
1. Introduction
Earthquakes are key agents of metamorphic and structural transformations of the lower crust. Lower-crustal 
earthquakes induce modifications of the mineralogy, density, and rheology of the rocks (Jamtveit et al., 2019) that 
have direct effects on the lithospheric response to major geodynamic processes, including continental collision 
(Copley et al., 2011; Craig et al., 2012) and rifting (Craig et al., 2011), and on the stability of deep mountain 
roots (Jackson et al., 2004). Such transformations of the lower crust are dependent on the availability of exter-
nally derived or locally produced (e.g., by dehydration reactions) aqueous fluids (Jamtveit et al., 2016; Putnis 

Abstract Earthquake-induced fracturing of the dry and strong lower crust can transiently increase 
permeability for fluids to flow and trigger metamorphic and rheological transformations. However, little 
is known about the porosity that facilitates these transformations. We analyzed microstructures that have 
recorded the mechanisms generating porosity in the lower crust from a pristine pseudotachylyte (solidified 
earthquake-derived frictional melt) and a mylonitized pseudotachylyte from Lofoten, Norway to understand 
the evolution of fluid pathways from the coseismic to the post- and interseismic stages of the earthquake cycle. 
Porosity is dispersed and poorly interconnected within the pseudotachylyte vein (0.14 vol%), with a noticeably 
increased amount along garnet grain boundaries (0.25–0.41 vol%). This porosity formed due to a net negative 
volume change at the grain boundary when garnet overgrows the pseudotachylyte matrix. Efficient healing of 
the damage zone by fluid-assisted growth of feldspar neoblasts resulted in the preservation of only a few but 
relatively large interconnected pores along coseismic fractures (0.03 vol% porosity). In contrast, porosity in the 
mylonitized pseudotachylyte is dramatically reduced (0.02 vol% overall), because of the efficient precipitation 
of phases (amphibole, biotite and feldspars) into transient pores during grain-size sensitive creep. Porosity 
reduction on the order of >85% may be a contributing factor in shear zone hardening, potentially leading to the 
development of new pseudotachylytes overprinting the mylonites. Our results show that earthquake-induced 
rheological weakening of the lower crust is intermittent and occurs when a fluid can infiltrate a transiently 
permeable shear zone, thereby facilitating diffusive mass transfer and creep.

Plain Language Summary Earthquakes create fractures and increase the porosity in crustal 
rocks. These fractures can help transport fluids to newly accessible regions in the crust, which in turn may 
kickstart metamorphic reactions, and potentially alter the rheology. However, very little is known about the 
mechanisms, the microstructural context, and the morphology of this increased porosity. We analyzed ancient 
earthquake-generated frictional melts (pseudotachylytes) and their immediate damage zone in the host rock, as 
well as plasticly deformed pseudotachylytes, that have since been exhumed from depth and are now exposed 
at the surface in Lofoten, Norway. We analyzed these rocks to determine the processes that create porosity and 
how this porosity evolves with increasing plastic deformation. The pseudotachylyte hosts more porosity than 
the damage zone immediately flanking the vein, in particular there is a high concentration of porosity around 
garnets. We interpret this porosity to have formed as a result of the metamorphic growth of garnet. Much of 
the fracture-related porosity created during the initial earthquake has been efficiently sealed. Porosity is greatly 
reduced in the sheared pseudotachylytes because of solution-precipitation processes that operated during ductile 
deformation. Porosity reduction may reflect fluid consumption, leading to shear zone hardening and possibly 
new pseudotachylyte formation.
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et al., 2017). Thus, in the absence of fluids, the lower crust will not undergo metamorphic and rheological trans-
formations and will remain dry, impermeable, metastable, and mechanically strong (Jamtveit et al., 2019; Yardley 
& Valley, 1997).

In crystalline rocks at lower-crustal depths, the confining pressure is on the order of gigapascals and very little 
porosity (∼0.1%) is available to facilitate fluid flow (Thompson & Connolly, 1990). Earthquakes causing frag-
mentation, wall-rock damage, and seismic slip have been identified as the most effective processes for creating 
permeable fracture networks and transiently permitting the introduction of fluids into a metastable host rock 
that will react and metamorphose into a transiently mechanically weaker lithology (Austrheim, 1987; Jamtveit 
et al., 2016; Jolivet et al., 2005; Kaatz et al., 2021; Zertani et al., 2019).

Pseudotachylytes, solidified frictional melt produced during seismic slip, have been studied in detail from several 
localities to gain insights into earthquake nucleation and coseismic processes in the lower crust (Campbell 
et al., 2020; Dunkel et al., 2021; Hawemann et al., 2018; Orlandini & Mahan, 2020; Petley-Ragan et al., 2019). 
Recent studies have demonstrated that microstructures of lower-crustal pseudotachylytes can preserve a time-lapse 
record of the coseismic processes during a single earthquake followed by post- and interseismic healing and 
creep (Campbell & Menegon, 2022; Mancktelow et al., 2022; Petley-Ragan et al., 2021). Coseismic processes 
preserved in the microstructure include the rupture propagation with the associated off-fault damage, frictional 
heating and melting during fault slip, followed by rapid solidification (quenching) and crystallization of new 
minerals. Post- and interseismic healing and creep manifest themselves as (a) fracture sealing in the damage 
zone, typically in the form of precipitation of secondary minerals from the infiltrating fluids (Petley-Ragan 
et al., 2019), and (b) mylonitization (solid-state viscous creep) of pseudotachylytes facilitated by fluid infiltra-
tion and weakening along faults initially characterized by frictional melting and wall-rock damage (Menegon 
et al., 2017). Although the microstructures signifying fracture-induced fluid pathways and infiltration of fluids 
promoting metamorphic and rheological changes have been well-documented (Austrheim, 1987), the evolution 
of this associated porosity as the coseismic pseudotachylyte becomes mylonitized in the post- and interseismic 
stages needs to be characterized.

Thus far, porosity has been characterized to control fault strength in upper-crustal cataclasites and fault gouge 
(Kirilova et al., 2020), or to be related to melt degassing during coseismic slip in fluid-rich upper-crustal pseudo-
tachylytes (Boullier et al., 2001; Gomila et al., 2021; Magloughlin, 2011; Rowe et al., 2005). In this contribution 
we report a detailed microstructural account of porosity in pristine and mylonitized pseudotachylytes from the 
lower-crustal anorthosites of Lofoten, Norway. Our aim is to understand the porosity generating mechanisms and 
characterize the fluid pathways using synchrotron X-ray microtomography (SμCT), focused-ion-beam scanning 
electron microscopy (FIB-SEM) nanotomography, SEM-cathodoluminescence (SEM-CL), and electron backs-
catter diffraction (EBSD) to reveal the dynamic evolution of porosity during the earthquake cycle.

2. Geological Setting
The Lofoten Archipelago in northern Norway is a NNE-SSW trending basement horst that exposes a window into 
a lower-crustal section of the Baltica plate consisting of Archean to Paleoproterozoic ortho- and paragneisses, 
that were intruded by a large Anorthosite-Mangerite-Charnockite-Granite (AMCG) suite between 1.9 and 1.7 Ga 
(Corfu, 2004). The anhydrous AMCG suite emplaced into granulitic crust at ambient conditions of ∼750–800°C 
and 0.4–1.2 GPa (Markl et al., 1998). The primary igneous fabrics and the granulite-facies mineral assemblage 
are generally well preserved.

