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A B S T R A C T

The age of the mylonite belts in the basement rocks of the Pyrenees is a subject of debate in the structural geology and 
petrology communities because of its potential implication on the regional tectonothermal history and on the 
tectonic evolution of SW Europe. Here we address when and how mylonitisation took place in two key areas of the 
Eastern Pyrenees, where shear zones are associated with Giant Quartz Veins (GQVs). We conducted zircon U-Pb and 
muscovite 40Ar/39Ar dating coupled with structural, textural, and crystallographic preferred orientation (CPO) 
analyses of mylonites from the Cap de Creus and Canigó Massifs. U-Pb zircon dating of a dacite porphyry dyke 
crosscut by GQVs and mylonitic bands yields a maximum shear zone and GQV formation age of ca. 292 ± 3 Ma. 
40Ar/39Ar analyses of muscovite within mylonitised GQVs yield initial crystallisation ages between ca. 164 and 188 
Ma, as well as younger recrystallisation ages of ca. 110–118 Ma. A qualitative assessment of the GQV history is 
inferred from step-heating spectra of muscovite and quartz CPOs. The results indicate that GQV formation and 
mylonitisation were coupled, coeval, and long-lasting processes that took place from early Jurassic to early 
Cretaceous times. A comparative evaluation of quartz CPOs reveals inconsistencies regarding the strain distribution, 
quartz slip systems activity, and deformation temperatures depending on the deformed rock type. Quartz mylonites 
have stronger CPOs dominated by basal <a>, prism <a>, or prism <c> slip systems, whilst phyllonites and granite 
mylonites show weaker fabrics mostly dominated by mixed <a> slip. This apparently suggests higher deformation 
temperatures in quartz mylonites than those inferred from more reliable proxies, such as mineral assemblages, 
brittle behaviour of K-feldspar, and fluid inclusion data. We suggest that the water-weakening effect caused by 
coeval formation and deformation of GQVs enabled easier dislocation glide and creep, allowing strain localisation 
and transitions between slip systems at lower temperatures than commonly inferred due to enhanced ductility. U-Pb 
zircon dating further suggests the existence of an early Carboniferous (ca. 332 ± 4 Ma; Visean) magmatic episode in 
the Pyrenees, in agreement with a cyclic, rather than a progressive, geodynamic history of the region during 
Variscan times. The present work challenges classical interpretations stating that Pyrenean mylonite belts devel
oped during the retrograde stages of the Variscan Orogeny, highlighting that the structural evolution of this region 
during Mesozoic times deserves further investigation. Results have implications for interpreting deformation 
localisation mechanisms and conditions in crustal rocks, for the formation mechanisms of GQVs in worldwide 
orogenic belts, and for the tectonothermal history of the Pyrenees since late-Variscan times.
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E-mail address: e.gonzalez-esvertit@ub.edu (E. González-Esvertit). 
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1. Introduction

Deformation localisation — the concentration of strain within spe
cific sectors in a deforming material — results in the formation of shear 
zones at all scales within the Earth’s crust (Ramsay and Graham, 1970; 
Sibson, 1977; Lister and Williams, 1979, 1983; Simpson and De Paor, 
1993; Carreras, 2001; de Riese et al., 2019) and mantle (Vissers et al., 
1995; Skemer et al., 2010; Vauchez et al., 2012). From the 
sub-millimetre to the kilometre scale, these zones represent rheological 
and mechanical anomalies due to changes in deformation mechanisms, 
grain size, and crystallographic preferred orientation (CPO), among 
others, when compared to undeformed materials (Hirth and Tullis, 
1992; Keulen et al., 2007; Toy et al., 2008; Finch et al., 2016; Cawood 
and Platt, 2021). Accordingly, they potentially control subsequent 
deformation processes, fluid flow, partial melting, magma emplacement 
and, overall, the strength of the lithosphere (McCaig et al., 1990; Neves 
et al., 1996; Bürgmann and Dresen, 2008; Salomon et al., 2015; Cao and 
Neubauer, 2016; Lee et al., 2020).

Factors controlling deformation localisation and shear zone initia
tion in a given rock type are those that induce intrinsic (i.e., crystal) or 
composite anisotropy into that rock at multiple scales (e.g., mineralog
ical, compositional and grain size variations, pre-existing brittle and 
ductile structural heterogeneities, and presence of fluid or melt; Pen
nacchioni and Cesare, 1997; Mandal et al., 2004; Griera et al., 2011; 
Pennacchioni and Zucchi, 2013; Bons et al., 2016; Fossen and Cav
alcante, 2017; Llorens et al., 2019; Ran et al., 2019). Deformation is 
preferentially localised along mechanically weak areas that show 
favourable orientations with respect to the stress field that the rock is 
subjected to. Areas with abundant weak mineral phases, such as micas, 
where shearing along the crystal basal plane occurs more easily than in 
any other direction, or those containing pre-existing cracks or fracture 
sets, are examples of such mechanical weakness. In the Pyrenees (SW 
Europe) however, the ubiquitous occurrence of mylonite belts that 
sometimes show deformation localisation along Giant Quartz Veins 
(GQVs; i.e., veins with widths up to tens of meters and lengths of kilo
metres) appear to contradict this phenomenon (González-Esvertit et al., 
2022a, 2022b, 2024). Therefore, the first problem we aim to address 
here is why deformation localisation occurs within the GQV quartz, and 
why strain apparently increases towards the GQV cores, assuming quartz 
represents a harder phase than the surrounding, often mica-rich, host 
rock.

Moreover, although the timing of most of the tectonometamorphic 
and magmatic events recorded in the basement rocks of the Pyrenees 
seems to be well constrained (e.g., Autran et al., 1970; Santanach, 
1972a; Deloule et al., 2002; Casas et al., 2010; Castiñeiras et al., 2011; 
Aguilar et al., 2014; Navidad et al., 2018; Lemirre et al., 2019; Liesa 
et al., 2021; Caldera et al., 2023), the age of these mylonite belts and 
associated GQVs remains controversial (Carreras et al., 1980; Soula 
et al., 1986; Laumonier et al., 2015; Vissers et al., 2017, 2020; Druguet 
et al., 2018; Pitra and Martínez, 2024; González-Esvertit et al., 2024; 
Monié et al., 2025). Several models have interpreted these shear zones 
as late-Variscan structures formed during progressive ductile deforma
tion (e.g., Fusseis et al., 2006; Druguet and Carreras, 2019), although 
recent geochronological data suggest Jurassic (Vissers et al., 2017) or 
Eocene (Vissers et al., 2020; Monié et al., 2025) shear zone activity. 
Recently, the formation of shear zone-related GQVs has been interpreted 
as a low temperature (<200 ◦C), long-lasting process occurring through 
continuous or successive pulses of heat, fluid, and mass supply, which 
resulted in the development of extensive metasomatic haloes involving 
silicification and mineral replacement reactions (González-Esvertit 
et al., 2024, 2025a, 2025b). Accordingly, the second problem here 
addressed is the timing and formation conditions of the mylonite belts 

