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ARTICLE INFO ABSTRACT

Keywords: Pseudotachylytes (quenched frictional melts produced on a fault by seismic slip) in dry rocks exhumed from the

Pseudotachylyte ) mid-lower crust are potential indicators of earthquakes that either nucleated at, or propagated to, depths below

I];/i{werlﬂctr“Stal granulites the main shallow brittle-ductile transition zone. Establishing whether these pseudotachylytes effectively record
1crolites

deep-crustal earthquakes, or shallow-level earthquakes overprinting the mid-lower-crustal rocks during the
exhumation path, may represent a major challenge. This challenge is mainly related to the fact that the mineral
assemblage of a pseudotachylyte develops out of equilibrium during the coseismic thermal transient leading to
melting and melt quenching. Here we investigate pseudotachylytes within peraluminous, sillimanite-garnet-rich,
migmatitic paragneiss of the Serre Massif in Calabria (Southern Italy). These exhumed lower-crustal rocks
experienced granulite-facies metamorphism (~700-800 °C; ~600-800 MPa), partial melting and dehydration
during the late Variscan Orogeny (ca. 320-280 Ma). The crosscutting pseudotachylytes contain hercynite and
sillimanite microlites, globular-shaped poikilitic cordierite and plagioclase, and rare cauliflower- to subhedral-
shaped garnet. The pseudotachylytes are pristine, not affected by ductile deformation, recrystallisation or
extensive alteration by fluid after their formation. A Rb-Sr isochron age of 51.4 + 5.1 Ma is obtained for the
pervasively kinked biotite in the host rock immediately adjacent to the pseudotachylyte and associated with
earthquake damage, while an age of 105.3 + 4.1 Ma is obtained for the undeformed host-rock biotite. This
indicates that the granulites were cooler than the closing Rb-Sr temperature of biotite (ca. 300-400 °C) in the
Cretaceous and that the studied pseudotachylytes formed by shallow seismic faulting. Therefore, sillimanite,
hercynite, garnet, plagioclase, and cordierite all formed during quenching of the frictional melt well above the
ambient temperature. Modelling of cordierite growth during melt quenching indicates that cordierite should
have started to crystallise at T > 900 °C to achieve the grain size (up to 10 pm in diameter) observed in the
pseudotachylyte. Modelling and microstructural observations allow the crystallisation sequence of microlites
during melt cooling to be established. These microlites include cauliflower garnet which, in this case, did not
develop in a deep-seated faulting context as commonly reported.

In situ Rb-Sr dating
Modelling of melt quenching and cordierite
growth

1. Introduction

Pseudotachylytes (quenched frictional melts produced on a fault in
silicate rocks by seismic slip) are fault rocks typically formed near the
base of the brittle upper crust. However, locally conspicuous volumes of
pseudotachylytes have also been reported from exhumed dry lower-
crustal continental rocks and interpreted in many cases as the geolog-
ical record of deep-crustal earthquakes (Austrheim et al., 1996; Austr-
heim and Boundy, 1994; Campbell et al., 2020; Hawemann et al., 2018;
Menegon et al., 2017). The geometry and microstructures of
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pseudotachylyte-bearing faults may preserve the record of the complex
sequence of deformation and thermal events that occur during the short-
lived (seconds to minutes) event of an earthquake, including the stages
of earthquake rupture propagation, and seismic fault slip with produc-
tion of frictional melts and melt quenching (Briickner and Trepmann,
2021; Campbell and Menegon, 2022; Dunkel et al., 2020; Mancktelow
et al., 2022; Petley-Ragan et al., 2019). The study of pseudotachylytes is
therefore a fundamental tool for investigating the mechanics of a seismic
source in either shallow or deep environments (Beeler et al., 2016; Di
Toro et al., 2005a, 2005b; Johnson et al., 2021; Lazari et al., 2023;
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Pittarello et al., 2008; Sibson, 1975). Many of the estimates of me-
chanical parameters of an earthquake, determined from
pseudotachylyte-bearing faults, are based on quantitative analysis of
microstructures within the pseudotachylyte and in the immediately
adjacent damaged host rock. Unfortunately, these pristine, fine-grained,
coseismic microstructures are easily erased due to alteration and
deformation following the pseudotachylyte formation and during the
exhumation path to the Earth’s surface (Fondriest et al., 2020; Kirkpa-
trick and Rowe, 2013). Obliteration of coseismic microstructures is
especially favoured for deep-seated pseudotachylytes (i.e. formed
beneath, and at higher temperature than, the typical depth of brittle-
ductile transition of rocks) because of the longer exhumation path and
of contingent overprint by ductile flow at the high-temperature condi-
tions of formation. However, deep-seated pseudotachylytes are
commonly hosted in dry rocks that are strong and yield by brittle
(seismic) failure even at high temperature, at which equivalent water-
bearing rocks would flow ductilely (Austrheim, 1987; Jackson et al.,
2004). Therefore, deep-seated pseudotachylytes hosted in dry rocks can
survive metamorphic re-equilibration and be preserved metastably
(Dunkel et al., 2021; Pennacchioni et al., 2020).

If dry conditions promote seismicity at depth and the preservation of
pristine pseudotachylytes, in absence of a concurring ductile deforma-
tion and metamorphic re-equilibration it is difficult to establish whether
pseudotachylytes hosted in dry exhumed lower-crustal rocks formed by
deep or shallow earthquakes. The mineral assemblage of a pseudo-
tachylyte forms out of equilibrium at undercooling conditions, during
the high temperature spike of frictional melting and the following
quenching (Spray, 2010). Therefore, the mineral assemblage may well
not be diagnostic of the ambient conditions of faulting.

Here we report a new locality, near Amaroni village in the Serre
massif of Calabria (Southern Italy), where lower-crustal migmatitic
paragneiss are crosscut by well preserved pseudotachylytes. The pseu-
dotachylytes contain hercynite and sillimanite microlites, globular-
shaped poikilitic cordierite and plagioclase, and cauliflower- to
subhedral-shaped garnet.

We integrate different types of analysis to infer the environment of
seismic faulting: (i) high-resolution microstructural analysis by scanning
electron microscopy; (ii) geochronological (Rb-Sr) dating; and (iii)
modelling of the thermal transient associated with frictional slip and of
the growth of cordierite crystals. Our study indicates that the pseudo-
tachylytes are Alpine in age and overprinted, at upper crustal levels,
lower-crustal granulites that had already been uplifted to 10-15 km
depth at the end of the Variscan orogeny (Schenk, 1980, 1984) and
cooled down to <300-400 °C. Our findings highlight the intrinsic un-
certainty in determining the ambient conditions of pseudotachylyte
formation. The mineral composition of pristine pseudotachylyte (e.g.
the occurrence of garnet microlites) must be used with caution in the
identification of a lower-crustal origin of seismic faulting.

