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A B S T R A C T

The mechanisms associated with the propagation of fault ruptures remain debated in terms of sequence of events, 
processes and magnitude of stresses involved. Microstructures of zircon grains located within and in the im
mediate vicinity of pseudotachylyte veins reveal a sequence of events transient in time and space and allow 
recognition of different processes during rupture. The dynamic rupture causes, at its propagating tip, a damage 
zone of several centimetres thickness. In this damage zone, zircon grains exhibit crystal-plastic deformation 
signatures ranging from crystal lattice bending continuous throughout whole grains, to distinct planar defor
mation bands and {112} twin lamellae. Presence of planar deformation bands and {112} twin lamellae suggest 
locally high stresses, based on similar features reported from meteorite impacts. Absence of well-developed 
subgrains indicate dominance of low temperature plasticity at the rupture tip. Subsequently, those grains with 
highest dislocation densities undergo in-situ grain fragmentation. The observed correlation of grains with very 
high dislocation densities and in-situ grain fragmentation suggests that the effective tensile strength of these 
grains is sufficiently decreased by the high stored elastic energy to cause their fragmentation when subject to 
tensile stresses in the wake of the propagating rupture tip. Subsequent displacement along connected damage 
zone fracture surfaces results in pseudotachylytes formation.

Our data shows that dynamic rupture initiation and propagation results in stresses heterogeneously distributed 
in space, magnitude and sign causing both ductile and brittle deformation. Our study highlights the value of the 
accessory mineral zircon in deciphering the nature of rupture zone dynamics.

1. Introduction

Seismic slip within the lithosphere is an important mode of defor
mation with large repercussions for society (e.g. Scholz, 2002). How
ever, the mechanism by which pseudotachylyte (rock formed by 
frictional melting) form within the ductile crust, below the seismogenic 
zone, remains debated (e.g. White 2012). There are two broad categories 
of mechanisms: (1) brittle processes thought to be directly related with 
dynamic rupture propagation (e.g. Raleigh and Paterson, 1965; 
Magloughlin, 1989; 1992; Spray, 2010; Okazaki and Hirth, 2016; Incel 
et al., 2019, Campbell and Menegon, 2022; Aldrighetti et al., 2025), and 
(2) ductile processes characterized by dissipative heating and thermal 
runaway situations (Braeck and Podladchikov, 2007; Kelemen and 
Hirth, 2007; John et al., 2009; Thielmann et al., 2015; Papa et al., 2018).

To resolve this debate, rocks that are interpreted to have undergone 
deformation associated with seismic signatures of earthquakes hold 
invaluable information. It is generally accepted that pseudotachylyte, a 
glassy or fine-grained fault rock, has undergone seismic slip as these 
have experienced frictional heat which is formed during seismic slip 
along planar fault zones (e.g. Sibson, 1975; Rowe and Griffith, 2015). 
Depending on the pseudotachylyte formation mechanism a different 
sequence of processes is expected before the pseudotachylyte forming 
seismic slip occurs. For ductile deformation significant shear deforma
tion must occur prior to seismic slip. In contrast, wall-rock damage 
related to high stresses and strain rates at a propagating rupture tip is 
expected if brittle deformation is the dominant mechanism before fric
tional sliding, melting and pseudotachylyte formation occurs. Pulveri
zation and fragmentation in the wall rock next to seismic faults is 
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ubiquitous in the upper crust (Faulkner et al., 2011; Griffith et al., 2018). 
Since ductile deformation is more prevalent at high pressures and 
temperatures, it is expected that deep earthquakes are triggered by 
ductile deformation. However, there is growing evidence especially 
from a series of studies on dry, deep rocks exhibiting signatures of 
seismic slip have shown that this may not be the case (Austrheim et al., 
2017; Incel et al., 2017; Menegon et al., 2017; Petley-Ragan et al., 2018; 
Jamtveit et al., 2018; Campbell and Menegon, 2022). The main argu
ment for wall rock damage before rupture and pseudotachylyte forma
tion (e.g. Petley-Ragan et al., 2018; Papa et al., 2020; Mancktelow et al., 
2022; Aldrighetti et al., 2025) is the occurrence of highly distorted, 
fractured, fragmented and pulverized grains in direct vicinity of a 
pseudotachylyte. These features have been interpreted to be caused by 
the dynamic stress field associated with the propagation of the earth
quake rupture. Minerals that have been shown to have undergone pul
verization, fragmentation or intense fracturing in dry lower crust 
include plagioclase (Okudaira et al., 2017), clino- and orthopyroxene 
(Campbell and Menegon, 2022) and garnet (Austrheim et al., 1996; 
Austrheim et al., 2017: Petley-Ragan et al., 2018; Toffol et al., 2024). In 
an experimental study Incel et al. (2019) suggest that garnet grain 
pulverization is directly related to tensile stresses associated with dy
namic shear rupture propagation. For the mid-crust, intense fracturing 
in direct vicinity to a pseudotachylyte vein has been observed in quartz 
and plagioclase (Aldrighetti et al., 2025). Based on quartz paleo
piezometry and low temperature plasticity observations in pyroxene, 
preloading stresses in excess of 1GPa have been suggested (Campbell 
and Menegon, 2022; van Schrojenstein Lantman et al., 2025). We utilize 
microstructural features within a high number of zircon grains and their 
spatial relationship to a mid-crustal pseudotachylyte to track the 
sequence and nature of microphysical processes involved in earthquake 
rupture propagation and frictional melt generation and to assess the 
preloading stresses associated with seismic faulting in the mid crust. 
While high lattice distortions, and recrystallization in zircon have been 
linked to tectonic processes in mylonites (e.g. Piazolo et al., 2012, 
Kovaleva et al., 2014), the occurrence of {112} twin lamellae, trans
formation twins, phase transformation to the high-pressure phase reidite 
and granular texture have so far only been associated with meteorite 
impacts with hypervelocity compressional waves (e.g. Timms et al., 
2017, Cavosie et al., 2015). Few studies explicitly discuss high stress 
deformation of zircon in a terrestrial, non-impact environment. Kova
leva et al. (2014, 2015) reported planar deformation bands (PDBs) and 
curvilinear fractures in zircon from pseudotachylytes and ultra
mylonites. They interpret that these formed during high stress and high 
strain deformation in the ductile field. This is contrasted by Austrheim 
and Corfu (2009) who link similar features to transient high stresses 
during rupture propagation.

