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Abstract Tectonic pseudotachylytes are solidified frictional melts produced on faults during earthquakes
and are robust markers of seismic slip events. Nonetheless, pseudotachylytes are apparently uncommon
fault rocks, because they are either rarely produced or are easily lost from the geological record. To solve this
conundrum, long-lasting (18-35 days) hydrothermal alteration tests were performed on fresh
pseudotachylytes produced by sliding solid rock samples at seismic slip rates in the laboratory. After all tests,
the pseudotachylytes were heavily altered with dissolution of the matrix and neo-formation of clay
aggregates. Post-alteration products closely resemble natural altered pseudotachylytes and associated
ultracataclasites (i.e., fault rocks affected by fracturing in the absence of melting), demonstrating that the
preservation potential of original pseudotachylyte microstructures is very short, days to months, in the
presence of hydrothermal fluids. As a consequence, pseudotachylytes might be significantly
underrepresented in the geological record, and on-fault frictional melting during earthquakes is likely to
occur more commonly than generally believed.

Plain Language Summary Tectonic pseudotachylytes are solidified melts produced by rapid
sliding of faults during earthquakes. A long-lasting unsolved dispute in earthquake physics regards the
abundance of pseudotachylytes in nature and the relevance of frictional melting as a seismic-related process.
Although experimental and theoretical arguments indicate that frictional melts are easily generated at
seismic deformation conditions, pseudotachylytes are apparently rare in the geological record and are often
related to specific structural settings (i.e., water-deficient environments and high shear stresses). Such a
discrepancy poses the problem whether pseudotachylytes are rarely generated or only rarely preserved in a
recognizable form. Here we investigated the preservation potential of pseudotachylytes in the presence of
fluids, by performing long-lasting (18-35 days) hydrothermal tests on fresh pseudotachylytes produced in
the laboratory. After all tests, the pseudotachylytes were heavily altered with the generation of
microstructures resembling those of very common fault rocks called cataclasites, which are unrelated to
frictional melting. We suggest that pseudotachylytes are easily produced during earthquakes but they fade
from the geological record in few weeks at most, in the presence of altering fluids percolating along the
faults. This implies that frictional melting is a relevant process occurring on faults during earthquakes
rupturing crystalline basement rocks.

1. Introduction

Tectonic pseudotachylytes are solidified friction-induced melts produced along faults by seismic slip
associated to the propagation of earthquake ruptures (Sibson, 1975). They consist of dark aphanitic
material forming irregular fault parallel veins or off-fault injections with a range of thicknesses that
rarely exceed few centimeters (Sibson, 1975; Sibson & Toy, 2006; Swanson, 1989) (Figures 1a). Despite
their mesoscale intrusive geometry, the original melt state of pseudotachylytes is only revealed by a
combination of key microstructures such as embayed clasts that survived melting, chilled margins, flow
banding, vesicles/amygdules, microlites/spherulites, or preserved glass in the matrix (Lin, 2007;
Magloughlin & Spray, 1992). To date, pseudotachylytes represent the most robust and established mar-
ker of seismic slip in the geological record (Rowe & Griffith, 2015). For this reason, they have been
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Figure 1. Pseudotachylyte alteration in nature. (a) Pseudotachylyte fault vein cutting tonalites from the Gole Larghe
Fault Zone (Southern Alps of Italy) (Di Toro & Pennacchioni, 2005). Moving from right to left in the photograph, the
blackish fresh pseudotachylyte vein, associated to lateral injection, fades into a greenish-grayish chlorite and epidote
enriched fault rock layer. The epidote vein (left side of the photograph) cuts through the pseudotachylyte vein and
controls its progressive alteration. Inset plot in panel (a) reports published data (Di Toro & Pennacchioni, 2005)
comparing the quartz clast size distributions (CSDs) of fresh pseudotachylytes veins (black circles) and associated
greenish (chlorite-epidote enriched) to whitish (K-feldspar enriched) apparently ultracataclastic layers (green and
whitish squares respectively; see Figure S1for more details). Data are reported as “fractal” dimension (i.e., slope of each
CSD in logarithmic plots) in abscissa against mean clasts size of each distribution in the ordinate. The fact that some
CSDs of apparently cataclastic layers overlap with those of fresh pseudotachylytes suggests that some greenish to whitish
fault rock layers may represent intensely altered pseudotachylytes. (b—d) Microstructural domains representative of an
increasing alteration degree in natural pseudotachylytes of the Gole Larghe Fault Zone (BSE-SEM images). The fresh
black domain in (b) is characterized by a felt of plagioclase and less frequently biotite microlites immersed into a
microcrystalline to cryptocrystalline biotite dominated matrix. With increasing alteration degree in (c), peculiar porous
and dark alteration halos develop around quartz clasts and matrix starts to be progressively dissolved and replaced by
chlorite plus epidote. At more intense alteration stages (d), the matrix is affected by significant microporosity and consists