2. Geological setting of the Serre Massif

The Serre Massif (Calabria, southern Italy) exposes a cross-section of
Variscan, upper to lower continental crust (Fig. la-c; Schenk, 1980).
Schenk (1980) subdivided the granulitic lower-crustal section into a
granulite-pyriclasite unit underneath an Al-rich metapelite unit (Fig. 1c).
Altenberger et al. (2013) studied pseudotachylytes from both units and
concluded that they originated at deep crustal conditions. The metapelite
unit is mostly made of migmatitic paragneisses composed of biotite,
sillimanite, plagioclase, quartz, garnet, cordierite, K-feldspar, and
ilmenite/rutile (Schenk, 1984). Peak metamorphic conditions of
700-800 °C at 600-900 MPa (Fig. 1d; Schenk, 1989; Acquafredda et al.,
2006, 2008; Festa et al., 2012) were coeval to partial melting with a loss
of melt from migmatitic metapelite estimated to about 40 wt% by
Schenk (1990) and 27-66 vol% by Fornelli et al. (2002). Published P-T-t
paths (Fig. 1d) show that, after the peak granulite-facies metamorphism,
during the late stages of the Variscan orogeny, the Serre lower crustal
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units underwent fast, nearly isothermal decompression (280-320 Ma:
Schenk, 1989; Acquafredda et al., 2006). Decompression was inter-
preted to have occurred either in an extensional (Acquafredda et al.,
2006; Caggianelli et al., 2000; Del Moro et al., 2000) or in a compres-
sional regime (Schenk, 1980, 1984) and was followed by slow isobaric
cooling (Schenk, 1980, 1984, 1989). Del Moro et al. (2000) obtained Rb-
Sr biotite ages of ca. 110 Ma for the Serre rocks that can be interpreted as
indicative of either continuous isobaric cooling (Schenk, 1984, 1989) or
discrete tectonic events in the Mesozoic (Del Moro et al., 1986, 2000).

Toward the NW, the Serre lower-crustal rocks are juxtaposed onto
Variscan amphibolite-facies orthogneisses of the Castagna Unit (Fig. 1c)
along a mylonitic thrust (Curinga-Girifalco Line: CGL). Schenk (1980)
obtained a Rb-Sr age of biotite of 43 + 1 Ma on a mylonitic gneiss of the
Castagna Unit, indicating CGL activity of Alpine age (Brandt and Schenk,
2020; Festa et al., 2020). The mylonites, especially those derived from
the Serre dry lower-crustal rocks, contain interspersed, abundant, syn- to
post-kinematic pseudotachylytes (Altenberger et al., 2013). Langone
et al. (2006) and Brandt and Schenk (2020) estimated the deformation
conditions in the footwall of the CGL at 500-600 °C and 700-900 MPa
(Fig. 1d). Pressure and temperature conditions in the Serre rocks of the
CGL hanging wall are difficult to estimate due to scarce re-equilibration
under dry conditions. Garnet growth in syn-mylonitic pseudotachylytes
was interpreted by Altenberger et al. (2013) as evidence for high pres-
sure during deformation, consistent with the thermo-barometric esti-
mates in the footwall. Instead, no cordierite grew during Alpine
mylonitisation; the cordierite porphyroclasts occurring in the CGL
mylonites are interpreted as relicts, preserved under dry conditions
(Spiegel, 2003). Brandt and Schenk (2020) ascribed the Alpine overprint
in the footwall of the CGL to shear heating and tectonic loading during
thrusting of the Serre hanging wall that, instead, had remained at
<300-400 °C (approximate closure temperature of biotite: Armstrong
et al., 1966; Verschure et al., 1980) since 110 Ma, as biotite ages were
not rejuvenated during Alpine thrusting (Schenk, 1980).

3. Methods

Thin sections of pseudotachylytes were investigated using a Tescan
Solaris Field-Emission Scanning Electron Microscope (FE-SEM). Images
were acquired with a mid-angle backscattered detector at working
conditions of: 5 KeV acceleration voltage, 300 pA beam current, and 4
mm working distance. Chemical point analyses and maps were obtained
with the Ultim max 65 Oxford Instrument silicon drift EDS (Energy
Dispersive Spectroscopy), at working conditions of: 15 KeV acceleration
voltage, 3 nA beam current, and 5 mm working distance. Since the
pseudotachylyte minerals are intergrown at a finer scale than the spot
size of high-resolution ED-WD (Energy Dispersive-Wavelength Disper-
sive) spectrometry (~ 0.7 pm), the chemical compositions of matrix
phases show a certain degree of contamination. Electron Backscattered
Diffraction (EBSD) maps were acquired with an Oxford Instruments
Symmetry S2 detector, equipped with a CMOS sensor, with working
conditions of: 20 KeV acceleration voltage, 10 nA beam current, and
200 nm step size.

X-Ray Powder Diffraction (XRPD) measurements were performed
using a Philips X’Pert Pro MPD diffractometer, equipped with a long-
fine-focus cobalt anode tube working at: 40 kV, 40 mA, and a 240 mm
goniometer radius that operates in the 6/6 geometry. Measurements
were carried out, between 3° and 85° 26 angle, using: 0.017° step size
and 100 s counting time per virtual step on a circular, 27 mm diameter,
spinning sample (1 revolution per second). Samples were prepared using
the back-loading procedure in order to reduce preferred orientations of
crystallites. Mineralogical species were identified using PANalytical
High Score Plus v.4.8.0 (Malvern Panalytical Ltd., Malvern, UK). Semi-
quantitative analysis was performed using the Normalized Reference
Intensity Ratio (normalized RIR) method as implemented in High Score
Plus, considering preferred orientations of certain crystallographic di-
rections that led to complex distribution of intensities. Calculated
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Fig. 1. (a) Simplified geological map of Calabria (modified after Brandt and Schenk (2020) and references therein) and geological cross-section showing the structure
of the crustal units exposed in the Serre Massif (after Schenk (1984) and references therein). (b) Sketch of the studied outcrop. Location of the outcrop (N 38° 46 43";
E 16° 25’ 41") is shown by the star in (c). Gray dashed lines indicate the strike of the host-rock granulite foliation; red dashed-dotted lines indicate the strike of the two
pseudotachylyte-bearing faults; red stars indicate the location of the studied samples. The stereoplot reports the orientations of pseudotachylytes (red dashed-dotted
curves), host-rock foliations (black dashed curves), and the host-rock foliations close to the pseudotachylytes (black solid curves). (c) Simplified geological map of the
northern portion of the Serre Massif (modified from Caggianelli et al. (2013) and references therein). CGL: Curinga-Girifalco Line. (d) P-T-t paths for the Serre
metapelite unit (in orange) and granulite-pyriclasite unit (in blue), Castagna unit (black) and Bagni unit (gray). Numbers in the oval frame indicate ages in Ma. Data
from: (1) Festa et al. (2012); (2) Acquafredda et al. (2006); (3-4) Schenk (1989); (5) Acquafredda et al. (2008); (6-7) Brandt and Schenk (2020). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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weight fractions are based on the scale factor, which is determined by a
least-squares fit through all matching reference pattern lines and
avoiding any pattern shift that strongly influences the scale factors and
the semi-quantitative results. All the instruments are at the Department
of Geosciences of the University of Padova.