Here we take advantage of deformation structures observed in the 
mineral zircon which is abundant within and in direct vicinity of 
pseudotachylyte veins. Different to studies on dry, plagioclase rich, 
lower crustal rocks, the rock studied here is a metagabbroic mylonite 
transected by a pseudotachylyte; both rock types are formed at mid- 
crustal, upper amphibolite facies conditions. The range of observed 
zircon microstructures suggest a high degree of stress heterogeneities 
during dynamic rupture propagation with stresses comparable, possibly 
even exceeding, those reported from dry rocks. Our large dataset allows 
us to determine that dynamic rupture propagation was followed by 
tensile stresses causing in-situ grain fragmentation which pre-date slip 
and frictional melting. Our data links high stored elastic energy within 
grains to their fragmentation suggesting that their effective tensile 
strength is surpassed during the transient tensile stresses in the wake of 
the propagating rupture even at medium to high confining pressures.

2. Geological background

The Ivrea-Verbano Zone (IVZ) of northwest Italy represents an 
uplifted part of the pre-Alpine middle to lower continental crust. 

Pseudotachylytes and a series of mid-crustal shear zones occur close to 
the Insubric Line (shear zones: e.g., Rutter et al., 1993; Langone et al., 
2018; pseudotachylytes: e.g., Techmer et al., 1992; Pittarello et al., 
2012; Fig. 1A). Faulting and shearing occurred during the early Meso
zoic crustal extension (e.g., Pittarello et al., 2012; Ewing et al., 2015; 
Corvò et al., 2023; 2025). Pittarello et al. (2012) interpret the associa
tion of pseudotachylytes and ultramylonites as the result of repeated 
production of frictional melts due to downward propagation of seismic 
ruptures into the relatively water deficient metagabbros and granulites. 
Kovaleva et al. (2015) report planar microstructures in zircon in these 
shear zones suggesting that such structures represent an additional 
signature for high stress, high strain rate deformation. The studied 
pseudotachylytes stem from mylonitic to ultramylonitic metagabbroic 
rocks along a high-temperature shear zone exposed in Val Cannobina, 
IVZ (Fig. 1A, B). The Val Cannabina shear zone is part of a mylonitic to 
ultramylonitic belt developed within the 400–500m thick amphibole 
(±garnet) bearing metagabbro known as the External Gabbro (Figs. 1A, 
1B; Langone et al., 2018). This mylonitic belt belongs to a network of 
high grade, Triassic-Jurassic fault zones such as the Anzola and Pre
mosello shear zones (Fig. 1A, Corvò et al., 2023) where the formation of 
pseudotachylytes and ultramylonites occurred intermittently (Corvò 
et al., 2025). The metagabbro surrounds the mafic-ultramafic complex 
and the mantle peridotite of Finero (e.g., Tommasi et al., 2017) and is in 
contact with the metamorphic sequence of the Kinzigite Formation to
ward the SW (Fig. 1B, C) and exhibits pervasive brittle-ductile defor
mation features (e.g., Langone et al., 2018). Ductile deformation 
occurred mostly under amphibolite facies conditions (T ≥ 650◦C, P ≥
0.6–0.4GPa; Degli Alessandrini, 2018) and continued in distinct, local
ized zones under retrograde conditions during the exhumation related to 
the Late Triassic to Early Jurassic extensional tectonics (Langone et al., 
2018; Corvò et al., 2023). The whole area has been subject to late brittle 
overprint during exhumation which manifests itself as a network of 
crosscutting fractures, mylonitic fabrics and pseudotachylyte veins.

3. Methods of analysis

Quantitative orientation analysis using electron backscatter diffraction 
analysis (EBSD)

To quantify local and mean geometrically necessary dislocation 
density (GND) we perform Weighted Burgers Vector analysis based on 
Wheeler et al. (2009, 2024) and now embedded in AztecCrystal3.2 
(Oxford Instruments). It should be noted that the GND values derived 
from EBSD data are minimum estimates for the true dislocation density.

For further details of data acquisition see Appendix A (Supplemen
tary Materials).

4. Results

4.1. General field and microstructural context

The studied samples exhibit a network of 1mm to 4cm thick pseu
dotachylyte veins which transect the mylonitic to ultramylonitic meta
gabbroic host rock (Figs. 1C, D; 2A, B; 3A). Rarely, exceptionally dark 
ultramylonitic layers are seen suggesting mylonitized former pseudo
tachylytes (Fig. 1E). Within a 2-5cm wide zone next to pseudotachylyte 
the host shows localized fracturing with μm-mm scale displacement and 
significant rotation (Figs. 1D, 2A,B, 3A) resembling a fracture related 
damage zone. The intact host (for details see Langone et al., 2018) and 
the damage zone are characterized by the presence of clinopyroxene, 
orthopyroxene, plagioclase (Fig. 2A,B,E) and locally brown amphibole 
(Fig. 2A). Within the damage zone, plagioclase is densely fractured 
(Fig. 2C) and shows clusters of 2-50μm fragments. Clinopyroxene ex
hibits local fragmentation and several sets of curved deformation bands 
filled with amphibole (Fig. 2D).

The pseudotachylyte matrix consists of a fine-grained granoblastic 
aggregate enveloping rounded/subrounded host clasts of single grains 
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or grain aggregates (Fig. 2E,H). Clasts commonly show rotation of the 
host mylonitic/ultramylonitic fabric (Fig. 3A). The clinopyroxene clasts 
are rimmed and welded by Ca-amphibole (Fig. 2G,H). Amphibole 
growth in the matrix and amphibole filled clinopyroxene deformation 
bands indicate amphibolite facies condition during pseudotachylyte 
formation, consistent with crystallization at mid-crustal levels. This is 
further supported by a lack of lower grade assemblages (chlorite, 
actinolite, epidote) in intact and mylonitized pseudotachylytes (Fig. 1E).

4.2. Zircon occurrence and general microstructural features

Zircon is abundant throughout the host rock, damage zone and 
pseudotachylyte (Figs. 2, 3, Appendix B, C and Figure S1). Their shapes 
and size vary from euhedral to anhedral and from 5 to 120μm, respec
tively (Figs. 2, 3). There are no systematic differences in zircon shape, 
size and aspect ratios with respect to their position in host, damage zone 
or pseudotachylyte (Fig. 3A, Appendix C). Under the optical microscope 

and in BSE images, zircon grains occur as (Fig. 3) (i) intact grains 
without internal fractures (Type I); (ii) internally fractured grains not 
showing relative shear offset of fragments (Type II); (iii) internally 
fractured grains showing shear offset of fragments (Type III). Type II and 
III grains closely resemble microstructures previously referred to shat
tered or pulverized minerals (e.g., Reches and Dewers, 2005; Austrheim 
et al., 2017). Intact grains occur throughout the whole samples. Frag
mented grains with and without displacement are present in both 
pseudotachylyte veins and the damage zone, but absent in the intact host 
(Fig. 3B, Appendix B). Fragmented grains without significant displace
ment are seen dominantly within the fine-grained pseudotachylyte 
matrix (Fig. 3B, Appendix C).