and of the associated GQVs.
We address these gaps by investigating, across scales, two localities 

famous among structural geologists and petrologists due to the exposure 
of ductile deformation structures and metasomatic rocks: the Cap de 
Creus Massif, where shear zones have classically been described as areas 
of inhomogeneous deformation (e.g., White et al., 1980; Carreras, 2001; 
Llorens et al., 2013), and the Canigó Massif, where particular rock types 
and mineralogical changes (i.e., silicification, feldspathisation, and 
muscovitisation) have attracted attention for more than a century 
(Michel-Lévy, 1889; Lacroix, 1896, 1898, 1920; Adams, 1901; Guitard, 
1953, 1955; Casas, 1984, 1986; González-Esvertit et al., 2025c) (Fig. 1). 
Because both areas record similar histories of sedimentation, magma
tism, metamorphism, and brittle-ductile deformation, they offer an 
exceptional opportunity for direct comparison and correlation. The re
sults provide new insights into deformation localisation processes and 
their controlling factors in crustal domains, as well as into the formation 
mechanisms of GQVs and the tectonothermal evolution of the Pyrenees 
since late-Variscan times.

2. Geological setting

The Pyrenees (Fig. 1) is a doubly verging, E-W-trending Alpine fold- 
and-thrust belt that formed due to the collision between the Iberian and 
Eurasian plates from the late Cretaceous to Miocene (e.g., Roest and 
Srivastava, 1991; Muñoz, 1992; Macchiavelli et al., 2017; Vergés et al., 
2019). Alpine deformation resulted in the exhumation of late 
Neoproterozoic-to-Carboniferous basement rocks along the backbone of 
the cordillera (Axial Zone), which is composed of metasediments, 
Variscan (Carboniferous) orthogneisses derived from late Neo
proterozoic and Ordovician intrusives, and late-Variscan granitoids 
(Fig. 1). These rocks further record Sardic (Ordovician), Variscan, and 
Alpine polyphase deformation, as well as Variscan regional meta
morphism (Santanach, 1972b; Carreras et al., 1980; Muñoz, 1992; 
Casas, 2010; Padel et al., 2018; Martín-Closas et al., 2018; Navidad 
et al., 2018; Puddu et al., 2019; Liesa et al., 2021; Margalef et al., 2023).

Several mylonite belts present throughout the basement rocks of the 
Eastern Pyrenees have gained significant attention due to their impli
cations in tectonic plate reconstructions and the deformation history of 
the region (Autran and Guitard, 1968; Carreras et al., 1980, 2004a; 
Casas, 1984, 1986; Simpson, 1985; McCaig and Miller, 1986; Carreras 
and Cirés, 1986; Soula et al., 1986; Liesa and Carreras, 1989; McCaig 
et al., 1990, 2000a, 2000b; Monie et al., 1994; Maurel, 2003; Auréjac 
et al., 2004; Vilà et al., 2007; Denèle et al., 2008; Mezger et al., 2012; 
Olivier et al., 2016; Le Bayon and Cochelin, 2020; Barrón, 2023). They 
are formed by anastomosing shear zones affecting either metasedi
mentary sequences, orthogneisses, or granitoids, with gently to steeply 
dipping mylonitic foliations and associated stretching lineations. These 
mylonite belts have classically been attributed to late-Variscan tectonics 
(e.g., Druguet, 1997; Carreras, 2001; Carreras et al., 2004a; Mezger 
et al., 2012), although no consensus has been reached yet on their tec
tonic significance, since they have been interpreted as formed under 
extensional, compressional, or transpressional regimes (e.g., Carreras 
and Capella, 1994; Druguet, 1997; Carreras, 2001; Denèle et al., 2008; 
Le Bayon and Cochelin, 2020). Noteworthy, some of them are spatially 
related to steeply- or subvertical-dipping GQVs (González-Esvertit et al., 
2022a, 2022b, 2023) that have been interpreted as products of 
large-scale mineral replacement during coupled Si-metasomatism and 
deformation in the Canigó (González-Esvertit et al., 2025a, Fig. 2) and 
Cap de Creus Massifs (González-Esvertit et al., 2022b, Fig. 3).

The Canigó Massif (Fig. 1 and Fig. 2) is an E-W-trending antiformal 
macrostructure in the Eastern Pyrenees that exposes a 3000 m-thick 
package of Variscan orthogneisses (Canigó gneisses; Guitard, 1965, 
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1970; Autran and Guitard, 1968; Casas, 1984; Navidad et al., 2018) 
derived from Ordovician granitic intrusives (464–457 Ma; SHRIMP U-Pb 
in zircon; Navidad et al., 2018 and the references therein), which are 
intercalated in a ca. 4000 m-thick pre-Upper Ordovician metasedi
mentary sequence. This metasediments are mainly composed of 
low-to-high grade mica schists and metapelites with intercalations of 
marble, quartzite, metabasite, and felsic metatuff layers (Guitard, 1953; 
Laumonier, 1988; Casas et al., 2010; Padel et al., 2018). In the core of 
the massif (Fig. 2), a late-Variscan peraluminous biotite-bearing mon
zogranite (Costabona monzogranite; 302 ± 4 Ma; LA-ICP-MS U-Pb in 
zircon; Laumonier et al., 2015) postdates a polyphase Variscan defor
mation event (late Tournaisian to early Kasimovian) and the Variscan 
regional metamorphism that affected the surrounding metasediments 
and orthogneisses (Autran et al., 1970; Guitard, 1970; Casas, 1984; 
Zwart, 1986). In the central area of the Canigó Massif, the 
Costabona-Ulldeter mylonite belt exhibits a E-W- to ENE-WSW-trending 
and NNW-dipping mylonitic foliation that crosscuts the Canigó granitic 
orthogneisses (Guitard, 1965, 1970; Autran and Guitard, 1968; Casas, 
1982, 1984, 1986), the Costabona monzogranite (Guitard et al., 1998; 
Laumonier et al., 2015), and the GQVs (González-Esvertit et al., 2025a) 
(Fig. 2 and Fig. 4). This mylonite belt is thus younger than the Canigó 

granitic orthogneisses (ca. 464–457 Ma) and the Costabona mon
zogranite (ca. 302 ± 4 Ma).