These anhydrous granulites largely escaped the Caledonian tectono-metamorphic overprint due to a limited 
supply of fluids necessary to facilitate viscous deformation (Steltenpohl et al., 2004). Where there is deforma-
tion, Caledonian-aged fabrics and structures are limited to localized shear zones that developed under granulite-, 
eclogite-, and/or upper amphibolite-facies conditions (Kullerud et al., 2001; Menegon et al., 2013; Steltenpohl 
et al., 2004, 2011). Fracturing and the formation of pseudotachylytes are reported to be the essential precursor 
processes for shear zone initiation (Menegon et al., 2013, 2017; Steltenpohl et al., 2006).

Exposed on the eastern ridge flanking the Nusfjord on Flakstadøy, is a kilometer-scale outcrop of coarse-grained 
anorthosite consisting of gray to dark purple plagioclase (crystals as large as 20 cm) and a subordinate (<10%) 
amount of clinopyroxene, orthopyroxene, olivine, and iron-titanium oxides. The anorthosite hosts mutually 
overprinting pseudotachylytes and mylonitized pseudotachylytes within the Nusfjord East shear zone network 
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(Campbell et al., 2020; Menegon et al., 2017). The network consists of three main intersecting sets of ductile 
shear zones ranging in width from 1  cm to 1 m, with all three sets containing mylonitized pseudotachylytes 
(type-1 pseudotachylytes defined by Campbell et al. (2020); Figure 1d). The three ductile shear zone sets form 
boundaries around relatively undeformed anorthosite blocks that contain pristine (non-mylonitized) pseudotac-
hylytes (type-2 pseudotachylytes defined by Campbell et al. (2020); Figure 1a). Field relationships demonstrate 
that type-2 pseudotachylytes formed during ongoing viscous creep of the type-1 pseudotachylytes (Campbell 
et al., 2020). The formation and mylonitization of pseudotachylytes occurred under lower-crustal conditions of 
650–750°C and 0.7–0.9 GPa. About 0.20–0.40 wt. % H2O infiltrated the fault zones and accompanied the mylo-
nitization of pseudotachylytes. The infiltrated H2O was redistributed along the grain boundaries in the pseudotac-
hylyte and in the fractured domains (Menegon et al., 2017).

3. Materials and Methods
3.1. Microstructural Observations and Electron Backscatter Diffraction (EBSD)

Two samples were investigated in this study: a type-2 pristine pseudotachylyte vein LM1726 (UTM WGS84: 33W 
432142E; 7549923N; Figure 1b), and a type-1 mylonitized pseudotachylyte N19 (UTM WGS84: 33W 432042E; 
7549520N; Figure 1e). The pseudotachylyte vein LM1726 is subvertical and trends NE-SW. It cuts a pegmatite 
dyke with an apparent offset of ∼7 cm. Therefore, LM1726 is a fault vein and not an injection vein. The mylonitized 
pseudotachylyte (sample N19, Figures 1d and 1e) was collected from a ductile shear zone first described by Menegon 
et al. (2017) and interpreted as a composite banding of multiple generations of mutually overprinting pseudotachylytes 
and mylonites reflecting the cyclic interplay between brittle and viscous deformation at lower-crustal condition. N19 
dips 58° toward 146°, and has a stretching lineation plunging 46° toward 190°. The kinematics are oblique-normal.

Compositional variations between the pristine- and mylonitized pseudotachylytes and their anorthosite host rock 
in Nusfjord are limited (Jamtveit et  al.,  2019; Menegon et  al.,  2017). The most notable change consists in a  

Figure 1. (a) Field image of a pristine pseudotachylyte with an injection vein protruding from the main slip surface into the host anorthosite. (b and c) Hand sample 
and thin section of the pristine pseudotachylyte LM1726 (pseudotachylyte indicated with PST) The dashed brown line in (c) highlights a weak internal foliation, in 
addition to the incremental extension direction (blue arrows) and the incremental shortening direction (brown arrows). (d) Field image of the ductile shear zone from 
which the mylonitized pseudotachylyte N19 was sampled. Light and dark green material represent two different generations of pseudotachylyte breccia that experienced 
ductile deformation. Relict structures from the original pseudotachylytes include injection veins and angular survivor clasts of host rock plagioclase, however 
they display some amount of stretching, elongating, flattening, and rotation due to ductile deformation. (e and f) Hand sample and thin section of the mylonitized 
pseudotachylyte N19. Canadian two-dollar coin (28 mm) for scale in field images.
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six to tenfold increase in aqueous fluid content necessary to stabilize the amphibole-bearing mineral assem-
blage in the mylonitized pseudotachylytes compared to the anhydrous anorthosite (i.e., ≥0.25 wt. % of H2O vs. 
0.04 wt.%, Menegon et al., 2017). The present paper investigates the porosity network in the pristine- and mylo-
nitized pseudotachylytes that facilitated fluid infiltration.

Thin sections (Figures 1c and 1f) were analyzed using polarized light microscopy and scanning electron micros-
copy (SEM) coupled with cathodoluminescence (SEM-CL). Observations were made on polished thin sections 
cut perpendicular to the foliation and parallel to the stretching lineation (sample N19), and perpendicular to the 
pseudotachylyte vein boundary (sample LM1726). SEM and SEM-CL analyses were performed at the Gold-
schmidt Laboratory, Department of Geosciences, University of Oslo using a Hitachi SU5000 FEG-SEM coupled 
with a Delmic Sparc Advanced CL system. To reduce vignetting along the margins of individual images of the 
tiled mosaic, CL maps were acquired at 500X magnification, using an accelerating voltage of 15 kV, a 25 ms 
dwell time, a 0.04 ms exposure time, and a 10%–15% image overlap.

Major element compositions were spot analyzed by wavelength-dispersive spectrometry with a Cameca SX100 
election microprobe analyzer (EMPA; Department of Geosciences, University of Oslo), using an accelerating 
voltage of 15 kV, beam currents between 10 and 20 nA, and a 1 μm beam diameter. Feldspar and garnet point 
analyses are presented in compositional diagrams using MinPlot (Walters,  2022). X-ray intensity maps were 
acquired using an accelerating voltage of 15 kV, 40 nA accelerating voltage, 400 ms dwell time, and a step size 
of 1 μm. Nine elements (Si, Al, Fe, Mn, Mg, Na, Ca, K, and Ba) were measured at the specific wavelength in 
two passes. X-ray maps were classified and standardized using XMapTools (Lanari et al., 2014). Compositional 
mapping followed the procedure of Lanari et al. (2019) whereby X-ray intensity maps were standardized using 
spot analyses as internal standards within XMapTools 4 (beta 2) build version 220512. Furthermore, spot anal-
yses of representative compositions for garnet rims, plagioclase, and amphibole grains were used to calculate 
mineral densities at lower-crustal conditions in Thermolab v22_03_23 (Vrijmoed & Podladchikov, 2022).