of chlorite plus epidote micrograins. Skeletons of original microlites are only locally recognizable (see the inset in
panel d).
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extensively studied to determine their abundance within fault zones and to constrain earthquake source
parameters (Di Toro et al., 2005, 2006; Sibson, 1975). Theoretical arguments (Jeffreys, 1942; McKenzie &
Brune, 1972) and experimental evidence (Niemejier et al., 2011; Violay et al., 2014) suggest that fric-
tional melting of solid rocks or gouges should occur after few millimeters of slip during an earthquake
and, as a consequence, pseudotachylytes should be widespread along seismic fault zones. However, the
report of pseudotachylytes in the geological record is relatively rare, especially when compared with the
frequency of earthquakes in the crystalline basement (~150 per year with magnitude >6, each poten-
tially associated with a pseudotachylyte fault vein >2-7 mm thick) (Di Toro et al., 2006; Kirkpatrick
& Rowe, 2013; Sibson, 1975; Sibson & Toy, 2006). Such a discrepancy poses the problem whether pseu-
dotachylytes are rarely generated or only rarely preserved in a recognizable form (Kirkpatrick &
Rowe, 2013). Indeed, there are lines of evidence suggesting that well-preserved (i.e., poorly altered) pseu-
dotachylytes are typical of fluid-deficient tectonic settings or are produced at fault asperities sustaining
very high shear stresses (Austrheim & Andersen, 2004; Pennacchioni et al., 2020; Scambelluri et al., 2017;
Sibson & Toy, 2006). However, pseudotachylytes with variable degree of alteration have been increas-
ingly reported within “wet” to fluid-rich tectonic settings (Boullier et al., 2001; Magloughlin, 2011;
Meneghini et al., 2010; Phillips et al., 2019; Rowe et al., 2005; Uijie et al., 2007) and were experimentally
produced both in dry, water-dampened and water-pressurized conditions (Violay et al., 2014). Assessing
the preservation potential of pseudotachylytes after their formation is thus fundamental to determine the
effective relevance of frictional melting as a widespread mechanism of fault lubrication during earth-
quakes (Di Toro et al., 2011). Indeed, the dominance of frictional melting rather than other dynamic
fault weakening mechanisms activated at lower temperatures (e.g., thermal pressurization) potentially
has significant implications in earthquake mechanics (e.g., earthquake energy budgets, rapid and pro-
nounced coseismic healing, and postseismic fault strength recovery due to melt cooling, solidification,
and fault welding; Brantut & Mitchell, 2018; Kanamori & Heaton, 2000; Mitchell et al., 2016; Proctor
& Lockner, 2016; Violay et al., 2019).

Here we investigate the preservation potential of pseudotachylytes in the presence of hydrothermal
fluids, a condition typical of many fault zones in the seismogenic crust, without considering the effect
of any brittle to viscous overprinting which can further contribute to obliterate pseudotachylyte primary
features (Sibson & Toy, 2006). We performed long-lasting (18-35 days) hydrothermal tests on “fresh”
pseudotachylytes produced in the laboratory under seismic deformation conditions with rotary shear
experiments. Artificial pseudotachylytes obtained from tonalite and two types of gabbros were main-
tained at temperatures of 300-600°C under confining and water pore pressure of 150-200 MPa. After
all tests, the pseudotachylytes were heavily altered showing (i) the generation of clastic-like microstruc-
tures (i.e., matrix dissolution with porosity enhancement) and (ii) the neoformation of clay aggregates.
The experimentally altered products closely resemble some of the natural altered pseudotachylytes
and associated ultracataclasites (a fault rock produced by rock fragmentation in the absence of melting)
of the Gole Larghe fault zone (a 30 Ma old exhumed seismogenic fault) (Di Toro & Pennacchioni, 2005).
This study demonstrates that the preservation potential of the original pseudotachylytes microstructures
is very short, days to months, in the presence of hydrothermal fluids and increases only within very dry
tectonic settings, thus suggesting that the generation of frictional melts in natural fault zones is likely to
be more common than generally believed.