The Cap de Creus Massif (Fig. 1 and Fig. 3) is located at the eastern 
end of the Pyrenean Axial Zone. It exposes a late Neoproterozoic- 
Cambrian (Castiñeiras et al., 2008a) metasedimentary succession 
composed of siliciclastic rocks with metabasite and minor carbonate 
levels that record Variscan LP-HT metamorphism. Two main rock units 
can be differentiated in the southern sector of the Cap de Creus: the late 
Neoproterozoic Lower Series (i.e. Cadaqués and Montjoi Series) and the 
early Cambrian Upper Series (i.e. Norfeu Series) (Druguet et al., 2014; 
Casas et al., 2015; Druguet and Carreras, 2019). A ca. 30 m-thick unit of 
felsic volcanic rocks is interbedded within the Lower Series metasedi
ments (Mas de la Torre acid metatuffs; 558 ± 3 Ma; LA-ICP-MS U-Pb in 
zircon; Casas et al., 2015, Fig. 3). The metamorphic grade of these rocks 
increases from lower-greenschist to amphibolite facies (± cordierite and 
sillimanite, up to migmatite-grade) towards the NE of the massif 
(Druguet, 1997; Carreras, 2001), where the El Port orthogneiss (553 ± 4 
Ma; SHRIMP U-Pb in zircon; Castiñeiras et al., 2008a) also crops out. 
Successive deformation episodes are registered by fold superposition, 
the development of three main cleavage generations, and an excep
tionally well exposed set of regional-scale ductile shear zones (Fig. 4). 

Fig. 1. Geological map of the Eastern Pyrenees (SW Europe) (EPSG:4326) with the location of the main mylonite belts reported in the literature. The spatial dis
tribution of Giant Quartz Veins as reported in González-Esvertit et al. (2022a) is also included. (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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These shear zones are generally oriented NW-SE and crosscut the rest of 
the amphibolite facies Variscan macrostructure along the northern and 
southern parts of the massif (Carreras et al., 1980; Carreras and Casas, 
1987; Druguet, 1997; Llorens et al., 2013; Vissers et al., 2017, 2020; 
Druguet and Carreras, 2019). A swarm of pegmatitic granitoids is found 
in the northern part of the massif (e.g., Bons et al., 2004). A large, 
sheet-shaped granodiorite body (the Roses granodiorite) crops out in the 
southern sector. Both pegmatites and the granodiorite are transected by 
the shear zones. The timing and tectonic significance of mylonitisation 
in the northern shear belt has been largely addressed and debated, 
without reaching any consensus hitherto (Druguet, 1997; Carreras, 

2001; Vissers et al., 2017, 2020; Druguet et al., 2018). The structural 
history of these shear zones has been traditionally interpreted as part of 
a progressive late-Variscan deformation sequence. According to Druguet 
and Carreras (2019), the dominant foliation (S0/S1) is overprinted by a 
second cleavage (S2), which evolves into a third phase (D3a) charac
terised by folding and local development of S3 surfaces, culminating in 
mylonitic shear zones (D3b). Pegmatites emplaced during this progres
sive deformation further constrain the timing of shearing to a 
late-Variscan stage. A slightly different model proposed by Bons et al. 
(2016) suggests pegmatite intrusion after D2 and prior to D3, with D3a 
giving rise to broad shear zones and D3b the final localised, high strain 

Fig. 2. Geological map of the study area in the Canigó Massif (EPSG:32631) (A), zooming on the structural details of the Collada de Roques Blanques (B), La Preste 
(C), and Ulldeter (D) sectors. Mapping and structural analysis were carried out in the whole area shown in (A), but only sectors (B–D) are shown here in detail for 
clarity. See location in Fig. 1. (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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mylonites, implying a progressive strain localisation. Additionally, 
Fusseis et al. (2006) suggested that these shear zones initiated as brittle 
faults that later evolved into ductile structures through widening. All 
three interpretations attribute the formation of the shear zones to 
late-Variscan tectonics. However, the presence of Eocene pseudotachy
lites within the shear zones, and younger 40Ar/39Ar ages recently ob
tained (e.g., Vissers et al., 2017; Monié et al., 2025) challenge this view, 
suggesting a more complex history that may involve significant 

post-Variscan shear zone activity.

3. Methods

3.1. Field methods and sampling philosophy

Detailed geological mapping (at 1:2500 scale), structural analysis, 
and sampling were carried out in the Canigó and Cap de Creus Massifs. 

Fig. 3. Geological map of the study area in the Cap de Creus Massif (EPSG:32631) (A), zooming on the structural details of the Mas Marès (B), Creu d’en Cobertella 
(C), and Torre del Sastre (D) sectors. Mapping and structural analysis were carried out in the whole area shown in (A), but only sectors (B–D) are shown here in detail 
for clarity. See location in Fig. 1. (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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Previously published geological maps of neighbouring sectors were 
continuously consulted for regional comparisons (Guitard, 1970; Car
reras and Losantos, 1982; Ayora and Casas, 1983; Casas, 1984; Losantos 
et al., 1997; Guitard et al., 1998; Carreras et al., 2004b; Laumonier et al., 
2015). Orientation measurements of GQV trends, host rock bedding and 
cleavage planes, faults, mylonitic foliations, fold axes, and fracture sets 
were collected and georeferenced. Mylonitic bands affecting GQVs and 
host rocks were carefully examined and sampled to ensure host rock 
representativity and to assess microstructural differences depending on 
the host rock type (e.g., mineral assemblage and anisotropy). The sam
ples are granite mylonites and quartz mylonites in the Canigó Massif 
(Fig. 4A–D) and phyllonites (i.e., schist mylonites) and quartz mylonites 
in the Cap de Creus Massif (Fig. 4E–H). Representative thin sections 
parallel to lineation and perpendicular to foliation (i.e., XZ-plane of the 
finite strain ellipsoid) were characterised under optical microscopy. 
Samples and thin sections originally presented in Casas (1982, 1984, 
1986) and Ayora and Casas (1983) were also described and 
re-examined. The most promising thin sections, based on their mineral 
phase content and deformation microstructures, were selected for 
crystal orientation analyses aiming to obtain a complete assessment of 
brittle and ductile deformation processes in both GQVs and host rocks 
affected by mylonitic bands.

3.2. Electron backscatter diffraction analysis and data postprocessing

Electron backscatter diffraction (EBSD) analyses were carried out 
using an Oxford Instruments EBSD detector coupled to a scanning 
electron microscope (SEM) at the University of Aberdeen (Scotland). 
Thin sections were carefully polished with colloidal silica and coated 
with a carbon layer. Between 1 and 3 regions per thin section with 
distinct mineral phases and deformation microstructures were scanned 
under vacuum using an accelerating voltage of 20 kV at working dis
tances ranging from 14 to 20 mm. The scanning area of each region was 
between 4 and 16 mm2. Step size was set between 2 and 8.5 μm 
depending on scanning area and sample grain size to obtain a minimum 
of four indexed points per grain, with the aim of enabling comparison 
with other datasets collected using universal stage techniques. Grains 
were reconstructed from indexed EBSD patterns considering a high- 
angle grain boundary (HAGB) misorientation threshold of ≥10◦, while 
subgrain boundaries or low-angle grain boundaries (LAGB) were defined 
by a 2◦–10◦ misorientation threshold (e.g., Shigematsu et al., 2006). 
Recrystallised and relict grains were distinguished based on their grain 
orientation spread (GOS), which provides quantification for intra
granular lattice distortion and acts as a proxy for dislocation density 
(Cross et al., 2017). One-point-per-grain pole figures were constructed 
within the finite strain reference frame, where the projection plane is 
parallel to the stretching lineation and perpendicular to the foliation. 
EBSD pattern indexing, data curation, and data visualisation were car
ried out using the AZtecHKL, AZtecOne, and AZtecCrystal software 
suites (Oxford Instruments®).