Rb-Sr in-situ LA-ICP-MS analyses were performed via triple quad-
rupole inductively coupled plasma mass spectrometry at the Fipke
Laboratory for Trace Element Research (FiLTER) at the University of
British Columbia Okanagan using the analytical procedure developed by
Zack and Hogmalm (2016), Hogmalm et al. (2017) and Redaa et al.
(2021) as described in Larson et al. (2023). Repeat analyses of the
pressed nano-powder MICA Fe as a secondary reference material during
analytical runs define an isochron of 305 + 3 Ma, which overlaps the
expected age of 305 + 2 (Rosel and Zack, 2022). Possible matrix frac-
tionation between mica crystals and pressed nano-powders is unre-
solvable at the precision level of the analyses (e.g. Larson et al., 2023).

4. Pseudotachylyte description
4.1. Field observations

Pseudotachylytes were sampled at a location about 4 km south of the
CGL, close to the village of Amaroni (Fig. 1b; N 38° 46’ 43"; E 16° 25’
41"). Outcrop conditions in the area are generally poor, but this location
provides isolated exposures of non-weathered rocks due to recent
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clearing and road works. The pseudotachylytes are within foliated,
lower-crustal migmatitic paragneisses made up of quartz, garnet, biotite,
sillimanite, plagioclase, K-feldspar, and local cordierite (Fig. 2a). Feld-
spar and quartz form leucosome layers that anastomose around the
volumetrically predominant garnet-biotite-sillimanite melanosomes.
Garnet occurs as abundant, coarse (grain size of as much as 10 cm)
poikiloblasts. Similar metapelites with coarse garnet porphyroblasts
were mapped in an horizon, between the villages of Monterosso and
Capistrano, that can be followed over a distance of >10 km (Schenk,
1984). The migmatitic foliation dips toward ESE (Fig. 1b), consistently
with the orientation of the dominant granulitic foliation in the Serre unit
(Kruhl and Huntemann, 1991).

Pseudotachylyte fault veins dip moderately (35-45°) toward SSE and
sharply cross-cut the migmatitic foliation (Fig. 1b). The foliation is
rotated in the vicinity of pseudotachylyte veins (Fig. 1b) and the ge-
ometry indicates a normal component of shear. Two distinct, sub-
parallel pseudotachylyte-bearing faults (hereafter referred to as pst;
and psty), spaced a few tens of meters apart, were sampled (Fig. 1b).

The outcrop of pst; displays a surface nearly coincident with the fault
vein, with irregular patches of gray-coloured (black where freshly
broken) pseudotachylyte. The irregular 2D geometry results from the
presence of a network of injection veins (Fig. 2c). Pst; contains clusters
of mm-sized quartz and sillimanite clasts of equant shape and locally
shows convolute flow (magmatic) structures. Pstz is an individual fault
vein, without prominent injection veins, with a slightly sinuous shape

Fig. 2. Field and sample images of the granulite host-rock and pseudotachylytes. (a) Migmatitic paragneiss showing large reddish porphyroblasts of garnets, wrapped
around by blueish (sillimanite-biotite-rich melanosomes) and white (quartz-feldspar-rich leucosomes) layers marking the migmatitic foliation. (b) Pstz, outlined by
the white dotted line (sample 20-01). (c) Pst;, outlined by the white dotted line, with irregular, branching geometry. (d) Pst, (sample 20-01) crosscutting discor-
dantly the granulite foliation. Polished slab cut orthogonal to the pseudotachylyte vein. (For interpretation of the references to colour in this figure legend, the reader

is referred to the web version of this article.)
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and variable thickness (max. 5 mm) over the short outcrop exposure of
30 cm (Fig. 2b, d) in the western outcrop. Both pseudotachylytes are
single-jerk veins (sensu Sibson, 1975), i.e. they do not show evidence of
multiple events of frictional melting.

4.2. Pseudotachylyte microstructure and petrography

4.2.1. Pst;: Samples 18-06 and 20-02

Pseudotachylyte microlites and flow structures (defined by a
compositional layering) are well preserved without evidence of solid-
state, post-seismic ductile deformation (Fig. 3a-d). Semi-quantitative
XRPD analysis of the bulk (i.e. including clasts) pseudotachylyte of
sample 20-02 detected quartz (39%), hercynite (19%), plagioclase
(19%), cordierite (11%), biotite (6%), sillimanite (6%), and ilmenite
(1%). Clasts mainly consist of quartz and sillimanite. Garnet clasts and
microlites were not observed at any scale, although the host rock is
mostly made of large garnet porphyroblasts. In contact with the pseu-
dotachylyte, the host-rock garnet shows an intense fragmentation as
commonly observed in other pseudotachylyte-bearing rocks (Austrheim
et al., 2017; Papa et al., 2018).

Primary flow banding is defined by the alternation of two distinct
compositional domains (referred to as a and g; Fig. 3a). Domain a,
making up most of the vein, consists of an optically dark and isotropic
matrix including densely-packed hercynite microlites. Hercynite occurs
as either relatively large (max 5 pm grain size; Fig. 3b-d) granular
microlites or smaller dendritic, cross-shaped to acicular ones (Fig. 3c). In
areas where hercynite microlites are more sparsely distributed, larger
granular shapes dominate in association with feathery microlites (5-10
pm in size) of a Fe-Al-Mg silicate (Fig. 3d). The feathery microlites are
similar in morphology and chemical composition to orthoamphibole
(ferrogedrite) microlites reported in other metapelite-hosted pseudo-
tachylytes (Ray, 2004). Orthoamphibole was not detected by XRPD
probably due to its very low abundance. Microlites are surrounded by
aggregates of micrometre-sized biotite, plagioclase, quartz and ilmenite.