Crystallographic orientation of sample N19 were collected via EBSD analysis using a Zeiss Merlin SEM coupled 
with an Oxford Instruments Nordlys S detector at the University of Tromsø. EBSD data were collected after 
SEM-CL on the same representative microstructures. All thin sections were chemically polished with colloi-
dal silica prior to EBSD analysis. Crystallographic patterns were acquired and processed using Aztec software 
(Oxford Instruments) on rectangular grids with a step size of 1 μm using an accelerating voltage of 20 kV, a 70° 
sample title angle, and a 24–29 mm working distance. EBSD results for plagioclase are presented as phase maps, 
pole figures, and misorientation angle distribution histograms. Pole figures are orientated with their horizontal 
diameter corresponding to the trace of the mylonitic foliation (E-W) and parallel to the stretching lineation.

3.2. Synchrotron X-Ray Microtomography (SμCT)

In order to document the porosity and mineral phase distributions, we scanned cylindrical subsamples from 
LM1726 and N19 in four μCT data sets each at the TOMCAT beamline X02DA of the Swiss Light Source 
at the Paul Scherrer Institute in Switzerland. The cylinders (∼5 mm height and 2 mm diameter) were drilled 
perpendicular or near-perpendicular to the foliation and to the pseudotachylyte vein boundary. Two N19 volumes 
acquired at 10X magnification and two acquired at 20X magnification. All four LM1726 volumes were acquired 
at 10X magnification. The samples were imaged with a monochromatic beam energy of 28 keV. A charge-couple 
device camera collected images at 0.1° angular steps over 180° for a total of 1,801 projections with dimensions of 
2,560 × 2,160 pixels. 3D volumes with dimensions of 2,560 × 2,560 × 2,160 voxels were reconstructed from these 
projections using a direct Fourier method and an efficient data reconstruction pipeline (Marone et al., 2017). Data 
was corrected to reduce ring-artifacts. The voxel size of the reconstructed data is 0.65³ μm³ (10X magnification) 
and 0.325³ μm³ (20X magnification), respectively. Resolution is twice the value of the voxel size. The data sets 
were processed, segmented, analyzed and visualized in Avizo (Thermo Fischer Scientific). Depending on the 
noise filtering algorithm, the segmentation method, and the interconnectivity options between voxels employed, 
final porosity values can vary (see Kirilova et al., 2020; McBeck et al., 2021 and references therein). All SμCT 
volumes were processed similarly with the same workflow recipe. This study is foremost interested in trends of 
the porosity distribution, with less focus on the absolute values. See Text S1 in Supporting Information S1 for 
further details on segmentation procedures.

Pores in direct contact with the garnet grain boundary are used in the porosity measurements regarding garnet, 
while pores encapsulated within the survivor clasts are considered in the survivor clast measurements.
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3.3. Focused Ion Beam Scanning Electron Microscopy (FIB-SEM)

Two locations in LM1726 were analyzed with FIB-assisted nanotomography to determine healing mechanisms in 
the damage zone (Site 1; see Figure 2c) and porosity generating mechanisms around garnet in the pseudotachylyte 

Figure 2. Representative microstructures in LM1726. (a) SEM-CL mosaic map of the pseudotachylyte vein margin and the immediate damage zone in the host 
anorthosite. The anorthosite crystals are variably fractured with minimal offset into angular fragments with variable CL intensity zonation from bright gray cores 
to darker gray rims. Black grains in CL are denser phases such as garnet, amphibole, pyroxene, and biotite. Equant plagioclase2 neoblasts grains (<20 μm diameter) 
nucleated from the smallest fragments of anorthosite are medium gray CL intensity. The white <10 μm grains are K-feldspar2 grains enriched in BaO. (b) backscatter 
electron (BSE) image of the pseudotachylyte vein (PST) margin with the damage zone (DMG Zone). Garnet appears as both single grains (Grt) and framboidal forms 
(Fram. Grt). There is a marked increase in biotite along the vein margin. See Figure S1a in Supporting Information S1 for a larger version. (c) Magnified SEM-CL 
from (a) of a plagioclase1 fragment with a bright CL core, and progressively darker CL toward the rim. A crack within the plagioclase1 fragment has been efficiently 
healed with K-feldspar2 and was further analyzed with focused-ion-beam scanning electron microscopy (FIB-SEM) nanotomography in Figure 7b. Plagioclase EMPA 
maps are provided in Figures S2a and S2b of the Supporting Information S1. (d) SEM-CL of a single garnet grain inside the pseudotachylyte vein with associated 
microstructures. Barium-enriched K-feldspar has formed asymmetrical rims around the garnet and has a bright CL intensity. Pink rectangle indicates a FIB-SEM 
nanotomography transect (Figure 7a). (e) BSE of a framboidal garnet (Fram. Grt) inside the pseudotachylyte vein with a core consisting of an Fe-Ti-oxide and 
corundum, with smaller quartz and amphibole inclusions in the mantle region.
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matrix (Site 2; see Figure 2d). The analysis was conducted on an FEI Helios NanoLab G3 UC at Utrecht Univer-
sity using an accelerating voltage of 5 kV, a beam current of 0.10 nA, a working distance of 4.1 mm, and a tilt 
angle of 52°. A 3 μs dwell time was used to acquire each backscatter electron (BSE) image of every slice and a 
tilt correction was applied to each image at the time of acquisition. Slice interval was every 100 nm for both loca-
tions, with Site 1 having a pixel dimension of 4.9 × 6.2 nm 2 and Site 2 having a pixel dimension of 4.5 × 5.7 nm 2. 
Images were then segmented using Ilastik (Berg et al., 2019) and visualized with Avizo software. Segmented 
volumes have a “stepped” appearance because of the 100 nm between slices that prevented Avizo from interpo-
lating the distance between.

4. Results
4.1. Microstructures and Mineral Chemistry

4.1.1. Pristine Pseudotachylyte and Its Damage Zone

Primary (magmatic) plagioclase in the host anorthosite is denoted as plagioclase1, while the plagioclase neoblasts 
that grew as a result of deformation are denoted as plagioclase2. The same subscript notation is used for K-feldspar. 
Minerals in text and figures follow abbreviations from Whitney and Evans (2010).

The damage zone in the host anorthosite is the centimeter-scale zone immediately flanking the pseudotachy-
lyte margin (Figures 2a and 2b; Figure S1a in Supporting Information S1). It consists of intensely fractured 
angular fragments of plagioclase1, many of which display undulatory extinction and deformation twins (Figure 
S1b in Supporting Information S1). There is very little rotation and negligible offset along fractures. Fractures 
between plagioclase1 fragments can be between a few microns to 200 μm wide and are filled predominately 
with plagioclase2 neoblasts and a subordinate amount of K-feldspar2 neoblasts (Figures 2a and 2c; Figure S1c in 
Supporting Information S1). The fractured plagioclase1 grains display a core-to-rim CL intensity zonation from 
bright to dark gray (Figures 2a and 2c). Plagioclase2 neoblasts are 10–30 μm sized, generally polygonal grains 
displaying uniform light gray CL intensity. K-feldspar2 neoblasts are generally smaller (<15 μm), polygonal- to 
cuspate-shaped, and are found in triple junctions between plagioclase2 grains, as well as in discontinuous arrays 
lining thin (≤10 μm wide) intracrystalline fractures (Figure 2c). K-feldspar2 appears white under CL. Garnet 
in the damage zone commonly occurs as single euhedral grains <50 μm in size, free of inclusions, and occurs 
amongst the plagioclase2 and K-feldspar2 neoblasts in the plagioclase1 intracrystalline cracks. Pyroxene is varia-
bly fractured and replaced by amphibole.