3.3. 40Ar/39Ar geochronology

Incremental heating 40Ar/39Ar age determination experiments were 
undertaken at the Nevada Isotope Geochronology Laboratory (Univer
sity of Nevada, Las Vegas). Four muscovite samples found within rela
tively undeformed domains of GQVs from the Canigó Massif were 
analysed. Coarse muscovite was separated from the veins and packaged 
between Fish Canyon Tuff Sanidine fluence monitors. The samples were 

irradiated for 14 h at the Oregon State University TRIGA reactor. Indi
vidual separates were dropped into a double-vacuum furnace at 400 ◦C 
and exposed to a turbo pump for 2 to 3 h to remove adhered atmospheric 
argon. Samples were then analysed using an NGX multicollection mass 
spectrometer following the methods outlined in Balbas et al. (2023). The 
experiments consisted of 22–31 incremental heating steps with tem
peratures ranging from 600 to 1400 ◦C. The density of heating steps was 
systematically increased to help potentially tease out any thermal his
tory information.

The ages were calculated using ArArCalc software (Koppers, 2002), 
assuming a Fish Canyon Tuff Sanidine age of 28.201 ± 0.023 Ma (Kuiper 
et al., 2008) and 40K λtotal = 5.53 ± 0.048 x 10− 10 a− 1 (Min et al., 2000). 
All age determinations shown are reported at the 2σ uncertainty level 
calculated according to Balbas et al. (2023). Data and metadata related 
to the analysed samples and to the sample irradiation, incremental 
heating, 40Ar/39Ar measurements, and age calculations are reported in 
the Supplementary Material 1 (SM1), fulfilling the requirements 
acknowledged in Schaen et al. (2020).

3.4. Zircon U-Pb geochronology

Zircon separation was carried out in a dacite porphyry sample that is 
crosscut by GQVs and mylonite bands at the Ulldeter area (Fig. 2D). The 
sample was crushed, sieved, and processed using the hydroseparation 
technique (HS Lab, Universitat de Barcelona; www.hslab-barcelona. 
com) to obtain zircon preconcentrates. This technique, following the 
methodology proposed by Aiglsperger et al. (2015) and subsequently 
used to concentrate different kinds of high-density minerals in different 
geological environments (e.g., Pujol-Solà et al., 2021; Domí
nguez-Carretero et al., 2022), has proved to be useful at liberating and 
producing heavy mineral concentrates (in this case, zircons), by simu
lating natural beach placer deposits by a combination of a laminar water 
flow at constant pressure with diverse wave impulses.

Zircons were handpicked from the mineral preconcentrates and 
mounted on monolayers for their subsequent geochronological analysis. 
Cathodoluminescence (CL) and SEM images were taken before the U-Pb 
analysis at the FIERCE laboratory at the Goethe University Frankfurt. 
These CL and SEM images were used to select laser ablation spot loca
tions. The selected zircon grains were analysed using an ArF excimer 
laser equipped with a two-volume ablation cell (RESOlution, COMpex 
Pro 102) coupled to a single collector inductively coupled plasma mass 
spectrometer (ElementXR, ThermoScientific). Prior to the analysis, the 
instruments were tuned for maximum sensitivity following Beranoa
guirre et al. (2022). The GJ1 zircon (Jackson et al., 2004) was used as 
primary reference material, while BB-16 (Santos et al., 2017) and Ple
sovice (Slama et al., 2008) zircon crystals were analysed for validation. 
The results of the reference materials and sample analyses, as well as the 
details of all analytical parameters are provided in the Supplementary 
Material 2 (SM2).

Data processing was done using an in-house Microsoft Excel 
spreadsheet (see more details in Gerdes and Zeh, 2006, 2009). Un
certainties reported are at the 2σ level and are calculated by the 
quadratic addition of the internal uncertainties (SE), counting statistics, 
gas-background uncertainties, common Pb corrections, and the excess of 
scatter derived from the primary reference material (see Horstwood 
et al., 2016). Expanded uncertainties, i.e., long-term reproducibility (1 
% and 2σ), and the decay constant uncertainty, are also reported (SM2). 
Concordia ages have been calculated using Isoplot 4.15 (Ludwig, 2012).

E. González-Esvertit et al.                                                                                                                                                                                                                     Journal of Structural Geology 203 (2026) 105584 

6 

http://www.hslab-barcelona.com
http://www.hslab-barcelona.com


Fig. 4. Field photographs of mylonites within shear zones in the Canigó (A–D) and Cap de Creus (E–H) Massifs. (A–C) Granite mylonites from a shear zone at the 
Collada de Roques Blanques area (Fig. 2B), which often provide a gneissic aspect to the Costabona monzogranite. (D) Quartz mylonite from a shear zone affecting a 
Giant Quartz Vein, with intense and inhomogeneous development of mylonitic foliation (Sm) surfaces. (E) Granite mylonite from the Creu d’en Cobertella area 
(Fig. 3C), where the Roses granodiorite also acquires a gneissic texture. (F) Schist mylonite (phyllonite) in the Mas Marès area (Fig. 3B) showing quartz- and mica-rich 
domains where deformation is heterogeneously localised. (G, H) Quartz mylonites developing high strain domains at the Creu d’en Cobertella area (Fig. 3C); note 
that, in (H), cataclastic deformation overprints the mylonitic fabrics. (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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4. Results