Domain f is characterised by microlites and globular poikilitic grains
set in a seemingly homogeneous, “glassy” matrix, brownish and trans-
parent under polarised light (Fig. 3b). High-magnification BSE images
and high-resolution chemical analyses show that the matrix contains
very small (100-200 nm in diameter), silica-rich (likely quartz) grains.
Raman spectra of the matrix show peaks characteristic of quartz, biotite
and, locally, muscovite. Hercynite microlites are larger (max 10-20 pm),
commonly granular or stellate in shape, and more sparsely distributed
than in domain a (Fig. 3a, c¢). Domain f is characterised by acicular
aluminosilicate microlites, locally up to 100 pm in length (Figs. 3c, 4),
that commonly nucleated over sillimanite clasts and are locally over-
grown by micrometre-sized dendritic hercynite microlites (Fig. 4). EBSD
maps show that the acicular microlites are in crystallographic continuity
with their seed sillimanite clasts and the elongation of these epitaxial
microlites is parallel to the [001] axis (Fig. 4e, f). The microlites could
not be identified by Raman spectroscopy because of their very fine grain
size; by EBSD they were equally well indexed as either sillimanite or
mullite (Fig. 4d). Chemically, these microlites are approximately stoi-
chiometric Al;SiOs, while ideal mullite has a stoichiometric composition
of 3Al,03-2Si05. However, Moecher and Brearley (2004) have shown by
TEM analysis that mullite microlites in pseudotachylytes can have a
chemical composition poorer in Al than ideal mullite and very similar to
the microlites analysed here. However, considering the identical
chemical composition and crystallographic continuity with the seed
sillimanite clasts, it seems reasonable to conclude that microlites are
most likely sillimanite.

In domain g, microlites are commonly surrounded by locally inter-
grown Ca-rich plagioclase (andesine: Ansg) and cordierite (Xpe = 0.26)
grains, 2-10 pm in diameter, and with spherical to slightly ellipsoidal
shape (Fig. 3c). These globular grains are rich in inclusions of hercynite
and other matrix minerals, especially in their core, and occur either
isolated in the matrix or, more commonly, in clusters. EBSD maps show
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that these grains, also in clusters, consist of single crystals of either
cordierite or plagioclase with distinct crystallographic orientation across
the pseudotachylyte. When cordierite and plagioclase grains are in
direct contact, a systematic order of crystallisation cannot be established
(unlabelled white arrows in Fig. 3c).

4.2.2. Psty: Sample 20-01 and 20-06

The pseudotachylyte (sample 20-01) is homogeneous and mostly
made of granular hercynite microlites (<2 pm in size) and globular
cordierite grains set in a biotite matrix (Fig. 3e-f). Cordierite, up to 20
pm in diameter, includes abundant hercynite microlites (Fig. 3e-f). The
matrix also contains submicrometric grains of sulphides and iron oxides.
The abundant host rock clasts mostly consist of quartz and sillimanite,
and minor K-feldspar. No sillimanite microlites have been observed.
Semi-quantitative bulk XRPD analysis has detected sillimanite (32%),
quartz (27%), biotite (17%), hercynite (12%), cordierite (5%) and minor
amounts of ilmenite, almandine, K-feldspar and kaolinite.

In sample 20-01, a thin (max. 200 pm thick) injection vein cuts
across a large host-rock garnet. At the contact with the pseudotachylyte,
the host-rock garnet is fragmented down to the submicrometric scale
and the vein contains garnet microlites with the typical ‘cauliflower’
dendritic morphology described in several deep-crustal pseudotachy-
lytes (Figs. 5, 6) (Altenberger et al., 2013; Dunkel et al., 2020; Hawe-
mann et al., 2018; Lund and Austrheim, 2003; Mancktelow et al., 2022;
Pittarello et al., 2012). The size of the garnet cauliflowers increases from
the margin toward the centre of the vein to sizes of as much as 50 pm
(Fig. 5a). Locally, garnet microlites show plane crystal facets (white
arrows in Fig. 6b, ¢). Microlitic garnets, irrespective of their shape and
size, contain abundant tiny inclusions, contrary to the host-rock garnet.
At least three types of inclusions can be distinguished (Fig. 6d): (i) bright
(in SEM-BSE images) and euhedral, resembling hercynite microlites
(white arrows in Fig. 6d); (ii) brighter spherical to vermicular, resem-
bling sulfides (commonly reported in pseudotachylytes: e.g.
Magloughlin, 2005; red arrows in Fig. 6d); (iii) dark and locally faceted
(black arrows in Fig. 6d). In some cases, garnet microlites show an
inclusion-free host-rock clast at their core (Fig. 6a, c).

EBSD maps show that the “branches” of the larger ‘cauliflower’
garnets in the vein centre inherited the crystallographic orientation of
the garnet clast seed, with only minor continuous variation (Fig. 5g). In
other instances, especially for smaller garnets closer to the pseudo-
tachylyte border, EBSD maps reveal that the apparent cauliflower is a
cluster of single crystals with different crystallographic orientations
(Fig. 5h), probably reflecting the higher abundance of preserved host-
rock garnet clasts at the quenched vein margins.

Garnet microlites commonly show irregular, resorbed grain bound-
aries, with an evident black outline, surrounded by a ‘corona’, similar in
colour in SEM-BSE images to the garnet, and rich in the same kind of
inclusions (Fig. 6). These coronae locally are bounded by regular crystal
facets (Fig. 6a-c), indicating that they result from the static replacement
of the original garnet microlite.

EDS analyses and maps (Fig. 5¢-f; supplementary material) show that
the host-rock garnet is predominantly almandine (AlmgsPyrs;) while the
cataclastic garnet close to pseudotachylyte boundary is slightly enriched
in Fe (AlmggPyroe). In comparison with the host-rock garnet, garnet
microlites (AlmgyPyr;3) are enriched in Fe (Fig. 5d), depleted in Mg
(Fig. 5¢) and slightly enriched in Mn (from 1 mol% spessartine in the
host rock to locally 3 mol% in the microlites; see supplementary mate-
rial). In addition, the microlites are compositionally uniform (15 point
analyses) and minor compositional variations are likely due contami-
nation from inclusions. The alteration product of garnet is a Mg-free,
hydrous aluminium silicate of Fe (Fig. 5c-f), probably Fe-rich chlorite
(chamosite). Apart from the localised occurrence of garnet in sample
20-01, all the other studied pseudotachylytes are free of garnet clasts
and microlites.