2. Altered Pseudotachylytes of the Gole Larghe Fault Zone

The Gole Larghe fault zone is an exhumed paleoseismic fault crosscutting the Adamello tonalites in the
Italian Southern Alps (Di Toro & Pennacchioni, 2004). Ambient conditions of faulting were at 9-11 km
depth and 250-300°C and the fault zone accommodated ~1.1 km of dextral strike slip over a fault thickness
of ~600 m. Ancient seismicity is attested by the widespread occurrence of pseudotachylytes associated with
green chlorite-epidote bearing cataclasites to ultracataclastites (Di Toro & Pennacchioni, 2005) (Figures 1a
and S1 in the supporting information). Black “fresh”-looking pseudotachylyte veins with well-preserved pri-
mary microstructures (e.g., microlites-spherulites) and injections are abundant within the fault damage
zone, while pseudotachylytes become rarer within an ~200 m-thick central altered propylitic zone delimited
by two ultracataclastic fault cores (~2 m thick) affected by higher intensity of healed and sealed microfrac-
tures (Rempe et al., 2018; Smith et al., 2013). Mineralogical and isotopic studies revealed the ingression of
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metamorphic fluids at the time of seismic faulting which were focused within the central portion of the fault
zone (Mittempergher et al., 2014; Smith et al., 2013). However, when looking carefully at the mesoscale and
microscale, even the “fresh”-looking pseudotachylytes within the fault damage zone are frequently asso-
ciated to few millimeters thick dark green to purple chlorite- and epidote-rich or whitish K-feldspar-rich
ultracataclastic layers (Di Toro & Pennacchioni, 2005) (Figures 1a and S1). These thin layers are character-
ized by quartz clasts size distributions comparable with those of fresh-looking pseudotachylytes and
might thus represent the product of intense alteration of original pseudotachylytes (Di Toro &
Pennacchioni, 2005) (inset in Figure 1a; Figure S1). In addition, pseudotachylyte fault veins show evidence
of incipient alteration where they are cut by chlorite- and epidote-bearing veins (Figure 1a). Moving from the
black (less altered) to the grayish (more altered) portions of the pseudotachylytes, the pristine melt-derived
matrix, made by a felt of plagioclase and biotite microlites (Figure 1b), developed porous alteration halos
around quartz clasts (Figure 1c) and is progressively substituted by chlorite plus epidote micrograins
(Figure 1d).

3. Hydrothermal Alteration of Experimentally Produced Pseudotachylytes

Experimental pseudotachylytes were produced with the rotary shear apparatus SHIVA at the Istituto
Nazionale di Geofisica e Vulcanologia in Rome (Di Toro et al., 2010) (Figure S2). Couples of solid rock
cylinders (diameter 50 mm) of tonalite (from the Gole Larghe Fault), quartz-microgabbro (from the
Bushveld igneous complex) and gabbro (from the Balmuccia ultramafic suite) were sheared at slip rates of
2.5-5m s~ ! (i.e., on-fault seismic slip rates) and normal stresses of 10-20.5 MPa for 3-9 s under vacuum
(1073-10~* mbar) to produce a frictional melt layer sufficiently thick to weld the samples together (see
Text S1 and Figure S3 for details). The melt-welded rock samples were cored along the fault interface to
obtain smaller (diameter 10 mm) rock cylinders with the experimental pseudotachylyte oriented parallel
to the long axis (Figure S3). These samples were finally cooked with water as pore fluid at confining (Pc)
and pore pressure (Pp) of 150-200 MPa and temperatures (T) of 300-600°C for 18-35 days using two high-
temperature fluid-confined triaxial apparatus at the Rock Deformation Laboratory of the University of
Manchester (Rutter et al., 1985) (see Text S1 and Figure S4). The experimental conditions were chosen to
be representative of the pressures and temperatures of the host rocks at the time of pseudotachylyte forma-
tion (Di Toro & Pennacchioni, 2004; Obata & Karato, 1995). Here below, we focus on the description of the
tonalite-derived samples, cooked at Pc = Pp = 150 MPa and T = 300°C, for which we have well-constrained
natural comparisons (Figure 1).