The 10–15 mm thick pseudotachylyte vein locally preserves primary quenching crystallization microstructures, 
such as radiating microlites of plagioclase2, chilled margins, dendritic-framboidal garnet clusters, and flow struc-
tures (Figure 2b; Figures S1a and S1d in Supporting Information S1) that reflect rapid crystallization from a 
melt. The fine-grained (<25 μm) microcrystalline matrix is dominated by plagioclase2 and amphibole, with a 
subordinate amount of garnet, K-feldspar2, biotite, and scapolite. Survivor clasts are composed predominantly of 
angular to rounded polycrystalline aggregates of variably fractured plagioclase1 grains from the host anorthosite 
(Figures S1a and S1d in Supporting Information S1). Fractures in the plagioclase1 are filled by equant plagioclase2 
neoblasts (10–30 μm sized). Fractured plagioclase1 grains display undulatory extinction, deformation twins, and 
under SEM-CL have a zoning with bright cores and dark gray rims, like in the damage zone (Figure S1e in 
Supporting Information S1). Garnets are euhedral and occur as single grains (<75 μm; Figure 2d) or as clusters of 
mutually intergrown euhedral grains having a framboidal appearance (100–120 μm; Figure 2e). Often the fram-
boidal garnets are enclosing cores containing tens of micron-sized clinopyroxene (partially replaced by amphi-
bole) or Fe-Ti oxides ±corundum. Garnets in the pseudotachylyte, both single grains and framboidal varieties, 
contain inclusion-rich cores consisting predominately of <10 μm quartz, clinopyroxene or amphibole, K-feldspar, 
and iron oxides, while their rims are free of inclusions. Garnets are usually wrapped by a bright CL intensity, 
locally asymmetrical, rim (5–10 μm wide) of K-feldspar2 (Figure 2d; Figure S1e in Supporting Information S1). 
Neoblasts of K-feldspar2 also occur as fine (<5 μm) isolated grains in the pseudotachylyte matrix. Although the 
pseudotachylyte vein largely preserves primary microstructures as described above, a slight solid-state shear 
overprint is evident on one side of the pseudotachylyte vein in the form of slightly elongate and aligned survivor 
clasts defining a weak internal foliation. Where asymmetrical, the rims of K-feldspar around garnet are aligned 
parallel to the incremental extension direction associated with the solid-state overprint (Figures 1c and 2d; Figure 
S1e in Supporting Information S1).
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Plagioclase is an andesine-labradorite with very little variation in mineral chemistry among all plagioclase grains 
analyzed (279 point analyses; Figure 3a; Table S1 in Supporting Information S1). The average anorthite (An) 
content in the damage zone plagioclase1 is An52, compared to the average plagioclase2 neoblast in the damage 
zone that is An52. The average plagioclase2 neoblast in the pseudotachylyte vein is An49. There is no variation in 
anorthite content between the wall rock on the two sides separated by the pseudotachylyte vein. There is also no 
detectable major element chemical zoning that could be correlated with the CL-intensity zonation in plagioclase1. 
BSE and calibrated X-ray maps however do detect a thin (∼5 μm) anorthite enrichment along grain boundaries of 
both plagioclase1 and plagioclase2 in the damage zone (Figures S2a–S2c in Supporting Information S1).

In the damage zone and within the pseudotachylyte vein, K-feldspar2 neoblasts (Or95) have a slight enrichment of 
BaO (∼2–4 wt. %) in comparison to K-feldpsar1 from the anorthosite host rock (Or95; 126 point analyses). This 
difference in BaO content creates a distinct bimodal distribution between K-feldspar1 and K-feldspar2 (Figure 3b). 
The contrast in mineral chemistry between the two K-feldspars creates a CL-intensity signature in CL maps as the 
barium-enriched K-feldspar2 grains appear bright white, while K-feldspar1 is a duller white-gray (Figure 3c). In 
both damage zones flanking either side of the pseudotachylyte vein, K-feldspar2 has a consistent composition. No 
measurable gradient in BaO content in K-feldspar2 was observed with increasing distance away from the pseudo-
tachylyte vein margin into the damage zone, for the distance sampled in this study (15 mm).

Average garnet chemical composition is Alm41 Prp34 Sps1 Grs24 from a total of 74 point analyses (Figure 3d). Cali-
brated X-ray maps of both single grain and framboidal garnets in the pseudotachylyte show a diffuse core-to-rim 
zoning of grossular (Grs37-23; Figure 3e). Small (<25 μm sized) inclusion-free garnets are also present in plagi-
oclase survivor clasts and typically have a composition similar to the inclusion-free rims of pseudotachylyte 
garnets (Figures S1a and S1e in Supporting Information S1). Compositions of the damage zone garnets, which 
are also inclusion-free, are similar to the rims of the pseudotachylyte garnets.

Figure 3. Representative mineral chemistry and microstructures in LM1726 feldspars and garnets. (a) Calculated end-members from all EMP analyses plotted onto the 
feldspar ternary diagram. (b) Histogram of K-feldspar composition in relation to BaO wt.%. K-feldspar1 contains less BaO than K-feldspar2. (c) SEM-CL of K-feldspar 
microstructures in the damage zone. K-feldspar1 are large angular fragments (∼100 μm size) of intermediate gray CL intensity, while the smaller K-feldspar2 neoblasts 
are much brighter in CL. (d) Calculated end-members for garnet from all EMP analyses plotted onto the garnet ternary diagram. Garnet shows very little variation in 
composition regardless of its microstructural location. (e) Representative EMP X-ray map of a zoned framboidal garnet. Grossular content shows an increase in the rim.
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4.1.2. Mylonitized Pseudotachylyte

The mylonitized pseudotachylyte (type-1 pseudotachylytes) consists of sheared polymineralic layers derived 
from the original pseudotachylyte veins alternating with variably deformed and elongated plagioclase-rich lenses 
representing the deformed lithic clasts of the host anorthosite (Figures 4a and 4b). Domains of either material 
have varying thicknesses from 10s of μm to 1–2 mm, can be planar or may host small open to tight folds usually 
verging in the direction of shearing.

The mylonitized pseudotachylyte material consists of a well-mixed matrix of plagioclase, amphibole and clino-
pyroxene (∼5–30 μm), with a subordinate amount of garnet, K-feldspar, quartz, biotite, scapolite, and ilmenite. 
The matrix amphibole forms isolated grains (∼10 μm) or small clusters at the triple junctions between plagioclase 
grains (Figures 4c and 4d).

Mylonitized pseudotachylytes wrap around plagioclase-rich domains (Figure 4a), as well as ortho- and clinopy-
roxene grains that are variably replaced by biotite, quartz, amphibole, and garnet aggregates (Figures 4a and 4d). 
Plagioclase-rich domains are comprised of polycrystalline aggregates of fragmented plagioclase (plagioclase1) 
and neoblasts of plagioclase (plagioclase2; Figures  4b and  4e). The fragmented plagioclase1 display similar 
microstructures described earlier in the host anorthosite damage zone (i.e., undulatory extinction, bent deforma-
tion twins, and SEM-CL core-to-rim zoning, Figure 4b) and the survivor clasts found within the pristine pseudo-
tachylyte. Plagioclase2 neoblasts are small polygonal grains (<30 μm) with K-feldspar2 (with bright CL intensity) 
locally occurring at triple junctions. K-feldspar2 locally forms 200 μm long by <30 μm wide domains elongate 
parallel to the foliation and with lobe and cuspate contacts against the surrounding plagioclase (Figure 4c). The 
cusps are preferentially elongated perpendicular to the foliation. Inclusion-free single and framboidal garnets are 
scattered infrequently in the monomineralic plagioclase foliations. Garnets are locally surrounded by asymmet-
rical rims of K-feldspar elongated parallel to the foliation (Figure 4c), similar to the microstructure observed in 
the pseudotachylyte.