Sample 20-06 was selected for Rb-Sr dating of the host rock biotite.
The pristine, coarse, granulite facies biotite occurs, distant from the
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Fig. 3. Microstructures of pst; and pst,. (a) Alternation of domains « and f in pst;, defining the flow banding. The boundaries between the two domains, highlighted
by white dotted lines, are characterised by a change in grain size of hercynite microlites. SEM-BSE image. (b) Domain f of pst; showing abundant microlites of
hercynite (HC) and acicular sillimanite overgrowing sillimanite clasts (SIL), and globular-shaped crystals (GSC) within a “glassy” homogeneous matrix. Optical
microscope; plane-polarised light. (c) Similar type of microstructure as in (b) in SEM-BSE image. Unlabelled white arrows indicate contacts between irregular-
globular poikilitic grains of cordierite and (lighter gray) plagioclase. In the lower left corner of the image, the microstructure transitions to domain a with
densely-packed, granular hercynite microlites. (d) Domain « of pst; showing abundant granular hercynite microlites and feathery orthoamphibole microlites. SEM-
BSE image. (e) Pst, showing hercynite microlites, cordierite globular poikiloblasts (one is outlined by a dotted white line) and biotite-rich matrix. SEM-BSE image. (f)
Detail of the cordierite globular poikiloblasts, outlined (dotted line) in (e), with abundant inclusions of hercynite microlites. Abbreviations: HC = hercynite; SIL =
sillimanite; GSC = globular-shaped crystal; CRD = cordierite; PL = plagioclase; OAM = orthoamphibole; BT = biotite.
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Fig. 4. Sillimanite microlites in the domain g of pst; (samples 18-06 and 20-02). (a) Longitudinal (subparallel to [001] crystallographic axis) section of sillimanite
acicular microlites overgrowing a sillimanite clast (SIL). The boundary between clast and microlite is indicated by the white arrow and a short segment of it is
highlighted by the white dotted line. Bright complex-shaped microlites are hercynite (HC). SEM-BSE image. (b) Section orthogonal to the long axis (corresponding to
[001] axis) of acicular sillimanite microlites. Individual microlites have subparallel outer faces and internal hollow or maze-shaped geometry. Gray feathery
microlites are orthoamphibole (OAM). SEM-BSE image. (c) Sillimanite acicular microlites, extending as opposite wings from a central sillimanite clast, and granular
hercynite microlites. The boundary between the clast and the microlite is indicated by the white arrow and a short segment of it is highlighted by the white dotted
line. SEM-BSE image. The EBSD map of this area is shown in (d)-(f). (d) EBSD phase map, showing hercynite (red colour) and sillimanite/mullite (blue colour)
microlites, with band contrast image in the background. Notice that in the EBSD map the aluminosilicate is randomly indexed either as sillimanite (light blue) or
mullite (dark blue). (e) Inverse pole figure map, colour-coded with respect to the Z direction, of sillimanite grains of (d). Mullite re-indexed as sillimanite. The largest
grain in the centre of the map clearly shows a longitudinal section of acicular microlites overgrowing a sillimanite clast. The microlites grew in epitaxial continuity
with the core clast. (f) Pole figures of the (100), (010), and (001) axes of the largest sillimanite grain. The pole figure of the (c)-axis (001) shows that the (001)-axis is
parallel to the elongation of the acicular sillimanite microlites. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article).

pseudotachylyte, as strain-free flakes, aligned in the main host-rock
foliation and arranged in decussate aggregates (Fig. 7c, e). Close to
the pseudotachylyte vein these large flakes are pervasively deformed by
fine kinking (Fig. 7d, f) as typically observed for many micas from other
pseudotachylytes (Anderson et al., 2021; Bestmann et al., 2011, 2012).

4.3. Rb-Sr biotite ages

87Rb/%’Sr spot analyses of biotite in the pseudotachylyte host rock
define two distinct populations. The pristine, undeformed granulite
facies biotite defines an isochron with a date of 105.3 + 4.1 Ma (s =
0.73) (Fig. 7a). Biotite flakes, adjacent to the pseudotachylyte, and
affected by the pervasive fine kinking, define a younger date of 51.4 +
5.1 Ma (s = 0.79) (Fig. 7b).

5. Discussion
5.1. Rb-Sr isochron ages of biotite in the pseudotachylyte host rock

The in-situ Rb-Sr data for pristine, undeformed granulite facies bio-
tite is consistent with previously published ages (Del Moro et al., 2000).
The data indicate that the Amaroni granulites cooled below 300-400 °C
(approximate closure temperature of biotite: Armstrong et al., 1966;
Verschure et al., 1980) since Lower Cretaceous time (105.3 + 4.1 Ma) as
already proposed by Schenk (1980, 1984, 1989). The pervasively kinked
biotite in the host rock adjacent to the pseudotachylyte, associated with
the coseismic rock damage (Fig. 7d, f), shows a reset, or partial reset, of
its Rb-Sr systematics that defines a younger Rb-Sr isochron at 51.4 + 5.1
Ma. This age is similar to that established for the pseudotachylyte-rich
Curinga-Girifalco mylonitic thrust (43 + 1 Ma: Schenk, 1980) that
forms the sole of the Serre hanging wall block.

Although we do not speculate about the exact significance of this
younger age, it seems reasonable to assume that pseudotachylyte for-
mation postdates cooling below 300-400 °C and, therefore, is younger
than ca. 105 Ma. Assuming that the 51.4 + 5.1 Ma age records the age of
pseudotachylyte formation, the most plausible interpretation is that the
studied pseudotachylytes are Alpine in age, formed at shallow crustal
levels, and are possibly related to the already known seismic activity of
the CGL in the Eocene (Brandt and Schenk, 2020; Festa et al., 2020).

5.2. A model of cordierite growth and crystallisation of the
pseudotachylyte

The quantitative interpretation of pseudotachylyte microstructures
may benefit from available, experimental datasets for crystal growth
within silicate melts quenched under controlled laboratory conditions.
Here we use the Amaroni pseudotachylyte, for which shallow (base of
the seismogenic continental crust) conditions of faulting have been
established, to simulate the growth of cordierite microlites during
quenching using crystal growth velocities determined in experiments for
cordierite glasses. To this aim, we first model the cooling history of the
frictional melt and then use this thermal evolution to simulate the

cordierite grow. Constraints to thermal model are based on the geom-
etry, microstructure and mineralogy of the pseudotachylyte as well as
from the inferred ambient temperature of about 300 °C of faulting. This
ambient temperature of faulting is assumed considering that (i) ca.
300 °C is almost univocally considered as the temperature for the
transition from brittle fracturing to crystal plastic behaviour in quartz-
bearing crustal rocks at common geological strain rates; (ii) pseudo-
tachylytes are fault rocks typically developed close to the base of the
brittle (seismogenic) crust; and (iii) the Rb-Sr biotite data indicate that
the rocks had cooled to below 300-400 °C when the Amaroni pseudo-
tachylytes were formed. In addition, literature datasets on thermal pa-
rameters of minerals involved in the frictional melting are used for
modelling. The result of the simulation of cordierite growth during the
quenching history is compared with the measured size of cordierite
grains effectively present in the pseudotachylyte. Based on the observed
microstructural relationships between the different microlites in the
pseudotachylyte we reconstruct the sequence of crystallisation from the
quenching frictional melt linked to the reconstructed cooling curve of
the melt to the ambient host rock temperature (300 °C considering the
shallow origin of seismic faulting as discussed above).