4.1. Large-scale structure

Low-to-mid grade mica schists and marble intercalations (Cana
veilles series; Laumonier, 1988; Guitard et al., 1998; or Canaveilles 
Group; Padel et al., 2018) are present at the southern sector of the study 
area in the Canigó Massif (Fig. 2). Bedding surfaces (S0) of mica schists 
are parallel to a NE-SW-trending cleavage (S0-1) mainly defined by the 
orientation of biotite and muscovite crystals. An E-W-trending, N-dip
ping crenulation cleavage (S2) associated to D2 folds can be recognised 
at most outcrops (Fig. 2 and Fig. 5). Overlying the Canaveilles series, the 
Canigó granitic orthogneisses (types G1 and G2; Guitard, 1970; Casas, 
1984) extensively crop out in the central and northern sectors of the 
study area. They show a SW-NE-trending gneissic foliation (SGn) dipping 
towards the SE, defined by biotite and muscovite crystals embedding φ- 
and σ-type porphyroclasts of K-feldspar and quartz. Metasediments and 
orthogneisses are crosscut by the Costabona monzogranite, and all three 
rock types are in turn crosscut by a set of WSW-ENE-trending mylonite 
bands parallel to GQVs and their alteration haloes. The mylonitic foli
ation (Sm) trends WSW-ENE to WNW-ESE and dips either towards the S 
or N, although S-dipping, W-E-trending surfaces are the most common 
(Fig. 2 and Fig. 5). Different strain domains are well exposed throughout 
the study area, from incipient Sm development by the alignment of some 
biotite crystals (Fig. 4A) to quartz recrystallisation and strong lattice 
preferred orientation. Low-to-mid strain domains produce a gneissic 
aspect of the Costabona monzogranite (Fig. 4B and C), whilst high strain 
domains are solely developed when Sm affects GQVs, developing quartz 
mylonites (Fig. 4D). In these cases, shear zones are usually thin (2–10 m 
in width) at the map scale and the Sm surfaces are parallel to the di
rection of GQVs (SGQV), showing a more intense clustering in the ster
eoplots (Fig. 5). N-S oriented brittle fractures that postdate all other 
structures are also present and form 1–4 cm-spaced fracture sets (Fig. 2
and Fig. 5).

A similar pattern of cleavage generations and structural configura
tion, but with different orientations, has been identified in the Cap de 
Creus Massif (Fig. 5). In the area near the Roses granodiorite (Fig. 3), the 
S0-1 is the dominant mesostructure in metasediments of the Lower and 
Upper Series. It consists of NW-SE-oriented and SW-dipping layers with 
thicknesses ranging between 0.2 and 3 cm (Fig. 3 and Fig. 5), which are 
defined by the orientation of fine-grained phyllosilicates. S2 surfaces 
consist of a NE-SW-trending and moderately SE-dipping crenulation 
cleavage. Pre-Variscan metasediments and the late-Variscan Roses 
granodiorite are postdated by NW-SE-oriented and SW-dipping GQVs 
(Fig. 5). These latter SGQV structures are, in turn, spatially related to the 
heterogeneous development of mylonitic Sm surfaces. Sm forms in lower 
strain domains when affecting host rocks (Fig. 4E), forming granite 
mylonites and phyllonites, and in significantly higher strain domains 
when present within the GQV quartz, forming quartz mylonites (Fig. 4G 
and H). Strain localisation along the GQVs (i.e., more intense defor
mation towards the GQV centre) and shear zone widening in host rock 
domains is often observed at the map and outcrop scales (Fig. 3 and 
Fig. 4F-H). Shear zone widening is commonly recognised by increased 
thickness and decreased deformation intensity in host rock domains. 
When shear zones affect granitic host rocks, outcrop features like those 
described for granite mylonites in the Canigó Massif are present (i.e., 
gneissic aspect including the alignment of biotite crystals) (Fig. 3 and 
Fig. 4E). Contrarily, when shear zones affect metasedimentary rocks, 
fine-grained phyllonites composed of quartz and aligned micas are 
developed (Fig. 4F). SW-NE-oriented brittle fractures (Sf) that postdate 
all the structures are also present in the Cap de Creus area (Fig. 5).

4.2. Microstructure

At the thin section scale, mylonite belts in the Canigó and Cap de 
Creus areas show significant variations in mineral phase content, 

Fig. 5. Equal-area lower hemisphere stereoplots of the main macro- and mes
ostructures investigated in the Canigó (left) and Cap de Creus (right) Massifs. 
Note that the Sm and SGQV show a common structural attitude in both areas, and 
that poles to planes of the Sm are more clustered when they affect GQVs. (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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Fig. 6. Microphotographs (crossed polars; XPL) of granitic and metasedimentary host rocks affected by shear zones of the Canigó (A–D) and Cap de Creus (E–F) 
Massifs, showing relict (R) and recrystallised (Rc) quartz grains. (A) Granite protomylonite where mosaic-fragmented K-feldspar porphyroclasts are embedded in a 
matrix of muscovite and partially Rc quartz that defines the mylonitic foliation; R quartz crystals are also present. (B, C) Granite mylonite-ultramylonite where quartz 
is mostly recrystallised and feldspar porphyroclasts exhibit a brittle behaviour. (D) Detail of R quartz crystals with quartz overgrowths in a granite mylonite, which 
show deformation lamellae and are affected by a micro-shear zone. (E) Phyllonite exhibiting deformation localisation in a micro-shear zone mostly made up by fine- 
grained Rc quartz. (F–H) Polycrystalline quartz porphyroclasts acting as rigid objects and forming core-mantle structures in a muscovite-rich matrix. Mineral ab
breviations following Warr (2021); scalebars are 0.25 mm. (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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revealing significant rheological differences within the host rocks. Sm is 
well defined at the microscale of the granite mylonites from the Canigó 
Massif (Fig. 6A–D) by the orientation of muscovite and biotite that forms 
S-C fabrics (Fig. 6A), the orientation of quartz ribbons, and the elon
gation of monocrystalline quartz crystals (Fig. 6B and C). Partial 
recrystallisation of quartz occurs in all the studied samples, whereas K- 
feldspar crystals behave brittlely forming φ- and σ-type, as well as 
domino- and mosaic-fragmented porphyroclasts and porphyroclast ag
gregates (Fig. 6A) (e.g., Passchier and Trouw, 1996). Intracrystalline 
deformation is also present in the relict quartz grains as lamellae, trails, 
or veinlets of aligned subgrains, and patchy or chessboard-like undulous 
extinction (Fig. 6D).

Phyllonites from the Cap de Creus Massif (Fig. 6E–H) show a strong 
foliation exclusively defined by the orientation of muscovite crystals. Sm 
bends around polycrystalline quartz porphyroclasts forming S-C fabrics 
and micro-shear bands that show signs of quartz recrystallisation and 
grain size reduction at their cores (Fig. 6E). σ-type quartz porphyroclasts 
show core-and-mantle structures (Fig. 6F–H), in which the core is 
formed by inequigranular quartz crystals with serrated boundaries and 
the mantle is composed by fine-grained quartz (± muscovite) aggre
gates. In some areas, fine-grained recrystallised quartz crystals are the 
dominant phase of the microstructure (Fig. 6G), although in most cases 
muscovite crystals with a strong shape preferred orientation represent 
>90 % of the modal abundance of minerals if quartz porphyroclasts are 
excluded (Fig. 6E–H).