Under the scanning electron microscope (SEM), the pseudotachylyte produced from tonalites with SHIVA is
an ~1 mm-thick layer with clasts of quartz and plagioclase up to 150 um in size immersed in a glassy to cryp-
tocrystalline matrix with virtual no porosity (Figures 2a and 2b). The chemical composition of the matrix
(determined through energy dispersive spectroscopy, EDS) is andesitic, biotite clasts are almost absent
due to their selective melting (Shand, 1916; Spray, 2010) (see text S2 and Figure S5), and <5 um-long plagi-
oclase microlites locally formed (inset in Figure 2b). Quartz and less frequently plagioclase survivor clasts
have cuspate-lobate shapes possibly due clast-melt interaction (Figure 2b). The cumulative size distribution
of survivor quartz clasts measured in two dimensions over a clast size range of 2-70 um displayed a slope
D ~ 1.6 in logarithmic plot, while average clast circularity was ~0.5, where circularity is a morphometric
index in the range 0-1 describing the roundness of an object (e.g., the circularity of a circle is 1; see Text
S3 and Figures S6 and S7).

The experimental pseudotachylyte recovered after the hydrothermal test (35 days at 300°C and
Pc = Pp =150 MPa) consisted of a grayish fine-grained layer macroscopically distinct from the original black
pseudotachylyte (Figure 2c). Relative to the fresh pseudotachylyte, the experimentally altered one showed a
significant increase in porosity coupled with a decrease in the number of quartz and plagioclase clasts
(Figure S6). Moreover, the fine-grained clast fraction (D ~ 2.1 in the size range 4-40 um for quartz clasts;
Figure S6) and clasts circularity (~0.6-0.7 for quartz; see Figure S7) increased, while clasts <4 um in size
were no longer detected. The occurrence of few relics of less-altered pseudotachylyte helped us to track
the progress of alteration through space and time (Figures 2c and 3a). Alteration is observed to start primar-
ily along fractures (probably because of permeation by hydrothermal fluids) and around quartz clasts
(Figures 2 and 3). In particular, the matrix around quartz clasts developed dark-gray halos that appear to
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FRESH TONALITIC PSEUDOTACHYLYTE ALTERED TONALITIC PSEUDOTACHYLYTE
$1243: slip vel. 5 m/s - load 17.6 MPa - duration 3 s pf NIM3_PT2b: T 300 °C - Pc=Pp 150 MPa - duration 35 days

Figure 2. Pseudotachylyte alteration in experiments. (a, b) Fresh experimental pseudotachylyte vein; see the up-right
inset in (a) for a macroscopic view of the sample. Pseudotachylyte produced through a high-velocity rotary shear
experiment with SHIVA starting from a tonalite from the Adamello batholith (host rock of the Gole Larghe Fault Zone).
The experimental pseudotachylyte vein consists of quartz and plagioclase clasts immersed into a glassy to
cryptocrystalline matrix with andesitic composition (see Figure S5) and a negligible amount of porosity in the form of
cooling microcracks (BSE-SEM images). Embayed quartz and plagioclase clasts (also with cuspate-lobate borders)
indicate progressive melting, while biotite is almost absent as clast due to selective melting (b). Locally, few micrometers
in size plagioclase microlites crystallized from the melt (inset in b). (c, d) Experimental pseudotachylyte (a, b) after long
term (35 days) hydrothermal test (Pc = Pp = 150 MPa, T = 300°C). The up-right inset in (c) shows that the altered
pseudotachylyte turned into a grayish layers macroscopically different from the original black one. The altered
pseudotachylyte vein consists of a clastic layer characterized by a striking increase of porosity with respect to the original
one in panel (a). Quartz and plagioclase clasts are subrounded and are immersed in a microgranular matrix (c, d)
(BSE-SEM images). Relics of fresh pseudotachylyte are still preserved (see down-right inset with yellow border in panel c)
and allowed to track the evolution of the alteration process. Incipient alteration produced peculiar dark porous halos
which resemble the ones observed in the altered pseudotachylytes of the Gole Larghe Fault Zone.