5.2.1. Cooling history of Amaroni pseudotachylytes

The cooling history of Amaroni pseudotachylyte is modelled for a
vein thickness ranging from 0.5 to 2 cm, using the approach of Nielsen
et al. (2008). The model considers that, during the fault slip episode,
viscous shear of the melt vein is the main source of heating. Following
Bestmann et al. (2012), we assume that the pseudotachylyte vein was
generated during seismic slip that lasted 3 s with an average slip velocity
V =1 m/s. The assumed slip of 3 m likely overestimates the real slip, but
this assumption does not significantly affect the temperature distribu-
tion inside the melt layer, given the steady-state conditions considered
in the model.

The temperature T(z) inside the melt, at a distance z from the vein
centre, is (Nielsen et al., 2008):

2 cosh*( 2t/ V2 /W2 + 1) / (n.W)
T() = Tp— (W—”> log. ( / )/
8kpc V2 / W2 41

T, the melting temperature, is assumed to be 1300 °C, since host-rock
garnet, biotite and feldspars should be completely melted at this tem-
perature, while quartz and sillimanite would largely survive as clasts
(Spray, 2010), as effectively observed in the Amaroni pseudotachylytes.
The parameters W (characteristic velocity), 5, (viscosity) and 7, (shear
stress) are taken from Nielsen et al. (2008). Thermal diffusivity «, den-
sity p and heat capacity c were estimated, for a mixture of 65% melt and
35% clasts (quartz and sillimanite) at 1300 °C, using data from the
literature (supplementary material).

At the solid/melt boundary T = Tp,. In the host rock, the temperature
at the time of slip arrest T(¢,t), where ¢ is the distance from the solid/
melt boundary, is (Nielsen et al., 2008):
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Fig. 5. Cauliflower garnet microlites across the injection vein of pst,. (a) Overview of the pst, injection vein with a cluster of cauliflower garnet of increasing grain
size toward the vein centre. The vein boundary, with intensely fragmented host rock garnet, is visible in the uppermost and lowermost part of the image. BSE image.
(b) Same as the previous image, but with the cauliflower garnet with an elongate shape defining an flow fabric oblique to the vein boundaries marked by cataclastic
host-rock garnet. BSE image. (c-f) EDS chemical element maps of the area outlined in Fig. 5a (dotted white square) of Mg (c), Fe (d), Si (e), and Al (f). The maps show
the relative enrichment and depletion in these elements between the host-rock cataclastic garnet, the new garnet and the altered garnet; details are discussed in the
main text; chemical analyses are available in the supplementary material. (g) EBSD inverse pole figure maps, colour coded with respect to the Z direction, of a garnet
microlite (see location in (a)). Pole figure of the (001)-axis of garnet, showing that the ‘cauliflower’ is a single grain with only minor variations of the crystallographic
orientation. (h) EBSD inverse pole figure maps, colour coded with respect to the Z direction, of elongated garnet microlites (see location in (a)). These elongated
cauliflower garnets are clearly a cluster of grains with different crystallographic orientations. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article).

<

)
where T; is the initial background temperature, v is the speed of
migration of the melt/solid boundary and « is the thermal diffusivity
estimated for a mixture of 40% garnet, 40% quartz, 10% biotite and 10%
sillimanite at T;.

The evolution of T within and outside the vein after slip arrest is
estimated by imposing the T profile at slip arrest as an initial condition
to the heat conservation equation for purely conductive heat transport:

T(é« t) =T+

aa—]; = kAT

We assume that, immediately after the onset of cooling, the pseu-
dotachylyte vein is composed of 45% melt, 20% spinel microlites and
35% clasts, based on XRPD analysis of sample 20-02. The latent heat of
solidification of spinel microlites is neglected in the model, and the
quenching of the remaining melt to glass is not associated to latent heat
release. The temperature dependence of the thermal diffusivity of glass
and minerals is considered in the model, using data from the literature
(supplementary material). The result of the model for a background
temperature of 300 °C is shown in Fig. 8.

In a melt cooling at the standard experimental cooling rate of 20 K/
min, the transition from liquid to glass occurs at the glass transition
temperature T, conventionally considered as the temperature at which
the viscosity of the melt is ~10"3 Pa s (Richet and Bottinga, 1986). For a
cordierite melt Ty is ~830 °C (Azin et al., 2005). If a melt is cooled more
rapidly, the temperature at which the liquid structure is frozen into the
glassy state (called fictive temperature Ty) is higher than T,, and can be
calculated as (Richet and Bottinga, 1986):

(o) (1))

where q is the cooling rate resulting from the model, gy is the reference
cooling rate of 20 K/min, E is the activation energy for glass transition
for a cordierite glass, and Ty is the glass transition temperature. For a
cordierite glass quenched at the cooling rate of the Amaroni pseudo-
tachylyte, the calculated Ty can be about 50 °C higher than the Ty

5.2.2. Crystallisation of cordierite

Experimentally-derived growth velocity data for cordierite are
applied to the cooling model of the Amaroni pseudotachylyte to inves-
tigate the likelihood of cordierite crystallisation (i) as a microlite, i.e.
directly from the melt at temperatures between 900 and 1300 °C, or (ii)
by devitrification at ambient conditions within the stability field of
cordierite for metapelitic systems.

Cordierite has three polymorphs: (i) the hexagonal, high-T indialite
(or a-cordierite); (ii) the orthorhombic low-temperature cordierite (or
B-cordierite); and (iii) the metastable p-cordierite, which is a solid so-
lution with B-quartz structure. Cordierite microlites in quenched melts
have been reported in natural pyrometamorphic rocks and paralavas
(Balassone et al., 2004; Peretyazhko et al., 2018; Venkatesh, 1952). The
cordierite polymorph formed in these cases is indialite, which crystal-
lises with euhedral or skeletal morphology. During experimental
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crystallisation of cordierite glass, the first appearing polymorph is
p-cordierite, which subsequently transforms to indialite or cordierite. In
these experiments, rapid nucleation and growth of crystals are only
observed at temperatures well above 900 °C (e.g., Azin et al., 2005;
Diaz-Mora et al., 2000; Fokin and Zanotto, 1999; Goel et al., 2007;
Rudolph et al., 1993). Diaz-Mora et al. (2000) and Fokin and Zanotto
(1999) described the morphology of cordierite crystals grown in glasses
as either regular hexagonal or spherical/ellipsoidal shapes.