The quartz mylonites of the two studied areas show similar features 
at the microscale that reveal quartz dynamic recrystallisation (Fig. 7). 
Ductile deformation fabrics overprint cataclastic textures in the Canigó 
Massif (Collada de Roques Blanques area; Fig. 2B), showing inequi
granular quartz clasts with strong intracrystalline deformation and a 
preferred grain elongation (Fig. 7A). Ductile deformation is represented 
in both areas by protomylonite to ultramylonite areas with S-C fabrics 
and, in some cases, C’ shear bands (Fig. 7B–F). Quartz is dynamically 
recrystallised through bulging (Fig. 7B and C) and, more often, subgrain 
rotation (Fig. 7D–F) mechanisms (e.g., Hirth and Tullis, 1992; Stipp 
et al., 2002). Relict and recrystallised quartz grains sometimes show 
clear differences in grain size, with relict grains being petrographically 
distinguishable by their larger size compared to recrystallised ones 
(Fig. 7D–F). The weak to moderate shape preferred orientations present 
in the ductile domains (Fig. 7C–F), as well as minor muscovite occur
rences (Fig. 7G), define the continuous Sm. Generally, relict quartz 
grains show patchy undulous extinction and deformation lamellae 
(Fig. 7B, C, F), as well as trails of subgrains and newly formed grains 
(Fig. 7F). Quartz mylonites are generally dominated by subgrain rota
tion recrystallisation both in the Canigó and Cap de Creus Massifs 
(Fig. 7D–F). However, the quartz mylonites of the Cap de Creus Massif 
show areas (up to ca. 4 mm2) where quartz crystals have lobate grain 
boundaries and amoeboid shapes (Fig. 7G). These areas also show 
pinning and dragging microstructures and equigranular textures, all of 
which are interpreted as evidence of grain boundary migration recrys
tallisation (Fig. 7G). Moreover, quartz aggregates within mylonites of 
the Cap de Creus Massif sometimes show strain-free, polygonal fabrics 
with triple junctions at 120◦, revealing grain boundary area reduction 
processes through static recrystallisation (Fig. 7H).

Electron backscatter diffraction (EBSD) analysis of representative 
mylonite samples from the Canigó and Cap de Creus Massifs provides 
further information on the CPO evolution during quartz dynamic 
recrystallisation (Fig. 8). The samples investigated show weak to strong 
CPOs, as well as different degrees of intra-grain deformation and sub
grain formation: quartz grains show a bimodal grain size distribution 
with large relict grains surrounded by smaller recrystallised grains with 
homogeneous grain size. The relict grains show higher internal distor
tion compared to the recrystallised grains and present highly misor
iented regions (i.e., subgrains), which have the same size and orientation 

as the recrystallised grains. The recrystallised grains show low misori
entation to the parental grains. These microstructural features are 
indicative of grain size reduction by subgrain rotation recrystallisation 
(e.g., Hirth and Tullis, 1992; Stipp et al., 2002) (cf. Fig. 8B and D). 
Variable CPOs are distributed in ca. 0.3–0.5 mm-thick bands in some 
cases (Fig. 8B). Grain orientation spread (GOS) values are also highly 
variable within each sample and allow distinguishing between relict 
grains (GOS>2.05◦) and newly formed grains (recrystallised; 
GOS<2.05◦) (Fig. 8) (Cross et al., 2017). Protomylonite samples are 
characterised by larger relict grain size, cataclastic overprinting, and by 
the presence of bulges and minor subgrains (limited by low-angle grain 
boundaries, LAGB; 2◦–10◦ misorientation) along grain boundaries 
(Fig. 8A and B). Relict grains in these samples show significant 
intra-grain deformation as revealed by high grain reference orientation 
deviation (GROD) values, which are preferentially clustered at grain 
boundaries and cracks. Mylonite samples s.s. (following Sibson, 1977) 
show moderate to strong CPOs (Fig. 8C–E), significant intra-grain 
deformation in relict grains (Fig. 8D), and relatively high amounts of 
subgrains and newly formed grains (>10◦ misorientation) (Fig. 8C–E).

In the Cap de Creus mylonites, quartz that shows evidence for static 
recrystallisation is characterised by matrix polygonisation and the par
tial to complete overprinting of the preexisting fabric (Fig. 7H and 
Fig. 9). In some cases, larger relict grains are still present within a 
relatively homogeneous matrix (Fig. 9A), whereas in other cases all 
grains have the same size and shape, and the scarce relict grains can only 
be distinguished with the GOS threshold (Fig. 9B). Recrystallised 
polygonal grains in these samples have a weak CPO, are strain-free, and 
show minor in-grain misorientations as revealed by low GROD values. In 
contrast, relict grains show high degrees of internal lattice distortion and 
host significant amounts of subgrains (Fig. 9).

Pole figures of the samples analysed were constructed to address the 
CPO evolution during dynamic recrystallisation of the investigated 
quartz mylonites, as well as the activity of quartz slip systems (Fig. 10, 
Supplementary Material 3; SM3). Potential differences in the CPO 
depending on the origin of grains were evaluated by differentiating 
recrystallised and relict quartz grains following Cross et al. (2017) (GOS 
threshold of 2.05◦; see Fig. 8). Relict quartz grains generally show 
slightly stronger CPOs, as revealed by a more intense data clustering in 
the pole figures, independently of the crystallographic direction repre
sented (SM3). However, the pole figures reveal similar fabrics when 
considering either all grains, or when recrystallised and relict quartz 
grains are separated. Accordingly, the microstructures investigated are 
evaluated as one-point-per-grain pole figures including data from all 
quartz grains in the sample (always above 200 grains per sample) 
(Fig. 10). Samples show a wide range of quartz c-axis distributions, 
including asymmetric cross girdles, single girdle, and Y-axis maximum 
fabrics with moderate to strong CPOs. Noteworthy, weaker fabrics are 
developed in host rocks (phyllonites and granite mylonites) whereas 
stronger fabrics are present in quartz mylonites (Fig. 10). The dominant 
slip systems operating during deformation of the studied samples may be 
inferred from c-axis distributions in quartz pole figures (see legend in 
Fig. 10; Schmid and Casey, 1986). Most of the granite mylonite and 
phyllonite samples have quartz CPOs where the c-axis girdle is 
perpendicular to the X strain direction, which suggests <a> slip on 
multiple planes (basal, prism, and rhomb <a> slip, also known as mixed 
<a> slip; e.g., Barth et al., 2010). One phyllonite sample shows a strong 
CPO where the c-axis maximum is parallel to the Y strain direction, 
indicative of dominant prism <a> slip. Quartz mylonites show, in 
contrast, stronger CPOs with more clustering in the pole figures, which 
sometimes indicate the exclusive operation of either basal, prism, or 
rhomb <a> slip. Moreover, samples from the Cap de Creus area that 
record static grain growth and polygonisation (Fig. 9) show CPOs with a 
c-axis maxima subparallel to the X strain direction, implying prism <c>
slip.
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Fig. 7. Microphotographs (crossed polars; XPL) of quartz mylonites (GQVs affected by shear zones) in the Canigó (A–D) and Cap de Creus (E–H) Massifs, showing 
relict (R) and recrystallised (Rc) quartz grains. (A) Protomylonite showing a ductile deformation fabric overprinting a cataclastic texture. (B, C) Quartz mylonites 
showing bulging-dominated textures with R and Rc quartz crystals clearly distinguishable on the basis of grain size, developing core-mantle structures. (D–F) Quartz 
mylonites dominated by subgrain rotation recrystallisation, where a significant amount of Rc grains occur around R grain boundaries showing a shape preferred 
orientation that defines a continuous mylonitic foliation. (G) Grain boundary migration dominated microstructure with characteristic lobate grain boundaries, 
amoeboid shapes, and muscovite pining. (H) Polygonal fabric with chiefly equidimensional quartz crystals and triple junctions at ca. 120◦, indicative of static 
recrystallisation. Mineral abbreviations following Warr (2021); scalebars are 0.25 mm. (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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Fig. 8. Inverse pole figure (IPF, left), grain reference orientation deviation (GROD, center), and grain orientation spread (GOS, right) maps obtained through electron 
backscatter diffraction (EBSD) analyses of quartz and host rock mylonites from the Canigó (A, B) and Cap de Creus (C–E) Massifs. Samples are dominated by bulging 
recrystallisation (BLG) and subgrain rotation recrystallisation (SGR). Note the two grain size populations that may be correlated with GOS values (right column) 
above and beneath a 2.05◦ threshold (relict and recrystallised grains, respectively). See text for further explanations. (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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4.3. Geochronology