Representative analyses for feldspar and garnet from both monomineralic and polymineralic domains are found in 
Table S2 of the Supporting Information S1, with accompanying plagioclase and garnet ternary diagrams (Figures 
S3a and S3b in Supporting Information S1 respectively). These data are consistent with those from Menegon 
et al. (2017). Plagioclase in the mylonitized pseudotachylyte ranges compositionally from andesine to labradorite 
as in the pristine pseudotachylyte; however, monomineralic domains are dominantly labradorite (An53), while 
the polymineralic domains are more andesine (An47; Figure S3a in Supporting Information S1). Also similar to 
the pristine pseudotachylyte, K-feldspar has a small enrichment in Ba, which again creates a bright CL response 
(Figure 4c). Garnet has similar core and rim compositions in the mylonitized pseudotachylyte as it does in the 
pristine pseudotachylyte, and often displays similar diffuse core-to-rim zoning of the grossular component.

4.2. EBSD Analysis of the Mylonitized Pseudotachylyte

EBSD data show that plagioclase in the polymineralic and monomineralic domains of the mylonitized pseudo-
tachylyte show no clear alignment of lattice planes and axes with the foliation nor with the stretching lineation 
(Figures S4a and S4b in Supporting Information S1). The random pair misorientation angle distribution histo-
gram for both polymineralic and monomineralic domains follows the theoretical curve closely up to angles <60°, 
and then departs significantly from the curve at higher angles.

4.3. Analysis of Microporosity

An overview of the microporosity is presented in Figure 5, Figures S5 and S6 as well as in Table S3 of the 
Supporting Information S1 from all eight SμCT volumes analyzed.

4.3.1. Pseudotachylyte Vein and Its Damage Zone

SμCT data reveals porosity is largely concentrated in the pristine pseudotachylyte vein with values ranging 
between 0.09 and 0.18 vol%, while the damage zone of the host anorthosite contains about 0.01–0.04 vol% poros-
ity (Figure 6a; Table S3a in Supporting Information S1; Movies S1 and S2). A transect through the vein and the 
flanking damage zone shows a dramatic reduction in porosity between the vein and the damage zone (Figure 6b), 
from 0.18 vol% to 0.02 vol%. The damage zone immediately along the vein margin contains the least amount of 
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Figure 4. Representative microstructures in mylonitized pseudotachylytes. Shear-sense is top-to-the-right in all images. (a) Sheared pseudotachylyte (PST) 
vein cross-cutting and wrapping around variably fractured and fragmented plagioclase1 grains that have been variably recrystallized to finer plagioclase2 grains. 
Cross-polarized light microscopy. (b) SEM-CL of the sheared pseudotachylyte vein in (a). Plagioclase1 displays core-to-rim CL intensity zonation similarly observed 
in the damage zone and survivor clasts of pristine pseudotachylytes. (c) Sheared pseudotachylyte (polymineralic domain) and sheared survivor clast (∼monomineralic 
domain). Note the cuspate and lobate “teeth” in the bright CL K-feldspar2 ribbon within the monomineralic domain, as well as the well-mixed plagioclase and 
amphibole polymineralic domain. (d) Backscatter electron (BSE) image of sheared pseudotachylyte matrix (polymineralic domain) that shows a well-mixed foliation 
containing hornblende and plagioclase2 with a subordinate amount of garnet. Note that some framboidal garnets remain intact, while others have broken up and formed 
planar aggregates. Garnet often forms coronas around Fe-Ti oxides and pyroxene survivor clasts that are partially replaced by amphibole, quartz, and biotite (black 
arrow). (e) BSE image of a sheared survivor clast (monomineralic domain) that is largely composed of plagioclase1 and plagioclase2. At the bottom of the image is a 
polymineralic domain, that is composed of a well-mixed mixture of plagioclase and amphibole on the left side, and on the right side is an aggregate of garnet, Fe-Ti 
oxides, and pyroxene that is mostly replaced by amphibole and quartz.
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porosity with 0.01 vol%, and then increases slightly to 0.04 vol% ∼500 μm 
further away from the vein margin. Small (1–10  μm in diameter) isolated 
pores are found in higher concentration in two specific microdomains: in 
close proximity to garnet in the pseudotachylyte matrix (within <20 μm of 
the grain boundary; Figures 6e and 6f), and as inclusions in survivor clasts 
of the host anorthosite enclosed in the pseudotachylyte (Figure 6g). Pores are 
also interspersed in the pseudotachylyte matrix amongst the amphibole and 
plagioclase grains; however, the relationship between pores with garnet is 
less ambiguous.

Pores in the pseudotachylyte vein have a median volume of ∼60–80 μm 3, are 
bladed to elongated in shape, and occur isolated and disconnected through-
out the vein (Figure S7 in Supporting Information S1, Movies S3 and S4). 
Porosity is concentrated more around garnets (0.25–0.41 vol%; Figure 6e; 
Figure S17 in Supporting Information S1) than in the surrounding pseudo-
tachylyte matrix (0.07–0.21 vol%; Table S3a in Supporting Information S1). 
FIB-SEM nanotomography reveals that pores are preferentially found along 
garnet-plagioclase2, garnet-K-feldspar2 and K-feldspar2-plagioclase2 phase 
boundaries (Figure 7a; Movie S5). Pores are locally elongated parallel to the 
elongated rims of K-feldspar2 around garnet. Framboidal garnets host thin 
interconnected pore networks weaving in and out of the interior chambers of 
the framboidal clusters (Figure 6f; Movie S6). Both single and framboidal 
garnet show an asymmetrically distributed rim of pores (Figures 6e and 6f; 
Figure S8 in Supporting Information S1) and these pores show some amount 
of interconnectivity as well as a preferred elongation sub-parallel to the 
instantaneous stretching axis for the weak dextral solid-state shear overprint 
of the vein (Figure 6c). It is common to find the smallest garnets (<2 μm) in 
the pseudotachylyte vein in contact with at least one pore.

Plagioclase survivor clasts segmented in SμCT (Figure  6g) show a range 
(0.44–0.59 vol%) of porosity. Volumetrically smaller clasts have less poros-
ity compared to the larger clasts. Generally, the pores in survivor clasts have 
a median size ranging 27–64 μm 3 and are somewhat more interconnected 
than the pores in the pseudotachylyte matrix (Movie S7), but are overall less 
abundant.