Rudolph et al. (1993), reported crystal growth velocities in cordierite
glasses at temperatures between 900 and 1350 °C. Maximum velocities
of up to 0.9 pm/s occur between 1200 and 1270 °C. These values, when
applied to the cooling model of the Amaroni pseudotachylyte and
considering a radial growth, are compatible with growth of cordierite
globular-shaped crystals with a diameter of 5-10 pm in a few seconds
when the melt temperature is between 900 and 1300 °C, irrespective of
the background temperature in the host rock. According to Kitamura
and Hiroi (1982), the transition between the stability fields of indialite
and cordierite occurs at around 1000 °C for a cordierite with a Fe/(Mg +
Fe) of 0.26. If spherulites crystallised from the melt at temperatures
above 1000 °C, they probably formed as indialite and later transformed
into low-temperature, orthorhombic cordierite at lower temperatures.

Fokin and Zanotto (1999) reported the growth velocity of p-cordi-
erite between 830 and 930 °C, i.e., around the glass transition for the
pseudotachylyte melt. Using the data of Fokin and Zanotto (1999), we
have estimated the potential growth of cordierite crystals in the cooling
pseudotachylyte for different vein thicknesses and different background
temperatures, in the case that cordierite crystallisation occurred by
devitrification, i.e. below the glass transition temperature. The cooling
rate of the pseudotachylyte vein is strongly dependent on the back-
ground temperature and the thickness of the vein. In the model, crys-
tallisation of cordierite is allowed when the melt cools below Ty and is
stopped when the temperature approaches 500 °C (the lower tempera-
ture bound for cordierite crystallisation: Seifert and Schreyer, 1970).
Results are reported in Table 1 and the script used for calculations is
available in the supplementary material. The analysis shows that sig-
nificant growth of cordierite crystals by devitrification (e.g. crystals with
a diameter of at least 1 pm) is not possible for background temperatures
below 400 °C. In fact, if the background temperature is low (< 400 °C),
and the vein is thin (< 2 cm), quenching is too fast and crystallisation of
cordierite below the glass transition is hampered. Furthermore, this
analysis might overestimate the growth of cordierite from the glass. In
fact, Diaz-Mora et al. (2000) used a stoichiometric glass to crystallise
p-cordierite at 860 °C and 980 °C, and the crystal growth velocities
measured are one order of magnitude slower than those reported by
Fokin and Zanotto (1999) who used a TiOa-rich glass to induce faster
crystallisation.

The application of experimentally-derived growth velocities of
cordierite crystals to the cooling model of the Amaroni pseudotachylyte
confirms that cordierite crystallised directly from the melt during the
short-lived, high-temperature transient at temperatures above 900 °C.
Therefore, these cordierite microlites can give no information about the
ambient temperature of pseudotachylyte formation.
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Fig. 6. Subhedral, corroded, small garnet microlites in pst,. (a) Garnet microlite showing an inclusion-free core (encircled by the dotted white line) likely repre-
senting a seed garnet clast. The overgrowing garnet microlite, rich in inclusions, is surrounded by an alteration rim (likely Fe-chlorite), retaining the original
idiomorphic shape of the microlite and the same kind of inclusions. (b-c) Clusters of garnet microlites showing the same features of that in (a). White arrows indicate
locations where the alteration coronae still show perfectly plane crystal facets of the former garnet microlite. The white dotted lines in (c) encircle the inclusion-free
cores of some microlites. (d) Detail of an altered garnet microlite with arrows indicating the three kind of inclusions described in the main text. All images are

BSE images.

5.3. Garnet ‘cauliflower’ microlites

Garnet microlites with ‘cauliflower’ shape have been commonly re-
ported in deep-seated pseudotachylytes (Altenberger et al., 2013;
Austrheim and Boundy, 1994; Hawemann et al.,, 2018; Lund and
Austrheim, 2003; Mancktelow et al., 2022; Pittarello et al., 2012). In the
Amaroni pseudotachylytes, garnet cauliflowers are rare and only locally
found in an injection vein. The rarity of garnet microlites likely reflects
the disappearance of garnet clasts due to preferential comminution and

melting in the pseudotachylyte melt (Papa et al., 2018). Since garnet
‘cauliflowers’ are commonly observed to overgrow garnet clasts (Pit-
tarello et al., 2015), their nearly complete disappearance by melting
could have hampered the growth of new microlitic garnet. Melting could
have totally consumed garnet clasts in the fault vein that, conversely,
could have locally survived in the thin injection vein where the melt
temperature was probably lower and the high-temperature transient
shorter.

The Fe-enrichment and Mg-depletion in garnet microlites with
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Fig. 7. Rb-Sr isochron plots for (a) undeformed granulite facies biotite and (b) biotite pervasively kinked during damage associated with pseudotachylyte. Plots are
created using the ChrontouR package (Larson et al., 2023) for the open R scripting environment. The isochrons were calculated using the robust regression method of
Powell (2020) where s = spine regression (see Powell (2020) for further explanation). Microstructures associated with the undeformed biotite are shown in (c¢) and
(e), while those characterising the pervasively kinked biotite are shown in (d) and (f). Optical images in plane polarised light ((c) and (d)) and in cross polarised light

((e) and ().

respect to host-rock granulitic garnet observed in the Amaroni pseudo- rich garnets in Calabrian pseudotachylytes can be used to constrain a
tachylytes is a commonly reported feature (Altenberger et al., 2013; minimum ambient pressure of 0.7-0.8 GPa at the time of pseudo-
Austrheim et al., 1996; Pittarello et al., 2015). Altenberger et al. (2013), tachylyte formation. For the Amaroni pseudotachylytes, this approxi-
referring to experimental literature on magmatic garnet in mafic rocks mate pressure estimate can overlap with the highest pressure conditions
(e.g. Green and Ringwood, 1968), concluded that crystallisation of Fe- at which cordierite can be stable and coexist with garnet (Hensen and
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Fig. 8. Synoptic scheme for the development of the microlites of the Amaroni
pseudotachylytes as a function of the temperature evolution of the frictional
melt. The plot reports the calculated curves of temperature distribution across
the vein and in the immediate host rock as a function of time from the start of
melt quenching (time, in seconds, is shown by the number labels above the
curves). Since the temperature distribution is symmetrical with respect to the
centre of the pseudotachylyte vein, only a half is shown and the temperature
axis is drawn in the middle of the vein. The dotted vertical line represents the
pseudotachylyte boundary for the considered vein thickness of 0.5 cm. The
images in the circles represent the microstructures developed at decreasing
temperatures: > 1400 °C (frictional melt including survived clasts of quartz and
sillimanite); ca. 1300 °C (melt including sillimanite microlites, nucleated
epitaxially on sillimanite clasts, and hercynite microlites); and ca. 1000 °C
(after crystallisation of cordierite and plagioclase).