Zircon types identified by BSE imaging do not correlate with 
particular CL characteristics (Figs. 3, 4, 6). For many grains CL zoning is 
weak or absent similar to CL characteristics described for the host 
mylonites (Langone et al., 2018; Appendix B). CL zoning may be over
printed by planar and curvilinear narrow bands (Fig. 4C; arrows).

Fig. 1. Geological framework and outcrop characteristics. (A) Schematic geological map of the Ivrea-Verbano-Zone (IVZ; modified after Langone et al., 2018); l. The 
locations of high-temperature shear zones are after Rutter et al. (1993); stars indicate studied and reported pseudotachylytes locations were pseudotachylytes have 
been studied and/or reported (Obata and Karato, 1995; Tommasi et al., 2017; Ueda et al., 2008); yellow star this work. (B) Schematic map of the northern sector of 
the IVZ; the stars indicate the locations of studied pseudotachylytes. (C) Photo of one outcrop showing the relationship between pseudotachylyte and the host 
amphibolite facies, metagabbroic mylonitic metagabbro. (D) Photo of a sample slice highlighting the breccia-like pseudotachylyte studied. (E) Photo of studied one 
outcrop showing a sheared pseudotachylyte vein and dark ultramylonites.
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Fig. 2. General petrography and zircon locations. (A) & (B) Thin section overview of two typical samples with pseudotachylyte occurring as discrete veins (A; SB35C- 
2) and as breccia (B; SB35C-1); note white circles highlight zircon grains (white circles) (A) SB35C-2 (B) SB35C-3. (C) and optical microscope cathodoluminescence 
image showing high density of fractures in plagioclase adjacent to pseudotachylyte vein; location white box in (A). (D) Photomicrograph of clinopyroxene (CPX) 
grain in damage zone adjacent to a pseudotachylyte vein showing clear deformation bands which are filled with amphibole; cross polarized light. (E) BSE image of 
the boundary (stippled line) between pseudotachylyte vein and the damage zone showing the textural location of one zircon grain (Fig. 5A) within the fine-grained 
pseudotachylyte matrix; (F) BSE image of the boundary (stippled line) between pseudotachylyte vein and the damage zone (D.Z.) showing the textural location of two 
zircon grains within the damaged host rock and one within the fine-grained pseudotachylyte matrix; (G) and (H) BSE images of the granoblastic pseudotachylyte 
matrix showing plagioclase and clinopyroxene clasts and intergranular amphibole and plagioclase confirming amphibolite facies conditions during pseudotachylyte 
crystallization; note higher magnification of (H), bright spots of oxides and FeS and absence of lower grade minerals (e.g. epidote, actinolite). Cpx, clinopyroxene; 
Amp, amphibole; Opx, orthopyroxene; Pl, plagioclase; Zrc, zircon, Ilm, ilmenite.
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Fig. 3. General characterization of zircon grains. (A) Thin section scan of the sample SB35C-1 3 showing the location of zircon grains as circles colored according to 
their morphological features, i.e. intact (blue), fragmented (pink) and fragmented+displaced (yellow); see text for detailed definition; (B) histogram of the distri
bution of the intact, fragmented and fragmented+displaced zircon grains within the pseudotachylyte and the damage zone and host for the three analyzed samples; 
data provided in Appendix C (Supplementary Materials). (C)-(H) BSE images of zircon grains showing different features and within different textural position; insets 
show CL images. (C) Intact zircon included in plagioclase; SB35C-1 zrc2; (D) intact zircon grain with late (post-pseudotachylyte formation) fracture going through 
grain and the host rock;/mineral SB35C-2 zrc2A; (E) moderately fragmented grain within host; grain is within 50 micron of pseudotachylyte vein; SB35C-1 zrc7; (F) 
fragmented grain at the edge of the fine-grained pseudotachylyte matrix and host; note the late fracture cutting through host, pseudotachylyte and fragmented zircon 
(yellow arrows), SB35C-1 zrc19; (G) moderately fragmented grain in damage zone of host; SB35C-3 zrc8; (H) moderately fragmented grain with late displacement 
within the damage zone; SB35C-3 zrc10; also shown in Fig. 5C.
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4.3. Quantitative orientation analysis of zircon deformation features 
(1000)

Orientation analyses using EBSD combined with forescatter imaging 
were performed on zircon to assess the in-grain and intragrain defor
mation features. Grains from the damage zone, the pseudotachylytes 
and from the hosting mylonitic shear zone i.e., Val Cannobina (Langone 
et al., 2018; Appendix B1, B2), and the adjacent and coeval mylonitic 
belt, i.e., the Anzola shear zone (Corvò et al., 2023; Appendix B3) were 
analysed. EBSD analyses show that zircon grains exhibit a wide range of 
internal deformation microstructures that are only in part directly 
related to the optical microscopy, BSE based zircon types (Fig. 3B). 
Intact zircon (Type I) within the undamaged, mylonitic to ultramylonitic 
host show no to very little lattice distortion (Fig. 4A); they are similar to 
those observed in the adjacent mylonites and the Anzola shear zone 
(Appendix B). Only in rare cases, in mylonites and ultramylonites, 
curved high lattice distortions are locally seen along grain edges, sug
gesting indentation (e.g., Appendix B2_K; Piazolo et al., 2012; Kovaleva 
et al., 2014). In contrast, within the damage zone and pseudotachylyte, 
most intact Type I zircon grains show distinct deformation features 
(Fig. 4B, C, D); only a few zircons show a lack of lattice distortion 
(Appendix C). Deformation is manifested by continuous crystal lattice 
bending throughout a whole grain with no clear low angle boundary 
development (Fig. 4B). In rare cases, apparent low angle boundaries are 
observed; however, these are generally related to fractures. Internally, 
the change in lattice orientation is below 0.25◦/μm. This is contrasted by 
distinct deformation bands bound by 2-8◦ boundaries, which are 1-3μm 
wide and several 10s of μm long (Fig. 4C,D). In these bands the lattice is 
similarly oriented on the two sides of the band and exhibit clear rota
tions around the <c> axis. Deformation band boundary orientations are 
planar and parallel to {100} planes (Fig. 4C,D). Several of these parallel 
bands can be observed in a single grain (Fig. 4C,D). Either one or two 
sets of deformation bands are observed. Some deformation bands form 
distinct fragments (Fig. 4D; arrows). Only in grains with such high lat
tice distortion subgrains are seen, however these are parallel to the 
deformation bands, curvilinear and show the same rotation axis domi
nance (Fig. 4D). In general, distortion becomes with increasing disori
entation more systematic with the <c> axis as a rotation axis and clear 
continuous lattice distortions forming small circle dispersions, corre
sponding to a clear dominance of <010> Burgers vector (Fig. 4D, cf. 
Fig. 7B).