The damage zone in the host anorthosite contains less porosity than the pseudotachylyte vein (Figure 6b). Pores 
have a median pore volume of ∼50–70 μm 3, are often bladed in shape, however they lack an shape-preferred 
orientation (SPO; Figure 6d and Figure S9 in Supporting Information S1). Where there is porosity, it appears 
along fracture planes of the fragmented host anorthosite and this porosity can be somewhat interconnected form-
ing relatively large pores (gray arrows in Figure 6a; Figure S10 in Supporting Information S1; Movies S1 and S2). 
Average pore sizes and maximum pore sizes are typically larger in the damage zone than in the pseudotachylyte; 
however, total pore count is significantly lower, thus reflecting the overall lower porosity (Table S3a in Supporting 
Information S1). Porosity is not closely associated with garnets in the damage zone as is seen in the pseudotac-
hylyte vein. A FIB-SEM nanotomography transect along an intracrystalline fracture in a fragmented plagioclase1 
grain sealed by K-feldspar2 reveals a near complete lack of porosity (Figure 7b; Movie S8). K-feldspar2 is partially 
replaced by a vermicular intergrowth of quartz and plagioclase.

4.3.2. Mylonitized Pseudotachylyte

The four mylonitized pseudotachylyte SμCT volumes examined show consistent overall porosity of 0.01–0.04 
vol% (Figure 5; Table S3b in Supporting Information S1). The mylonites host significantly less porosity than the 
pristine pseudotachylyte veins—pores are both smaller (median size: ∼32–48 μm 3 for voxel sizes of 0.65 3 μm 3) 
and, overall, less abundant in the mylonitized pseudotachylyte. Where there is porosity, it is concentrated within 
monomineralic domains of plagioclase (0.01–0.07 vol%; Figure  8a (black arrow) and Figure  8b; Movies  S9 
and S10). These domains are interpreted as sheared survivor clasts of the host anorthosite and can contain a minor 
amount of sporadically scattered single garnet grains. Pores in the monomineralic domains have a median size 

Figure 5. Scatter plot of the calculated porosities from all SμCT volumes. 
Error bars represent the standard deviation calculated from the binary 
threshold segmentation of each respective volume. To summarize: the 
pseudotachylyte vein contains more porosity than the adjacent damage zone, 
while the mylonitized pseudotachylyte, on average, contains the least amount 
of porosity.
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of ∼31 μm 3 (for voxel sizes of 0.65 3 μm 3) are not interconnected, and have a bladed to elongated shape (Figure 
S11a in Supporting Information S1). The long axes of pores show a rough concentration along a girdle subpar-
allel to the foliation (Figure 8c). Polymineralic foliations consisting of sheared pseudotachylyte matrix material 
(plagioclase, amphibole and garnet) contain very little porosity (0.01 vol%) with a median pore size of ∼18 μm 3 
(for voxel sizes of 0.65 3 μm 3). They are bladed to elongated in shape (Figure S12a in Supporting Information S1), 

Figure 6. Porosity distribution in the pristine pseudotachylyte. (a) Side-by-side comparison of a representative pristine pseudotachylyte (PST) with damage zone 
and (b) the porosity distribution as a function to depth extracted from this SμCT volume. Blue arrow in (a) indicates a collection of garnet grains at a high angle 
to the pseudotachylyte vein margin, which is interpreted as an injection vein. Gray arrows in (a) point to relatively large and interconnected pores in the damage 
zone. Four lines are plotted in (b) to show the variation of the porosity data depending on the binary thresholding segmentation implemented, however the overall 
trend remains true in each line. Stereoplots of both the pseudotachylyte vein (c) and the damage zone (d) reveal the orientations of the long axis of individual pores. 
The pseudotachylyte vein (c) has a strong shape-preferred orientation toward the stretching lineation, while the damage zone pores (d) are randomly orientated. (e) 
Representative single garnet grain (red) with numerous pores (blue) residing along the grain boundary or in very close proximity. Only pores immediately next to the 
garnet (<20 μm) are shown. (f) Cross-section view of a representative framboidal garnet with a core consisting of iron or iron-titanium oxides (not segmented) and an 
interconnected network of thin pores residing within. See Movie S6. (g) Plagioclase survivor clast containing few but relatively large and somewhat interconnected 
pores.
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and show a preferred orientation of the long axis nearly parallel to the stretching lineation (Figure 8d). When 
analyzing a larger data set of pores from an entire SμCT volume (Figure 8e, Figures S13 and S16 in Supporting 
Information S1), there is a girdle that forms along the foliation of the sheared pseudotachylyte, with a significant 
population orientated parallel to the stretching lineation.

5. Discussion
5.1. Origin of Porosity at Lower-Crustal Conditions

The microstructures in Figures 6–8 are interpreted to be pores and not vesicles, because at lower-crustal condi-
tions, high lithostatic pressures would render H2O- and CO2-bearing fluids (if present in any quantity) completely 
miscible in the frictional melt (Gomila et al., 2021). At these conditions, it is unlikely that there would be degas-
sing of the melt during crystallization to form vesicles. The Nusfjord lower-crustal anorthosites emplaced at 
granulite-facies conditions show no macroscopic evidence for fluid infiltration after the development of the pseu-
dotachylytes and mylonites (Menegon et al., 2017). Thus, an origin of porosity in conjunction with exhumation 
under retrograde metamorphic conditions is unlikely. It is conceivable that some micro- and nanopores related 
to opening of grain and phase boundaries were created as a decompression-related thermoelastic response to 
cooling during uplift (Wirth et al., 2022). However, the elongation and shape preferred orientation of the pores 
associated with garnet in both the pristine- and mylonitized pseudotachylyte (Figures 6c, 6e, 7a, and 8e; Figure S8 
in Supporting Information S1) suggests that this porosity is related to processes operating during garnet growth 
(discussed in Section 5.3) and viscous deformation respectively (Section 5.4). Therefore, we interpret these pores 
to have formed at lower-crustal depths.

5.2. Preservation of Coseismic Porosity and of Fluid-Rock Interactions in the Damage Zone

The earthquake rupture propagation resulted in a damage zone that transiently hosted a network of 
well-interconnected fracture porosity, before it was efficiently sealed and healed by solution-precipitation 
mechanisms, as is commonly seen in the upper crust (e.g., Evans et al., 1997; Kirilova et al., 2020; Mitchell & 
Faulkner 2012; Figure 9). Remnants of these interconnected pores are found in small clusters (Figure 6a; Figure 
S10 in Supporting Information  S1), and in survivor clasts within the pseudotachylyte (Figure  6g). After the 
rupture propagation stage, the resulting enhanced permeability contributed to some limited fluid flow, which 
in turn aided the nearly solid-state recrystallization and the sealing of porosity, thereby effectively healing the 

Figure 7. Focused-ion-beam scanning electron microscopy nanotomography segmented volumes with representative microstructures from (a) the pseudotachylyte vein 
and (b) the damage zone. See Movies S5 and S8 respectively. (a) Garnet grain with associated pores situated along grain and phase boundaries with K-feldspar2 and 
plagioclase2. Pores are elongated in the incremental extension direction. (b) K-feldspar2 is partially replaced by a vermicular intergrowth of quartz and plagioclase found 
in a healed fracture within a plagioclase1 grain.
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damage zone. Sealing and healing of the fractures in the damage zone was led primarily by the nucleation of 
plagioclase2 and K-feldspar2 (Figure 1a; Figure S1c in Supporting Information S1). The lack of micas, the pres-
ence of K-feldspar2, and a chemically homogeneous core in both plagioclase1 and plagioclase2, suggests limited 
fluid availability and limited element transport (Zertani et al., 2022).