Green, 1973). However, Mn-rich garnet can be stable in peraluminous
silicic melts down to pressures lower than 0.3 GPa (Green, 1977). In the
Amaroni pseudotachylytes, garnet microlites are slightly enriched in Mn
and this might have expanded the garnet stability field to pressures
lower than 0.7-0.8 GPa.

The dendritic shape and the decrease in size and increase in abun-
dance toward the vein boundary are clear evidence that garnet micro-
lites crystallised directly from the melt (e.g. Clerc et al., 2018). This
means that they crystallised during the high-temperature transient and
therefore they can give no information on ambient temperature. Zhong
et al. (2021) suggested that frictional melts can be highly overpressured,
showing that the pressure recorded by quartz inclusions in dendritic
garnets that grew from frictional melts are 0.5 GPa higher than the
estimated ambient pressure. This finding casts doubts on the robustness
of considering garnet ‘cauliflowers’ as indicators of high ambient pres-
sure, since they may record the transient overpressure in the frictional
melt.

In the Amaroni pseudotachylytes, garnet was undoubtedly tran-
siently stable as it grew in the melt and locally developed crystal facets
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Table 1

Modelling results of pseudotachylyte-melt cooling and of cordierite microlite
growth as a function of the vein thickness and background temperature. (a)
Maximum growth diametre of p-cordierite crystals calculated, for the cooling
model of the Amaroni pseudotachylyte, based on the data from Fokin and
Zanotto (1999). Using the data for a-cordierite, the calculated growth is always
smaller than 0.1 pm. (b) Timeframes over which the pseudotachylyte vein cools
below 500 °C.

Background temperature

Pst thickness

300 °C 350 °C 400 °C
0.5 cm 0.05 pm 0.06 pm 0.09 pm
1cm 0.10 pm 0.13 pm 0.20 pm
1.5cm 0.17 pm 0.23 pm 0.36 pm
2 cm 0.26 pm 0.36 pm 0.57 pm

Background temperature

Pst thickness 300 °C 350 °C 400 °C
0.5 cm 165 s 250 s 487 s
1cm 403 s 619 s 1214 s
1.5cm 746 s 11525 2269 s
2 cm 1194 s 1851 s 3655 s

(Fig. 6b-d). However, our study strongly suggests that Amaroni pseu-
dotachylytes formed at shallow-crustal conditions, highlighting that any
interpretation on ambient conditions during pseudotachylyte formation
based on garnet growth in the cooling melt must be carefully pondered.

5.4. Order of crystallisation of microlites

The shape of microlites (from skeletal to dendritic and feathery)
indicates nucleation and growth from melt at undercooling conditions
(Lofgren, 1974). In the pseudotachylyte melt, hercynite, sillimanite, and
ortho-amphibole nucleated and grew within a few seconds, aided by fast
diffusion at high temperatures. The distribution of different microlites
into layers resulted from the heterogeneous composition of the melts,
derived from melting of different host-rock minerals, incomplete mixing
of these melts and melt deformation by flow.

The hercynite-rich layers reflect the Fe- and Al-rich composition of
the melt and the ease of nucleation of Fe-oxides due to their high entropy
change with melting (Carmichael et al., 1974). Hercynite microlites
were probably the first to crystallise from the quenching melt. Alter-
natively, hercynite microlites crystallised by incongruent melting of
garnet breaking down to spinel + glass due to fast shock-melting (Stahle,
1975). In both cases, given the extremely fast cooling rate, the microlites
were ‘frozen’ within the quenched glass in a matter of a few seconds. The
shape of the microlites is controlled by the degree of undercooling (e.g.
Lofgren, 1974). For hercynite microlites a change in shape from gran-
ular, and coarser, to dendritic is observed. The dendritic microlites
nucleated heterogeneously over sillimanite microlites.

Sillimanite microlites are much less abundant and unevenly
distributed than hercynite. They only occur in domain #, where her-
cynite microlites are more scattered, and crystallised by heterogeneous
nucleation on sillimanite clasts before hercynite.

Hercynite, ortho-amphibole, and high-T aluminosilicates (sillimanite
and mullite) microlites have been observed in pseudotachylytes within
metapelites in a large range of pressure/temperature conditions (ortho-
amphibole: Magloughlin, 1989, and Ray, 2004; hercynite: e.g. Menant
et al., 2018, and Sarkar and Chattopadhyay, 2019; sillimanite: Alten-
berger et al., 2013; mullite: Moecher and Brearley, 2004, and Ujiie et al.,
2007). All these microlites reflect the high-T transient during the fric-
tional melting and melt quenching, and give no information on the
ambient pressure and temperature of pseudotachylyte formation.

Considering (i) the thermal model of the Amaroni pseudotachylyte
fault vein, (ii) the observed microstructural relationships between the
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different microlites, and (iii) the calculated conditions of cordierite
growth, we infer the following sequence of events from the initial
development of the frictional melt (as illustrated in Fig. 8): (1) devel-
opment of melt with T, > 1400 °C that allowed survival of sillimanite
and quartz clasts and almost complete disappearance of garnet, biotite
and feldspar clast; (2) growth of hercynite and sillimanite — this latter
overgrowing epitaxially sillimanite clast seeds — at T ~ 1300 °C; (3)
initial growth of spheroidal-shaped microlites of cordierite and plagio-
clase at T < 1300 °C.

6. Conclusions

We applied a novel approach consisting in Rb-Sr dating of biotite
pervasively kinked in the seismically damaged fault zone and of unde-
formed host rock biotite to constrain the formation conditions of pristine
pseudotachylytes hosted in lower-crustal granulites in the Serre Massif
of Calabria. Our new geochronological data suggest that pseudotachy-
lytes formed by shallow seismic faulting after the rocks had cooled
below ca. 300-400 °C, possibly related to the already known seismic
activity of the Curinga-Girifalco Line in the Eocene.

The studied pseudotachylyte contains sillimanite and hercynite
microlites, and garnet, plagioclase and cordierite poikilitic grains.
Considering the shallow level of seismic faulting, we infer that all these
minerals crystallised during the transient high temperature stages of
melt quenching.

We also present a calibrated model of pseudotachylyte quenching
and calculate the final size of the crystallising cordierite grains on the
basis of available experimental datasets on growth of cordierite crystals
from a quenching melt. The match between the observed and calculated
size of cordierite grains legitimates extrapolation of experimental data
to natural systems and indicates the reliability of the thermal modelling
of pseudotachylyte melt quenching. The results of our modelling and
microstructural observations, integrated with literature information,
allow the reconstruction of the sequence of mineral crystallisation to be
linked with the thermal history of quenching of the pseudotachylyte
melt. Our analysis highlights the ambiguity of the significance of garnet
microlites in pristine pseudotachylytes that, in the present case, cannot
be used as a proxy for a deep-seated origin of the pseudotachylytes.
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