Fragments within the fragmented and fragmented and sheared 
zircon clusters (Type II and III) are clearly identified in BSE and fore
scatter images showing dominantly angular fragments ranging from 
<1μm to 10μm in size (Figs. 3 & 5). Fragments show in all cases sig
nificant internal crystal lattice distortion with the whole range of fea
tures outlined above. Fragmented but not displaced zircons can be 
subdivided into two subtypes. In the first group fragmentation is asso
ciated with relatively little change (1-8◦) in orientation between frag
ments and clear crystal lattice bending that is systematic across the 
fragments (Fig. 5A). In contrast, in the second group grains show frag
ments that are highly misoriented relative to each other with orientation 
changes in the order of 10-60◦ (stars in Fig. 5B). Fragmented and 

displaced zircons exhibit post-fragmentation displacement or shearing, 
where fragments are displaced and show significant change in orienta
tion from each other (Fig. 5C). Pole figures show less well-defined 
rotation axes, which is confirmed when plotting WBV in crystal co
ordinates which show a larger spread involving also <110> (cf. Fig. 7). 
This is most pronounced in the highly disoriented cluster (Fig. 5B).

In one grain clear {112} twin lamellae are present (zrc16A; Fig. 6). In 
addition, one fragment in a Type II grain cluster shows two parallel 
{112} twin lamellae (Fig. 5B; zoom-in). Zrc16A occurs at the boundary 
between the pseudotachylyte and the damage zone, it shows a main 
fracture with a small displacement (Fig. 6A). {112} twin lamellae are 
characterized by a 65◦ rotation around a common <110> axis while 
twin lamellae boundaries are parallel to a {112} plane (Fig. 6C). There 
are several parallel 0.2μm wide twin lamellae crossing the whole grain. 
Throughout the twin host high continuous crystal lattice distortion 
related to rotation around <001> mainly is seen (Fig. 6). Zrc16A is 
~250 μm far from another zircon grain showing only lattice distortion 
and deformation bands but no {112} twin lamellae (Fig. 6A). No reidite 
or signatures of its former presence have been found.

4.4. Weighted Burgers Vector analyses

Geometrically necessary dislocation densities (GNDs) derived using 
Weighted Burgers Vector analysis (WBV; Wheeler et al., 2009; 2024) 
show a whole range of mean GND values correlating with the general 
classification of very low, low and moderate lattice bending, severely 
deformed, severely deformed and fragmented (Fig. 7A). Intact grains 
tend to exhibit relatively low mean GNDs, while fragmented grains are 
characterized by high to extremely high GNDs (Fig. 7A). High quality 
Electron Backscatter Patterns (EBSPs) taken from different grains show 
distinct, well-defined Kikutchi bands for low GNDs grains contrasting 
elastically distorted EBSPs for fragmented grains (insets Fig. 7A).

Type I, intact zircon grains from the Val Cannobina mylonites host
ing the pseudotachylyte and from the Anzola shear zone exhibit low 
GNDs localized mainly at grain edges (Fig. 7A). In contrast GNDs in 
distorted Type I grains of the damage zone and pseudotachylytes are 
seen throughout grains and are often crystallographically controlled 
(commonly parallel to a low index planes) with distinct rotation axis and 
WBV preference (Fig. 4D, 7B).

WBV analysis shows a trend with increasing GND content where for 
intact grains WBV become well defined with a dominance of (010) 
(Fig. 7B, C). However, in highly fragmented zircon clusters GNDs are not 
only less organized spatially but also show a more pronounced spread of 
WBVs between (010) and (110) (Fig. 7D). The grain hosting {112} twin 
lamellae (Fig. 6D, red) has similar mean GND levels as severely 
deformed grains.