The host anorthosite is dominantly composed of plagioclase1, which when comminuted during the rupture, 
provided the nuclei necessary for neoblasts of plagioclase2 to grow from (e.g., Menegon et al., 2013; Petley-Ragan 
et al., 2018). The edges (<1 μm) of plagioclase1 and plagioclase2 grain boundaries in the fractures are locally 
depleted in Na and enriched in Ca (Figures S2a–S2c in Supporting Information S1). These microstructures are 
similar to the “complex feldspar” or “reversely zoned plagioclase” found elsewhere in lower-crustal anortho-
sites subjected to fluid infiltration after earthquake faulting, and generally attributed to fracturing followed by 
fluid-mediated recrystallization (Mukai et al., 2014; Petley-Ragan et al., 2018, 2021; Soda et al., 2020).

K-feldspar2 is finer grained than plagioclase2 and often fills triple junctions and the finest intragranular cracks 
in the damage zone (Figures  2a, 2c, and  3c). K-feldspar2 neoblasts contain double the amount of BaO than 
K-feldspar1 (Figure 3b), and K-feldspar2 has the same composition in the damage zone as in the pseudotachylyte 
vein (Figure 3a). Thus, we conclude that the Ba-enrichment resulted from the coseismic deformation, as there 
is no sign of a late-stage fluid infiltration during exhumation (Menegon et al., 2017). The questions of the fluid 
origin and of the likely distance over which aqueous fluid may have moved remain to be addressed. The H2O 
content in the anorthosite was on the order of 0.04 wt. % and there was no free H2O at the P-T conditions of defor-
mation (Menegon et al., 2017). The amount of H2O must have increased by at least 6–10 times to stabilize the 

Figure 8. (a) Porosity distribution in the mylonitized pseudotachylyte, with a black arrow indicating the monomineralic domains (sheared survivor clasts) and the 
red arrow indicating a polymineralic domain (sheared pseudotachylyte matrix). The sheared pseudotachylyte matrix is represented by the segmentation of garnet; 
however, similar to BSE images in Figures 4d and 4e, these polymineralic domains are aggregates frequently composed of amphibole, plagioclase, garnet, Fe-Ti 
oxides, along with other minor phases. (b) Segmented subvolume (325 3 μm 3) bounded by YZ and XZ radiographs. The polymineralic domain is a phase mixture 
dominated by amphibole and plagioclase with two ∼100 μm diameter garnets, a few very small pores, and a fine-grained garnet aggregate marking the boundary with 
the monomineralic domain in the upper portion of the subvolume. Porosity is concentrated in the monomineralic domain, which is composed largely of plagioclase 
with a single ∼100 μm diameter garnet that is surrounded by pores. (c) Pores in monomineralic domains are anisotropic in shape and align to form an shape-preferred 
orientation orientated subparallel toward the stretching lineation. (d) The polymineralic domains contain much less porosity; however, the pores do align toward the 
stretching lineation, similar to the monomineralic layer. (e) Orientation of all pores in an entire mylonitized pseudotachylyte SμCT volume.
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amphibole-bearing assemblage in the mylonitized pseudotachylytes. We speculate that the small amount of biotite 
(1%–3% modal abundance) in the host anorthosite, and nano-inclusions of Ba-oxides in plagioclase1 (Michalchuk 
et al., 2023a), provided the Ba for K-feldspar2. This small amount of biotite also provided the 0.25–0.45 wt.% H2O 
that migrated along the fracture network in the damage zone, which created the Ca-Na grain-boundary zoning 
in plagioclase described earlier and transported the K-feldspar2 material in solution. Therefore, we interpret that 
one source of the H2O that infiltrated the seismogenic fault is represented by biotite melted during coseismic 
frictional heating (Figure 9). A limited amount of H2O was present along the cracks also after the precipitation of 
K-feldspar2, as indicated by the development of myrmekite, which requires fluid-assisted element transport along 
grain boundaries (Menegon et al., 2006; Simpson & Wintsch, 1989).

5.3. Origin of Porosity by Densification During Garnet Growth in the Post- and Interseismic Stages

Porosity in the pseudotachylyte veins is preserved because the poor interconnectivity between pores (Figure 6) 
resulted in an effectively impermeable volume. This is corroborated in Figure 2b where along the pseudotachylyte 
vein margin with the damage zone, biotite occurs in relatively higher abundance than elsewhere in the pseudo-
tachylyte vein. This suggests that a small amount of fluid was present along the pseudotachylyte boundary, which 
promoted biotite growth only to a depth of 50–100 μm into the pseudotachylyte vein because the pores were not 
interconnected.

Garnet with a dendritic to framboidal habit found in pseudotachylyte veins has been interpreted as indicative of 
nucleation and rapid growth from a frictional melt (Austrheim et al., 1996; Clerc et al., 2018). In our samples, 
the diffuse core-to-rim zoning of slightly grossular-rich cores to slightly almandine-rich rims (Figure 3e) and the 
idiomorphic grain shapes, further suggest garnet continued to grow after solidification of the pseudotachylyte 
melt during the devitrification and recrystallization processes. Reactions in the lower crust can produce phases 
that are denser than the reactants, and this allows porosity to form, which in itself might represent the pathways 
for fluids to potentially migrate toward reaction sites (Zertani et al., 2022). We propose that the high concen-
tration of pores in very close proximity to garnets (Figures 6e and 7a; Figure S8 in Supporting Information S1) 
resulted from a negative volume change reflecting local densification due to garnet growth.

As garnet is denser (3.42–4.31 g/cm 3) than plagioclase (labradorite: 2.68–2.71 g/cm 3) and amphibole (pargasite: 
3.07–3.18 g/cm 3), it is worth further investigating how much porosity nearest to the garnet might result from garnet 
growing at the expense of plagioclase and amphibole. We purposely have not included K-feldspar and biotite 

Figure 9. Cartoon summarizing the porosity generating mechanisms in relation to the earthquake cycle and the evolution of a pristine pseudotachylyte into a 
mylonitized pseudotachylyte. See text for details.
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in our simplified model because K-feldspar is difficult to segment for with certainty 
in our SμCT volumes, and biotite is of negligible modal amount. Using microprobe 
point analyses, we calculated the density differences between a volume containing just 
garnet and a volume containing plagioclase and amphibole (Grt − (Plag + Amph)) using 
Thermolab (Vrijmoed & Podladchikov, 2022) at 0.7–0.8 GPa and 650–750°C, following 
the P-T estimates by Menegon et al.  (2017). The densities of garnet, plagioclase, and 
amphibole are near-constant in the investigated P-T window (Figure S14 in Supporting 
Information S1). As a result, the densification due to garnet growth is constant and corre-
sponds to ∼−1.45 g/cm 3. Thus, the local bulk rock in the reaction area becomes denser 
by 1.45 g/cm 3 as garnet grows and consumes plagioclase and amphibole.

We then followed this by examining if the estimated garnet densification translates to 
observable porosity in our SμCT data. Using the average densities that were calculated 
for garnet (3.78 g/cm 3), plagioclase (2.67 g/cm 3), amphibole (3.16 g/cm 3), and porosity 
(0.00 g/cm 3), we calculated with respect to the modal volume abundance of each phase, 
the densities of a volume containing just Grt + pores immediately touching garnet, and 
a volume containing just Pl + Amp (Table 1). The average density difference between 
the two volumes is 0.98 g/cm 3, which is in range of the 1.45 g/cm 3 calculated above. 
This translates to 0.35% porosity and is consistent with the porosity measured around 
the garnets (0.25%–0.41%). Therefore, we conclude that the porosity spatially associated 
with garnet in the pseudotachylyte vein results from local densification during solid-state 
garnet growth.