The 40Ar/39Ar step-heating spectra of apparent ages and corre
sponding K/Ca (39ArK/37ArCa) for the analysed samples are provided in 
Fig. 11. The obtained spectra are complex and do not allow a straight
forward age determination for the muscovite, since plateau ages, 
calculated when the ages of at least five consecutive steps covering >50 
% of the 39Ar released agree within error, cannot be determined. How
ever, consecutive steps within similar ages covering <50 % of the 39Ar 
released, often referred to as “pseudo-plateau” or “miniplateau” ages, 
still contain geologically meaningful information and are often used in 
the literature (see Schaen et al., 2020). The spectra reflect that all the 
samples analysed were initially deformed during 
Pliensbachian-Callovian (164–188 Ma; early-mid Jurassic) times. 
Noteworthy, analyses carried out in each sampling area show consistent 
age results. Samples from the Ulldeter area (Fig. 2D) yield younger ages 
of ca. 164–171 Ma (Fig. 11A and B), whilst those located eastwards, at 
the Collada de Roques Blanques area (Fig. 2B), initially crystallised at ca. 
180–188 Ma (Fig. 11C and D). After the consecutive steps indicating 
Jurassic initial crystallisation ages, all samples show staircase patterns 
indicative of K reorganisation and loss of 40Ar. No geochronological 
information can be extracted from these patterns, although they may 
indicate different deformation-recrystallisation processes and are thus 
discussed below. The staircase pattern is continuous until the initial 
heating steps in two samples (Fig. 11B and C), albeit samples UDT21-09 
(Fig. 11A) and RJ21-09 (Fig. 11D) show younger ages of recrystallisa
tion during Aptian-Albian (early Cretaceous) times (ca. 110–118 and 

114 Ma, respectively). All samples show relatively constant and gener
ally overlapping K/Ca.

The 38ArCl/39ArK species, as plotted in the Age vs. Cl/K diagrams 
(Fig. 12), were used to determine whether the analysed muscovite 
consist of mixed mica populations or recrystallised micas (see Villa et al., 
2014; Vissers et al., 2017). All the analysed samples consistently show 
low (<0.0005) Cl/K values (Fig. 12), even at the first degassing steps 
when Cl/K are often variable, and only one heating step from the sample 
RJ21-11A yielded a Cl/K>0.01 (Fig. 12C). This reinforces the reliability 
of the data because it suggests that: (1) the degassed samples correspond 
to single muscovite populations, meaning that there is no need of 
separating the analysed crystals into different grain size fractions, and 
(2) if the muscovite crystals were recrystallised, the tectonometamor
phic conditions of recrystallisation were similar to those during their 
initial formation.

Zircon U-Pb dating results provided two main age populations at 332 
± 4 Ma and 292 ± 3 Ma (Fig. 13). In cathodoluminescence images, 
zircons of the older population (~332 Ma) generally correspond to core 
domains with faint or poorly defined internal zoning, whereas those of 
the younger population (~292 Ma) occur as rim overgrowths showing 
more distinct oscillatory zoning. Despite these textural differences, U- 
Th-Pb contents are homogeneous across both populations (Fig. 13A and 
B). The early Carboniferous (Visean) age population of 332 ± 4 Ma is 
significantly older than other age constraints obtained for some of the 
large granitic plutons throughout the Pyrenees. The early Permian 
(Sakmarian) zircon age population of 292 ± 3 Ma is slightly younger 
than the age of the Costabona granodiorite, where the dated dacite 

Fig. 9. Inverse pole figure (IPF, left), grain reference orientation deviation (GROD, center), and grain orientation spread (GOS, right) maps obtained through electron 
backscatter diffraction (EBSD) analyses of quartz mylonites showing grain polygonisation from the Cap de Creus Massif. Samples are dominated by grain boundary 
migration (GBM) and static recrystallisation (SRX) fabrics. Note that, contrary to the samples in Fig. 8, here there are no relict quartz grains because the pre-existing 
fabric has been completely overprinted. See main text for further explanations. (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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Fig. 10. Quartz crystallographic preferred orientations (CPOs) represented as one-point-per-grain pole figures (lower hemisphere equal-area projections, XZ 
reference frame; scale units are multiples of uniform density; MUD) parallel to [c], {r}, and {m}, corresponding to {0001}, {10-10}, and {10–11} directions, 
respectively. Samples are grouped by rock type and correspond to granite and quartz mylonites in the Canigó Massif (left), and to phyllonites (i.e., schist mylonites) 
and quartz mylonites in the Cap de Creus Massif (right). Quartz mylonites (i.e., deformed GQVs) have stronger CPOs dominated by basal <a>, prism <a>, or prism 
<c> slip systems, whilst phyllonites and granite mylonites show weaker fabrics mostly dominated by mixed <a> slip. Cartoons of quartz crystals and slip system 
activity in the legend were adapted from Barth et al. (2010) and Dutta and Mukherjee (2021). See text for further explanations. Note that the colour scale of the MUD, 
which indicates the intensity of the CPO, is adapted to the values of each sample. (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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porphyry dyke is emplaced (302 ± 4 Ma; Laumonier et al., 2015), in 
agreement with their cross-cutting relationships. Accordingly, it repre
sents the maximum age of GQV formation and shear zone activity, in 
agreement with the early-mid Jurassic initial crystallisation ages ob
tained from muscovite 40Ar/39Ar age determinations (Fig. 11 and 
Fig. 12).