5. Discussion

5.1. Zircon microstructures reveal sequence of different microstructural 
features

The fact that outside the damage zone, zircon grains are intact and 

Fig. 4. Orientation relationships within representative geometrically intact zircon grains exhibiting low and intermediate lattice deformation; type I; step size 
0.25mm; (left) BSE and CL images show position and internal structures, respectively; (A) example of very low lattice bending within fine grained matrix of 
pseudotachylyte vein; little change in seen in disorientation map (middle) while pole figure, misorientation profile and rotation axes (right) show little dispersions; 
SB35C-1 zrc2; (B) moderate deformation throughout zircon grain; BSE images shows position within fine grained matrix of pseudotachylyte vein; lattice bending 
depicted in the GROD disorientation map (middle), change in orientation by 0.2-0.5◦/mm is shown in the misorientation profile (right bottom) while the pole figure 
and inverse pole figure of rotation axis of 1-5◦ illustrate a weak preference of rotation around c-axis (top right); SB35C-1 zrc4; (C) deformation with distinct 
deformation bands seen in CL (left, black arrows), disorientation map (middle), a clear rotation around <c> is seen in disorientation axes plot and pole figure (right 
top); deformation bands are characterized by clear changes along distinct band that are parallel to one (100); (D) highly deformed zircon grain with 2 sets of distinct 
deformation bands shown in CL image (top left) and in the orientation map (middle), disorientation profile shows the distinct nature of the deformation band (bottom 
right); large dispersion with rotation around <c> seen in pole figure and rotation axis diagram (top right); note the two sets of deformation bands are parallel to the 
two (100) planes shown in the pole figure; inset shows disorientation map (middle bottom) while BSE image shows grain boundaries forming within grains (black 
arrows); SB35C-2 zrc10.
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Fig. 5. Orientation relationships of representative zircon grains exhibiting different degrees of fragmentation and translation; type II and III; (A) type II, fragmented 
grain where fragments are clearly visible in the forescatter images (FoS), BSE and CL images, crystal bending within fragment is shown on orientation map (large 
map, centre) and pole figure; note large change in orientation over small area (subarea shown as black box in map and as black data in pole figure); misorientation 
change along black line shows orientation change along a the black line; (top left) rotation axis of data from subarea (black box). step size 0.25mm; SB35C-1 zrc8; (B) 
type II, fragmented zircon without displacement; shattering is seen clearly in the forescatter image (FoS); extreme dispersion of fragments in grain cluster is seen in 
the pole figures and orientation map; disorientation distribution graph shows high angles between fragments; zoom-in highlights one grain with {112} twin lamellae 
(see Fig. 6 for more details); (top left) shows rotation axis for low angles; step size 0.05mm; SB35C-1 zrc5; (C) type III; fragmented and displaced zircon showing little 
correlation between CL signature and orientation changes as shown on central orientation map; dispersion within the large grain is limited; material close to shear 
plane (stippled line in map) is dispersed; green box highlights late shear with associated pole figure (top left) shows rotation axis for low angles; step size 0.25mm; 
SB35C-3 zrc10.
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largely internally undeformed (Fig. 3B, Appendix C) suggests that 
deformation features within zircon observed must be directly related to 
the generation of the damage zone and/or pseudotachylyte formation. 
Not only grains outside the damage zone studied in the thin sections 
presented here, show a lack of significant crystal plastic deformation, 
but also zircon grains originating from the IVZ shear zones show the 
same lack of high lattice distortion (Fig. 7A, Appendix B). Their low 
degree of deformation both seen in EBSD lattice distortion maps (Fig. 4) 
and mean GNDs (Fig. 7A) is contrasted by zircons within the pseudo
tachylyte and damage zone which show a large range of deformation 
features, with only singular grains exhibiting no to little lattice distor
tion (Figs. 3B, 4, 5, 6, 7A). The fact that lattice distortions are disrupted 
by brittle structures contained in the zircons only, suggests that crystal 
plastic deformation occurred before brittle, grain bound deformation 
(Figs. 4D, 5A,B). Furthermore, some fractures coincide with distinct 
crystal lattice distortion features such as the curvilinear fractures and 
deformation band boundaries (e.g., Fig. 4D). This confirms deformation 
band generation before fracturing. The location of the different zircon 
types is not correlated with the position of the pseudotachylyte itself. 
Therefore, zircon types must have formed independent of the pseudo
tachylyte, hence prior to frictional slip. Consequently, the damage zone 
was formed and grains deformed and fragmented before fast slip along 
distinct planes occurred which resulted in pseudotachylyte formation. A 
similar relative timing of crystal plastic deformation, fragmentation and 
frictional slip resulting in pseudotachylyte formation is corroborated 

with the study by Campbell and Menegon (2022) who used pyroxene 
deformation features to determine the same relative sequence. Similarly, 
Austrheim et al. (2017), Petley-Regan et al. (2019), Mancktelow et al. 
(2022) and Aldrighetti et al. (2025) suggest fragmentation or intense 
fracturing at a propagating rupture tip followed by frictional sliding 
based on pulverized minerals, heavy fragmentation and fracturing at the 
wall-rock/pseudotachylyte interface. Incel et al. (2019) supported the 
latter interpretation by experimentally recreating the same microstruc
tures and relative sequence. Kovaleva et al. (2014, 2015) studied zircon 
grains from a shear zone transect by pseudotachylytes and associated 
damage zones comparable to the shear zone object of this study (i.e., 
Premosello shear zone, Fig. 1A). The authors report highly distorted 
zircon grains suggesting that high zircon lattice distortions are related to 
damage zone formation, consistently with our interpretation.

We interpret these relative overprinting relationships to reflect 
transient events directly related to propagation of the earthquake 
rupture. As the rupture tip passes through the rock first local damage is 
caused along with zircon deformation, followed by fragmentation dur
ing tensile stresses while shearing behind the rupture tip causes rapid 
displacement resulting in frictional melting at the fault surfaces and thus 
pseudotachylyte formation. Details on these processes are discussed 
below.

Fig. 6. Characterization of {112} twin lamellae; SB35C-1. (A) overview and close-up BSE images, showing position of two zircons within the pseudotachylyte vein; 
the twinned zircon (zrc16a) is close to the pseudotachylyte vein boundary (stippled line); the fragmented but non-twinned zircon (zrc16b) is further within the vein. 
(B) EBSD map showing crystallographic orientation changes in color (see legend) highlighting twin boundaries in yellow; significant lattice bending occurs within 
grain itself as shown by disorientation profile (see black line in map for location); step size 0.25mm. (C) (top) Zoomed-in orientation map (yellow box in (B)) with an 
inverse pole figure (IPF) color scheme showing a {112} shock-twin lamella; step size 0.05 mm; (bottom) Pole figures showing data zoomed-in map. Arrow in the 
{001} pole figure indicates apparent rotation of the twin from the host; arrows in the <110> and <112> pole figure indicate aligned pole of the host and twin; (D) 
low angle disorientation axes in crystal coordinates for characterizing in twin host grain distortion.
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5.2. Crystal plastic deformation features document local high stresses 
during dynamic rupture tip propagation

Crystal plastic deformation of zircon associated with systematic 
orientation changes of 0.5-2◦/micron and low angle boundary devel
opment has been reported to be produced during regional tectono- 
metamorphic events (e.g., Kovaleva et al., 2014; Timms et al., 2006). 

The crystallographic character such as observed <001> axis as the 
rotation axis and boundary trace analysis suggest that documented 
crystal lattice bending is consistent with the dominant activation of the 
slip system <100>(010) which has been reported from high stress and 
strain rate shock experiments (Leroux et al., 1999) and from natural high 
strain rate deformation (Piazolo et al., 2012; Kovaleva et al., 2015). In 
samples undergoing regional style tectonic deformation, very high 