The shape-preferred orientation of elongate pores parallel to the instantaneous stretching 
axis of the weak solid-state overprint of the pseudotachylyte vein (Figure 6c), suggests 
that garnet growth and porosity formed during the post- and interseismic stages, when 
the vein was solidified, and solid-state mineral reactions took place. Asymmetrical 
rims of K-feldspar2 in strain shadows around garnet  also formed during these stages. 
Development of elongate pores (Figure 7a) in those domains was likely enhanced by 
the local dilatancy in strain shadows. Thus, while the limited porosity preserved in the 
damage zone results from coseismic deformation, the isolated pore clusters within the 
pseudotachylyte vein originated in the post- and interseismic stages by a combination of 
garnet growth (densification) and weak solid-state overprint (Figure 9). This possibly 
further promoted limited diffusive mass transfer of ions across reactive areas via the 
open pores at the garnet grain boundary. Deformation-induced reactions that promoted 
garnet growth in metastable granites have been linked to the overall densification of the 
lower crust (Williams et al., 2014).

5.4. Progressive Suppression of Porosity During Interseismic Creep and 
Conceptual Model of Porosity Evolution During the Earthquake Cycle

Porosity is greatly reduced by over 85% in the mylonitized samples compared to the 
pristine pseudotachylytes. Polymineralic (pseudotachylyte matrix) and monominer-
alic (survivor clasts) domains in the mylonitized pseudotachylyte show no crystallo-
graphic preferred orientation, fine grain size and polygonal grain shape (Figure S4 in 
Supporting Information S1). In addition, the polymineralic domains have a high degree 
of phase mixing, with amphibole (and biotite in minor amounts) found in triple junc-
tions, grain-boundary jogs, and along grain boundaries orientated at large angles to the 
stretching lineation, suggesting the dominant deformation mechanism was diffusion 
creep and grain-boundary sliding (Kilian et al., 2011). Menegon et al. (2017) suggested 
that the plagioclase-rich survivor clasts in their mylonitized pseudotachylyte sample 
from Nusfjord deformed by dislocation creep, and this would help explain the obser-
vation that the rheologically weaker sheared pseudotachylyte material wraps around the 
stronger survivor clasts. However, the lobate-cuspate K-feldspar microstructures in the 
plagioclase-dominated survivor clasts (Figure 4c) are textbook examples for diffusion 
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creep (Gower & Simpson, 1992), as this microstructure is created by the precipitation of material into dilating 
creep cavities during grain-boundary sliding (Fusseis et al., 2009; Zavada et al., 2007). Thus, we conclude that 
diffusive mass transfer coupled to grain-boundary sliding (collectively named grain-size sensitive creep, GSS 
creep) was overall the dominant process in the mylonitized pseudotachylytes from Nusfjord. During GSS creep, 
pores open and close simultaneously along grain and phase boundaries as grains slide past each other. This forms 
local transient sites of low stress in which grain-boundary fluids migrate toward and precipitate material—the 
granular fluid pump model (Fusseis et al., 2009; Kassner & Hayes, 2003; Rybacki et al., 2008, 2010; Zavada 
et al., 2007). The pore elongation direction is rather scattered, but there is a SPO that has developed subparal-
lel to the stretching lineation (Figure 8e), suggesting that a fraction of pores opened parallel to the elongation 
direction, similar to what was observed in creep cavitation bands by Menegon et  al.  (2015). The very little 
amount of porosity in the polymineralic microdomains (derived from sheared pseudotachylyte matrix) would 
suggest that the precipitation of intergranular material occurred at a rate that was at least equal to the opening 
rate (Kilian et al., 2011). In summary, GSS creep operated efficiently at redistributing the material in the tran-
sient pores, so that eventually porosity was progressively consumed in the process. This evolution is similar to 
the strain-depended porosity reduction in eclogites described by Rogowitz and Huet (2021). In our samples, the 
weakly overprinted pseudotachylyte vein, where diffusive mass transfer was limited, has a remarkably higher 
porosity than the high-strain, mylonitized pseudotachylyte (Figures 6 and 8), where diffusive mass transfer during 
interseismic creep was dominant.

With increasing phase precipitation and consumption of grain-boundary fluids, the shear zone became drier. This 
evolution possibly culminated into shear zone hardening (e.g., Bras et al., 2021; Finch et al., 2016; Rogowitz 
& Huet, 2021), which may have contributed eventually to the generation of new pseudotachylytes overprinting 
the mylonites, as frequently observed in Nusfjord (Figure 9; Menegon et al., 2017). Thus, earthquake-induced 
weakening in the lower crust is transient and occurs only as long as the infiltrated aqueous fluid is available at 
the grain boundaries. When the fluid is fully consumed, the rocks become strong once more and shear zones may 
harden and lock (Yardley et al., 2014).

6. Conclusions
Based on the microstructures in pristine and mylonitized pseudotachylytes from Nusfjord, Lofoten, we derived 
a conceptual model of a dynamically evolving porosity in lower-crustal faults during the earthquake cycle 
(Figure 9). Coseismic generation of porosity occurred via pulverization-style fragmentation of the wall rock 
during the dynamic propagation of the earthquake rupture. Fluid-assisted grain growth of feldspar neoblasts 
within fractures resulted in efficient healing of the wall rock damage. Evidence of fluid infiltration in the 
damage zone is provided by the enrichment of BaO in K-feldspar2 neoblasts compared to K-feldspar1. Coseis-
mic frictional melting of biotite in the host rock to form pseudotachylytes is interpreted as one source of H2O 
and  BaO.

The post- and interseismic periods were characterized by the recrystallization of the pseudotachylyte and the onset 
of solid-state viscous creep. Porosity in the pseudotachylyte is concentrated in imperfectly healed survivor clasts and 
around garnets, and in minor isolated matrix porosity. Originally framboidal garnets that grew from the quenching 
frictional melt continued to grow by static recrystallization, exemplified by the core-to-rim zoning pattern. The growth 
of garnets resulted in the local densification of the volume immediately around the garnet grains, thereby producing 
the localized increase in porosity. The onset of viscous creep led to a local kinematic control on pore elongation.

Strain localization in the interseismic stage transformed the pseudotachylyte vein into mylonites and was facili-
tated by grain-size sensitive creep. This resulted in a porosity reduction of >85% in mylonitized pseudotachylytes 
compared to pristine pseudotachylytes. Diffusive mass transfer and phase precipitation progressively reduced 
porosity and consumed the grain boundary fluid. This may have led to shear zone hardening, and potentially 
developed into new generations of pseudotachylytes overprinting the mylonites. Therefore, earthquake-induced 
rheological weakening of the lower crust is intermittent and occurs only as long as a fluid can infiltrate a tran-
siently permeable shear zone, thereby facilitating diffusive mass transfer.
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Data Availability Statement
SμCT and FIB-SEM nanotomography data in the form of .tiff images and the supplementary videos of the 
segmented volumes can be downloaded from the Norwegian Research Infrastructure Services via https://archive.
sigma2.no/welcome.xhtml under a Creative Commons Attribution 4.0 International (CC BY 4.0), using the  search 
“Nusfjord Fault Rocks” published by Michalchuk et al. (2023b).
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