have evolved into progressively more porous regions (in SEM backscatter electron images; Figures 2 and 3).
Energy dispersive spectroscopy (EDS) analyses performed in the pseudotachylyte matrix both outside and
within the halos and along transect through quartz clasts show a significant depletion of alkali (especially
K) within the alteration halos. The variation of other elements like Si and Al is within the measurements
error (Figure 3). The portions of the pseudotachylyte affected by more intense alteration (i.e., the more
porous regions) were characterized by the growth of few micrometers in size aggregates of platy minerals
within the pores (Figure 4). Single crystal microdiffraction performed on a fragment of the altered
pseudotachylyte ~100 um in size in conjunction with EDS spot analyses indicates that the newly formed
mineral phase is a Ca- and Mg-smectite clay (see Text S4, Figures 4 and S8, and Table S1). A characteristic
single phase diffraction peak of the smectite clay (d = 14.85 A) was associated with a continuous
diffraction ring (i.e., no single diffraction spots) indicative of the nanocrystalline nature of this phase
(estimated average crystallite size ~19 nm; see Text S4 for details) (Figure 4). In the case of the altered
pseudotachylytes produced from the Bushveld quartz-microgabbro (Pc = Pp = 200 MPa, T = 500°C,
duration = 18 days) and Balmuccia gabbro (Pc = Pp = 200 MPa, T = 600°C, duration = 24 days),
similar clastic microstructures again associated with the growth of platy minerals in the newly formed
porosity were reported (see Figure S9 for microstructural details).
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Figure 3. The onset of pseudotachylyte alteration under hydrothermal conditions. (a) Detail (BSE-SEM image) of a
fragment of fresh pseudotachylyte affected by incipient alteration. Alteration starts along fractures (see the vertical
fracture in image a) and in the matrix around quartz clasts where dark porous halos develop. (b) Energy dispersive
spectroscopy profile analyses across a quartz clast, the alteration halo, and the surrounding matrix. The halo is depleted
in alkali (especially K) with respect to the matrix; instead, major elements such as Si and Al show a regular gradient
between the matrix and the clast. (c, d) Multiple alteration halos around quartz clasts merge to form progressively
more porous regions. Spot EDS analyses within the halos (red circles) and within the unaltered matrix (white circles).
Again, only alkalis are depleted within the halos with respect to the surrounding matrix; no significant difference is
detectable for major elements like Si and Al, given the error associated to the EDS analyses.

4. Discussion and Conclusions
4.1. The Rapid Alteration of Pseudotachylytes and Implications for Natural Fault Zones

The present experimental study documents the rapid alteration (days to months, a negligible time duration
compared to geological or even earthquake recurrence timescales) of the typical pseudotachylytes micro-
structures under hydrothermal conditions. In the case of the tonalite-derived pseudotachylyte, the alteration
conditions (T = 300°C and Pc = Pp = 150 MPa with water as pore fluid) correspond to those estimated for the
pseudotachylytes and the chlorite-epidote bearing cataclasites of the Gole Larghe fault zone that was, at least
locally, infiltrated by water-rich fluids (Di Toro & Pennacchioni, 2004) (Figure 1a). This structural setting
corresponds to that of a seismogenic fault zone in the crystalline basement, which is ruptured during an
earthquake associated with on-fault frictional melting and pseudotachylyte generation (Figure S10a). The
early postseismic infiltration of metamorphic fluids occurs from the wall rocks to the fault slip zone through
the coseismically activated fault and fracture network (Sibson et al., 1975) and leads to the inception of
fluid-mediated alteration of the fault rock assemblages (Figure S10b).

After hydrothermal alteration, the originally black experimental pseudotachylyte turned into a fine-grained
grayish material similar to some of the intensely altered pseudotachylytes of the Gole Larghe fault zone
(compare area “d” in Figure 1a with Figure 2c). More importantly, the dark halos which formed in the glassy
matrix around the quartz clasts during the first stages of the experimental alteration (Figure 2c) are a com-
mon microstructure of the pseudotachylytes affected by incipient alteration in the Gole Larghe fault zone (Di
Toro & Pennacchioni, 2004) (Figure 1c). However, in our experiment, the more altered portions of pseudo-
tachylyte turned into a microporous microstructure due to extensive dissolution of the glassy matrix and, to a
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Figure 4. Advanced pseudotachylyte alteration and secondary phase nucleation. (a, b) Detail of the microporous matrix
within the areas affected by more intense dissolution after hydrothermal alteration. See inset in (a) for the location of
images (a) and (b). The microporous matrix consists of micrometer to submicrometer quartz and plagioclase rounded
clasts and stacks of a new platy mineral phase. (c) X-ray microdiffraction has been performed on a 100 um in size
fragment of altered pseudotachylyte matrix. The resulting diffractogram is shown is (c) and was interpreted by
cross-checking diffraction data with elemental EDS analyses (see d). The diffraction analysis reveals the occurrence of a
smectite clay. The characteristic peak of this phase is at d = 14,85 A (positioned at 28 = 2.71°) and is not associated