Fig. 7. Details on weighted burgers vector (WBV) and WBV derived GNDs within zircon grains; statistics and within grain variations; (A) statistics of mean WBV for 
different categories of grains i.e. Type I, II, III; size of the bubble is proportional to the standard deviation. Note the clear trend to very high dislocation densities for 
fragmented grains, with no distinction of fragmented and displaced versus fragmented only; *including grains with planar deformation bands (PDBs); orange and 
blue rimmed insets show electron backscatter patterns representative for grain with low mean GNDs and very high GNDs, respectively. (B&C) show GNDs value maps 
and WBV in crystal coordinate systems for angles < 5◦ for type I and type II grains; respectively; note in C zoom-in.
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crystal lattice distortion is only seen within a few 10s of micron of the 
zircon edges, suggesting that indentation of the zircon by other rheo
logical hard grains is the cause (e.g., Reddy et al., 2006; Piazolo et al., 
2012; Kovaleva et al., 2014). In these cases, distortions are closely 
related with the formation of 1-10◦ subgrain boundaries with plateaus of 
similar orientation in between. Some boundaries reach >10◦ disorien
tations. Such well-developed substructures suggest the activation of 
climb which is a diffusive process requiring sufficiently high tempera
ture and/or slow strain rates to develop (e.g., Borthwick and Piazolo, 
2010). This very localized but recovered lattice bending contrast those 
in our pseudotachylyte samples. We observe, lattice bending throughout 
whole grains (Figs. 4B,C,D, 5, 6). Subgrain boundaries of intermediate 
disorientations (5-10◦) and subgrains without internal lattice bending (i. 
e. plateaus) are largely absent (Figs. 4, 5). High angle disorientations are 
generally associated with fractures observable in SE/BSE and forescatter 
images (e.g., Fig. 5). WBV analyses of grains with higher dislocation 
density show the activation of an additional slip system; here, <010>
Burgers vectors are dominating, but an additional component of <110>
is present, especially in high GND. The activation of another slip system 
suggests local higher stresses overcoming the higher critical resolved 
shear stresses necessary for slip on another slip system. High stresses are 
consistent with the observed distinct planar deformation bands (Fig. 4C, 
D). Such bands have been reported mainly from high stress/shock ex
periments from samples associated with meteorite impacts (e.g., Moro
zova et al., 2017; Jones et al., 2018; Timms et al., 2017 and references 
therein), except for Kovaleva et al. (2015) who related PDBs to high 
stress and strain rate in the ductile field.

Extremely high, instantaneous stresses are consistent with the pres
ence of 0.1-1μm thick {112} twin lamellae with 65◦ disorientation about 
<110> and twin boundaries parallel with {112} in two studied grains 
(Figs. 5B, 6). Observed characteristics are identical to twin lamellae 
often referred to as shock-twins identified at several impact structures 
using EBSD, including Vredefort, Free State, South Africa (Moser et al., 
2011; Erickson et al., 2013; 2017; Cavosie et al., 2015; Timms et al., 
2017; Cox et al., 2018), Sudbury, Ontario, Canada (Thomson et al., 
2014) and detrital shocked zircon interpreted as signatures of former 
impact structures (e.g., Montalvo et al., 2018). Importantly, these are 
not related to transformation twins that form from the 
back-transformation of the high pressure (>30GPa) zircon polymorph 
reidite (Timms et al. 2017). Shock pressures involve high deviatoric 
shear stresses in addition to extraordinary high mean stresses and 
twinning requires high resolved shear stresses on the twin plane in the 
twin direction (Trepmann 2008). In an impact breccia Trepmann (2008)
found that mechanical Brazil twins in quartz formed at high differential 
stress rather than high shock pressures. Similarly, we interpret that the 
observed {112} twin lamellae are mechanical twins caused by shear 
stresses. Unfortunately, there is no experimental data to constrain the 
shear stresses for twin formation in zircon directly. So far, {112} twin 
lamellae have only been found experimentally in the run product of one 
static diamond anvil cell experiment that quenched zircon powder at 
20GPa (Morozova et al., 2017). Based on evidence of crystal-plastic 
deformation of the twins, Morozova et al. (2017) suggest they may 
have formed at <11GPa marking the yield point of zircon. In addition, 
signatures for the activation of a secondary slip system caused by shear 
stresses has been observed in shock experiments at 4.5GPa (Fig. 7.5 in 
Morozova et al., 2017). Absence of reidite, presence of mechanical 
{112} twin lamellae together with the observed shift of WBV away from 
<010> towards <110> in the twinned grain (Fig. 6) and highly 
deformed grains (Fig. 5) points therefore to local high differential 
stresses. Based on the findings of Trepmann (2008) who showed that 
mechanical twinning occurred in samples devoid of microstructures 
indicative of high shock pressures, and the observed activation of a 
secondary slip system, we suggest the presence of mechanical {112} 
twin lamellae and two slip system activation in zircon indicate shear 
stresses on the order of a few GPa. This is consistent with the nature of 
propagating rupture dynamics where very high differential stresses in 

the vicinity of the propagating tip are expected (Reches and Dewers, 
2005). We caution that the suggested shear stress estimate of a few GPa 
is indicative only as it is drawn from the impact related shock pressure 
literature. To derive reliable preloading stress estimates related to fault 
ruptures in tectonic settings linking microstructures to stresses addi
tional dedicated experiments are needed. In the absence of such exper
iments still some conclusions may be drawn. Our indicative stress 
estimate supports the stresses in the order of 1GPa recorded by diopside 
deformation within dry, deep rocks (Campbell and Menegon 2022; van 
Schrojenstein Lantman et al., 2025). Importantly, our data extends 
zircon deformation microstructures associated with tectonic deforma
tion to {112} twin lamellae. Stresses must have been highly heteroge
neous based on the observed high variability in the degree of observed 
crystal lattice distortion and up to 2 orders of magnitude difference in 
GNDs within zircon. Such heterogeneity is expected as the rock studied 
is polycrystalline and polymineralic where local stresses may vary by 1-2 
orders of magnitude based on its heterogeneity in physical properties of 
their components. Even in monomineralic polycrystalline materials like 
ice, stress variability of 1 order of magnitude has been shown (e.g., 
Piazolo et al., 2015).

5.3. High dislocation density results in a decrease of tensile strength 
allowing in situ fragmentation of highly deformed zircon

The observed fragments of fragmented zircon without significant 
displacement are separated by clear fractures seen in SEM images 
(Figs. 3-5). Fragmentation of different minerals with clear fracture sur
faces has been already described within host rocks of shallow faults (e.g., 
Trepmann and Stöckhert, 2002; Doan and Gary, 2009). There is growing 
evidence for fragmentation in direct vicinity of pseudotachylyte veins 
and survivor clasts within pseudotachylytes in deep crustal rocks (e.g., 
garnet: Austrheim et al., 1996, 2017; Incel et al. 2019; pyroxene: 
Campbell and Menegon, 2022). Papa et al. (2018) reported garnet 
extremely comminuted “in situ” (without any displacing cataclastic 
flow) from amphibolite-facies metapelites. Two main hypotheses have 
been put forward for this in situ shattering: (1) In situ shattering of 
minerals in contact with pseudotachylytes occurred after the formation 
of frictional melt related to the thermal shock induced fragmentation 
actives during coseismic slip (Papa et al., 2018). (2) In situ fragmentation 
occurs when the dynamic rupture tip propagates through the rock 
resulting in fragmentation (Austrheim et al., 1996, 2017; Petley-Ragan 
et al., 2018, 2019; Incel et al. 2019; Campbell and Menegon, 2022). To 
distinguish between the two hypotheses, the relative timing of shearing 
versus shattering is crucial. Our data shows that shattered grains are not 
exclusively seen in direct vicinity or within pseudotachylyte veins 
themselves (Fig. 3B), placing the timing of shattering before frictional 
slip. This interpretation is supported by other field studies (e.g., Man
cktelow et al. 2022) and by experimental results of Incel et al. (2019)
who interpreted garnet grains to be shattered as the rupture tip passes 
through the damage zone. Shearing behind the rupture tip results in 
these experiments in the formation of melt. Further support stems from 
plagioclase exhibiting in situ fragmentation while deformation twins 
occur within clinopyroxenes, both features that have been linked to high 
transient stresses at propagating rupture tips (e.g., Trepmann and 
Stöckhert, 2001).

