accessions/index.html#item169329 under a non-exclusive in-perpetuity licence.
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