to single diffraction spots (as it is the case for all the other peaks dominated by the occurrence of quartz and feldspar
clasts in the analyzed fragment), but to diffraction rings, thus suggesting the polycrystalline nature of this newly formed
phase. (d) Elemental EDS spot analyses of the neo-formed smectite. The selected spectrum is a representative one of
the seven spot analyses performed on the sample (white circles in (b) whose elemental composition (weight % of each
element) is summarized in the histogram in (d). The joined diffraction and elemental analyses suggest that the new phase
is a (Ca and Mg) smectite with estimated crystallite size d = 19 nm (see Text S4 for more details).

less extent, of the survivor clasts. This advanced stage of alteration was accompanied by the neo-formation of
nanocrystalline Ca-Mg smectite clay. Previous tests investigating the dissolution of basaltic and rhyolitic
glasses up to hydrothermal conditions (T < 400°C, Pc = Pp < 90 MPa, and water as pore fluid with
varying pH, ion concentration, and fluid to rock ratios) describe an initial rapid far from equilibrium
congruent dissolution stage responsible for the break of the glass silicate network (i.e., Si-O bonds, due to
proton exchange reactions) (Oelkers & Gislason, 2001) and the liberation of cations in the fluid (Declerq
et al., 2013; Gislason & Oelker, 2003). Over longer timescales, as the solution approaches chemical
equilibrium with the glass, the dissolution rate reduces, and the formation of a secondary mineral phases
occurs (Frugier et al., 2008; Giorgetti et al., 2006; Rani et al., 2012; Seyfried & Mottl, 1982); this is also the
case for smectite as observed in our experiment. The naturally altered pseudotachylytes of the Gole
Larghe fault zone, instead, are sealed by chlorite and epidote due to the ingression of water-rich fluids of
metamorphic origin enriched in large-ion lithophile elements (K, Rb, Sr, Cs, and Ba) (Di Toro &
Pennacchioni, 2004; Mittempergher et al., 2014), rather than pure water as in our experiment. Therefore,
smectite clays probably never formed at the depths and temperatures typical of the Gole Larghe Fault
zone. Moreover, the fragile porous fabric, which formed with Pc = Pp in our experiment (Figure 2c),
likely would not sustain the differential stresses of natural fault zones and is therefore expected to
collapse, possibly resulting in a more cataclastic microstructure. Therefore, some of the thin grayish to
whitish layers previously interpreted in the field as ultracataclasites (i.e., fault rocks produced in the
absence of frictional melting and perhaps not associated to seismic faulting) might instead be the result of
intense alteration of original pseudotachylytes. Consequently, only the maintenance of injection-like
features (see Figures S1 and S10) or clast size distributions of apparent “cataclasites” resembling those
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typical of fresh looking pseudotachylytes (see inset in Figure 1a) may help us to recognize intensely altered
pseudotachylytes.

The current study proves that the preservation potential of pseudotachylytes in the presence of hot pore
water is very scarce, especially for the thinner millimetric to submillimetric fault veins (see also the commu-
nication of Hayward et al., 2015). The alteration rate will then vary with factors such as: composition of the
pseudotachylyte glass and the fluid, fluid-rock ratio, temperature and pore pressure, and surface area (i.e.,
fluid infiltration through fractures). The alteration of pseudotachylytes driven by hydrothermal fluids is con-
sistent with earthquake faulting being responsible for the rapid infiltration and redistribution of large
volumes of fluids both in the upper and lower crust and the generation of hydrothermal mineralizations
and country rocks metasomatism (e.g., Jamtveit et al., 2018; Sibson et al., 1975).

Many pseudotachylytes are intrinsically difficult to be identified in fault zones by untrained eyes, because
they are ultrafine-grained dark colored rocks, often very thin, and spatially associated or overprinted by
other macroscopically similar fault products such as ultracataclasites and ultramylonites (Kirkpatrick &
Rowe, 2013). This issue is then hampered by the fact that pseudotachytes are rapidly altered by hydrother-
mal fluids percolating along faults after earthquakes, as we showed in this study. As a consequence, pseudo-
tachylytes may be largely overlooked in the geological record, and therefore, frictional melting represents a
relevant on-fault coseismic process which is likely to occur more often than previously thought during
earthquakes.
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