The exact underlying mechanisms responsible for in situ mineral 
shattering/pulverization by dynamic rupture propagation remains un
clear, at least for situations where this occurs at high confining pres
sures. While there is a consensus that pulverization in the vicinity of 
shallow faults is directly related to tensile stresses (Griffith et al., 2018), 
for deep faults the relative importance of compressive versus tensile 
stresses remains debated. The importance of tensile stresses has been 
emphasized by Incel et al. (2019) and Griffith et al. (2018). Griffith et al. 
(2018) concludes that the elastic strain energy which is directly linked to 
material strength and fracture toughness is at the core of fragmentation 
in a tensile regime. Toughness is a measure of a material’s resistance to 

S. Piazolo and A. Langone                                                                                                                                                                                                                    Earth and Planetary Science Letters 679 (2026) 119858 

11 



fracture when subjected to stress. It is defined as the energy required to 
break a material. Materials with high toughness can absorb a large 
amount of energy before breaking; hence in engineering materials with 
high toughness are often used in applications where impact resistance is 
important (e.g. Spray, 2010 and references therein). Ductility, in 
contrast, is a material’s ability to deform before breaking. Thus, to be 
able to fracture a material, its ductility needs to decrease. Both, tough
ness and ductility are not state constants; they change dynamically if 
deformation occurs by dislocation movement. Strain hardening de
creases ductility and increases the elastic strain energy of the deformed 
material which in turn is the reason for a decrease in toughness (e.g. 
Incel et al., 2019 and references therein). For example, crystal plastically 

deformed grains that exhausted their easy slip system, and/or exhibit a 
high degree of dislocation entanglement preventing further dislocation 
generation or movement will become increasing prone to fracturing. At 
the same time, the tensile strength of geological materials is about a 
third of its compressive strength, hence fragmentation under tensile 
stress requires a third of the stress magnitude than under compression. 
Dislocation density is therefore an appropriate proxy for elastic strain 
energy as a dislocation distorts a lattice elastically (Fig. 7A; EBSP insets). 
In cases, where climb is not activated, i.e. low temperature plasticity, 
recovery is minor resulting in a direct proportionality of dislocation 
density and stored elastic energy. Our analyses show a positive corre
lation between fragmentation and geometrically necessary dislocation 

Fig. 8. Schematic conceptual model depicting the evolution of the host rock (A) and the damage zone (B) before (Stage 0), during (Stage 1 and 2) and in the wake of 
dynamic earthquake rupture propagation (Stage 3); processes are noted in italic; please refer to section 5.5. for more detail. In (B) arrow for stage 0 highlights 
indentation; *stress estimates are indicative only as values are taken from impact related shock pressure estimates (see section 5.2. for more details).
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density (GND; Fig. 7). This means that those grains that are expected to 
have had high stored elastic energy based on their GND, have lower 
toughness, thus lower resistance to fracturing. These grain fragment 
in-situ during tensile stresses in wake of the propagating rupture tip, 
similar to rarefraction during shock deformation. The fact that only 
some of the grains were subject to fragmentation suggests that mean 
tensile stresses must have been below the tensile strength of zircon; thus, 
stored elastic energy played a major role in fragmentation. This is 
consistent with results of Incel et al. (2019) who concluded that strain 
rather kinetic energy triggered fragmentation. Toffol et al. (2024) show 
similar ranges of dislocation densities as observed here (Fig. 7) for their 
pulverized garnet associated with a pseudotachylyte. Our results are 
consistent with the proposed model that PDBs may develop into {112} 
twin lamellae during the passage of the rarefaction wave under negative, 
extension pressure (Moser et al. 2011), however in our case these are not 
shock related rarefraction waves, but tensile stresses associated with 
dynamic earthquake rupture propagation.

5.4. Shear and frictional melting

The spatial association of the pseudotachylyte with the damage zone, 
suggests that formation of pseudotachylyte was after damage formation 
and aided by the presence of the damage zone. The damaged rock is 
highly fractured and therefore has a large number of rough surfaces that 
can be activated during seismic slip (e.g., Magloughlin, 1992; Spray, 
2010). Observations suggest that frictional slip postdates both 
compression at the propagating tip and tensile stresses in the wake of 
this propagation. This fast displacement of wall rock results in pseudo
tachylyte formation in the damage zone (Fig. 8A). The suggested 
sequence of events is consistent with observations from experimental 
results of Incel et al. (2019) and interpretations based on microstructural 
features form natural examples of deep earthquakes in dry rocks 
(Petley-Ragan et al., 2018, Campbell and Menegon, 2022) who inter
preted frictional slip occurred after in-situ fragmentation along selected 
surfaces. Interestingly, sheared fragmented zircons are dominantly 
observed in the damaged zone. This suggests that within the melt(now 
pseudotachylyte)-clast areas slip was taken up mainly by the melt; thus, 
the fragmented zircon grains largely stay intact preserving the in-situ 
fragmentation except when at the border to a pseudotachylyte vein. In 
contrast, within the damage zone fragmented and displaced zircons are 
common, hence within the damage zone slip was accommodated by slip 
along short preexisting failure planes without producing seismic slip and 
local melting.

5.5. Zircon microstructures reveal succession of transient events during 
rupture: A Model

Our large dataset with a wealth of studied deformation features and 
their relative timing of their formation allows us to define a sequence of 
transient events and link these to underlying microphysical processes 
(Fig. 8): 

Stage 0: Initial stage of ductile deformation

Deformation at mid-crustal levels occurs within localized mylonitic 
to ultramylonitic shear zones where zircons remain intact and show 
little lattice distortions concentrated at grain boundaries (e.g., Fig. 8B, 0, 
indentation). 

Stage 1: Rupture tip propagation triggers damage zone formation and 
rapid crystal plastic deformation of zircon

Intermittently, high stresses result in rupture tips propagating within 
the mid crust. Reches and Dewers (2005) showed that at the tip of a 
propagating dynamic shear fracture extremely high pressures can occur 
and result in the formation of a damage zone (Fig. 8A). Unfortunately, 

due to the complicated vein network observed (Figs. 1D, 2A,B, 3A) the 
predicted asymmetry of stresses could not be assessed. At the rupture tip 
locally high stresses are generated and induce instantaneous low tem
perature dislocation production within zircon resulting in the observed 
crystal bending throughout grains with activation of a high stress slip 
system and formation of planar deformation bands (PDBs; Figs. 3-5). As 
PDBs are cutting continuous crystal bending, bending must have come 
first (Fig. 8; 1A, 1B). This is in line with the fact that high dislocation 
production results in strain hardening (e.g., Mecking and Kocks, 1981); 
during continued high stresses PDBs may form as the ability of the 
crystal to bend continuously is exhausted. Locally stresses reach levels 
that are sufficient to produce {112} twin lamellae (Fig. 8B, 1C) espe
cially in grains that have already accumulated a high number of dislo
cations such as those seen with PDBs (Fig. 7A; note high GNDs for 
twinned grain; marked in red). Comparison of observed zircon micro
structures with those reported from impact structures provide indicative 
stress levels in the order of a few GPa (see section 5.2. for detailed dis
cussion). Stress must have been highly heterogeneous as evidenced by 
the high variability of microstructures in grains in close proximity. Such 
highly variable stresses during dynamic shear fracture tip propagation 
have been proposed by Reches and Dewers (2005). Consequently, we 
related both damage zone formation and observed crystal plastic 
deformation features to compressive stresses at the rupture tip. 

Stage 2: Tension in wake of propagating rupture tip causes in-situ 
fragmentation

After compressional stresses at the propagating rupture tip pass 
through the rock, in-situ zircon fragmentation is triggered in those grains 
characterized by very lattice distortion and high dislocation densities 
(Fig. 5, 7A). This sequence of events is supported by the fact that frag
ments not only exhibit features of intense crystal plastic deformation as 
described above but importantly follow their shape (Fig. 4D) or cut 
across them (Fig. 5). The characteristics of the fragmented grains (Fig. 5) 
resemble reported occurrences of fragmented, shattered/pulverized 
minerals which have been associated with seismic faulting: e.g. garnet 
(Austrheim et al., 2017, Trepmann and Stöckhert, 2002; Papa et al., 
2018, Toffol et al., 2024); feldspar (Okudaira et al., 2017) and clino
pyroxene (Campbell and Menegon, 2022). In these cases, fragmentation 
is interpreted to occur during coseismic slip as the consequence of the 
instantaneous rise and drop of stresses due to either synseismic loading 
(e.g., Trepmann and Stöckhert, 2002) or thermal shock (Papa et al., 
2018). According to Reches and Dewers (2005) during dynamic shear 
fracture tip propagation stresses may not only be highly variable but 
alternating between volumetric contraction and expansion. Such volu
metric contraction and expansion within microseconds may explain the 
observed fragmentation which necessitates near instantaneous stress 
rise and drop. The spatial association of the damage zone, microstruc
tures suggesting local stress variations, and common in-situ fragmenta
tion is consistent with the mechanics of a propagating dynamic shear 
fracture tip. Pressure heterogeneity may also explain the occurrence of 
the two groups of in-situ fragmentation as fragmentation with variable 
absolute differences in contractional versus extensional pressure. Frag
mentation with little rotation between fragments (Fig. 5A, 5C) requires 
lower pressure release than those with high relative rotations which 
must have been subject to instantaneously high-pressure release to allow 
for the space necessary to rotate fragments a higher degree (Fig. 5B). 
Importantly, zircons with very high dislocation densities and thus very 
high stored elastic energy are “pre-conditioned” for fragmentation, as 
the stored elastic stresses result in a decrease of their tensile strength; 
hence these grains fragment during tensile stresses (Fig. 8B, 2b). Grains 
with planar deformation may be reworked under tension developing 
{112} twin lamellae (Moser et al. 2011). 

Stage 3: Shear displacement along connected network of damage fracture 
planes
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Deformation changes from alternating stresses related to the 
instantaneous fracture tip propagation to displacement of the rock vol
ume along a network of damage related fractures. Displacement along 
preexisting brittle failure surfaces is supported by the observed shearing 
of fragmented zircon (Figs. 3, 5) to form fragmented and displaced 
grains (Fig. 8B, 3).

6. Conclusions

Our large dataset of zircon microstructures developed in and in the 
vicinity of pseudotachylytes present in the IVZ of the Western Alps 
confirms that earthquakes can be triggered by dynamic rupture not only 
in very dry, high confining pressure conditions but also at mid-crustal 
conditions in the presence of hydrous phases such as amphibole. Our 
results contrast the suggested mechanisms of mid-crustal earthquake 
generation through high stress, high strain rate ductile deformation.

Our study highlights the importance of transient events. Rupture tip 
propagation results in damage zone formation and triggers dislocation 
generation and a range of microstructures with high lattice distortion by 
low temperature plasticity throughout whole grains which contrasts the 
localized deformation of zircons deformed at tectonic strain rates in the 
ductile field. Distortions include planar deformation bands, high lattice 
distortion with activation of several slip systems and {112} twin 
lamellae. Compressive stresses are highly heterogeneous based on the 
heterogeneous nature of the rock deformed and can reach stresses on the 
order of a few GPa. Transient tensile stresses in the wake of the propa
gating rupture tip result in local grain fragmentation/pulverization. 
High dislocation densities in pulverized zircon suggests a causal rela
tionship as high dislocation densities decrease the effective tensile 
strength of the deformed zircons. Therefore, grains with sufficiently high 
dislocation densities, exhibit sufficiently low tensile strength to frag
ment in situ during these transient tensile stresses. Subsequent shear 
along a network of pre-existing damage fracture planes allows for 
seismic slip and pseudotachylyte formation.

Our study shows that zircon is a very good stress indicator expanding 
its value from geochronology and impact recognition to tectonics and 
associated processes.
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Corvò, S., Maino, M., Piazolo, S., Kylander-Clark, A.R.C., Seno, S., Langone, A., 2023. 
Crystal plasticity and fluid availability govern the ability of titanite to record the age 
of deformation. Earth Planet. Sci. Lett. 620, 118349.
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