5. Discussion

5.1. Shear zone and giant quartz vein age and petrogenesis

The maximum GQV and shear zone formation age of 292 ± 3 Ma 
(Permian) (Fig. 13C) is the most robust age determination obtained in 
the present work and agrees with the 40Ar/39Ar muscovite initial crys
tallisation and recrystallisation ages of ca. 164–188 and 110–118 Ma, 
respectively (Fig. 11). However, 40Ar/39Ar step-heating spectra do not 
allow an unequivocal plateau age calculation. Muscovite degassing 

Fig. 11. Apparent age spectra (left) and K/Ca (right) obtained through incremental step-heating 40Ar/39Ar dating on muscovite samples found within relatively 
undeformed domains of GQVs (see raw data in Supplementary Material 1 and sample photos in Supplementary Material 4). Samples are ordered from younger to 
older initial crystallisation, which occurred during Pliensbachian-Callovian (lower-middle Jurassic) times. Note that spectra (A) and (D) also infer potential lower 
ages of recrystallisation during Aptian-Albian (lower Cretaceous) times. See text in the discussion for age interpretations.
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patterns indicate K reorganisation and loss of 40Ar postdating initial 
crystallisation. These patterns have classically been interpreted as 
proxies indicating either (1) mixed mica populations due to, for 
example, mica formation in consecutive pulses, (2) the occurrence of 
thermal events postdating muscovite formation, or (3) prolonged 
muscovite crystallisation and recrystallisation histories (e.g., Dunlap 
et al., 1991; Kirschner et al., 1996; Dunlap, 1997; Kula et al., 2010; 
Bröcker et al., 2013). The low (<0.0005 except for one outlier) values of 
Cl/K calculated from 38ArCl/39ArK species suggest, however, that the 
analysed muscovite represent single populations in each sample (see 
Villa et al., 2014; Vissers et al., 2017) (Fig. 12). Regarding thermal 
resetting, the known closure temperature of the Ar isotopic system in 
muscovite ranges, depending on cooling rates and effective diffusion 
radius, between 350 and 425 ◦C (Purdy, 1976; Harrison et al., 2009; see 
a review in Oriolo et al., 2018). According to this, one possible scenario 
would be that fluids forming the GQVs acted as a heat supply producing 
this thermal resetting. However, GQVs are affected by the shear zones 
(Figs. 2–5) and, accordingly, shear zones can at most be coeval, or “late” 
with respect to GQV formation (see discussion below). Moreover, all 
primary fluid inclusion assemblages within GQVs, as well as chlorite 
thermometry calculations, suggest fluid temperatures significantly 
lower than the known Ar closure temperatures (Ayora and Casas, 1983; 
Ayora et al., 1984; Fonseca et al., 2015; González-Esvertit et al., 2024). 
Other thermal events involving temperatures >350 ◦C and thermal 
resetting in the analysed samples are also unlikely given the geological 
evolution of the studied region. For example, time-temperature paths 
obtained by Maurel et al. (2008) in the Canigó and Montlluís Massifs 
show systematically decreasing temperatures, always below 300 ◦C, 
since upper Cretaceous times.

Alternatively, prolonged crystallisation or successive recrystallisa
tion pulses of the analysed micas, under similar physicochemical con
ditions, are a more reliable explanation for the complex 40Ar/39Ar 
spectra (Fig. 11) with low and constant Cl/K values (Fig. 12). This sce
nario allows a qualitative assessment of GQV growth history and shear 
zone formation (see similar interpretations in Alexandrov et al., 2002; 
Forster and Lister, 2004; Rolland et al., 2008; Cathelineau et al., 2012; 
Abd Elmola et al., 2018). Initial Pliensbachian-Callovian crystallisation 

ages of ca. 164–188 Ma would indicate the onset of mylonitisation in the 
investigated shear zones, whereas Aptian-Albian (ca. 110–118 Ma) 
recrystallisation events at temperatures <350 ◦C and under similar 
physicochemical conditions may be interpreted as the youngest periods 
of ductile deformation and shear zone activity. Deformation postdating 
these events should, however, still be considered when assessing the 
tectonothermal evolution of the region since early Cretaceous times, 
although it can be assumed that it occurred at lower temperatures and 
shallower depths, above the brittle-ductile transition.

After clarifying the Jurassic to early Cretaceous age range for shear 
zone activity and GQV formation, the analysis of microstructures from 
representative quartz, mica schist, and granite mylonites provide further 
insights about how these processes occurred and mutually interacted. 
The EBSD maps (Fig. 8 and Fig. 9) show that all samples record to some 
degree dynamic recrystallisation of quartz, evidenced by CPO develop
ment and the formation of subgrain boundaries and minor recovery 
structures. Accordingly, it can be inferred that dislocation creep (grain 
size insensitive) is the dominant deformation mechanism. Moreover, 
quartz CPOs and slip systems activity (Fig. 10) are a potentially powerful 
source of information because they have been suggested to correlate 
somehow with deformation temperature, degree of flow coaxiality or 
non-coaxiality, geometry of the kinematic framework, and accumulated 
strain or strain rate (e.g., Behrmann and Platt, 1982; Schmid and Casey, 
1986; Law et al., 1990; Kruhl, 1996; Stipp et al., 2002; Heilbronner and 
Tullis, 2006; Tokle et al., 2023). These pieces of evidence are based on 
naturally and experimentally deformed quartzites (Schmid and Casey, 
1986; Law, 1987; Mancktelow, 1987; Hirth and Tullis, 1992; Stipp et al., 
2002; Toy et al., 2008), as well as in other polymineralic rocks (Menegon 
et al., 2008; Kilian et al., 2011a, 2011b; Hunter et al., 2016, 2019; Fazio 
et al., 2017; Casale et al., 2023).

A clear variability of quartz CPO strength and slip system activity 
may be inferred from the analysed samples, depending on the deformed 
rock type (Fig. 10). Host rocks (phyllonites and granite mylonites) show 
weaker fabrics mostly dominated by mixed <a> slip, whereas quartz 
mylonites have well-defined CPOs where basal <a>, rhomb <a>, and 
prism <a> and <c> slip systems operate. This fact agrees with macro
structural and textural observations, where strain appears to be higher 

Fig. 12. Age vs. Cl/K diagrams (calculated from the 38ArCl/39ArK species) of the analysed muscovite samples. Colours represent degassing steps (between 22 and 31 
depending on sample), which are correlated with increasing temperature from 600 to 1400 ◦C. Note that all steps from all samples, except for one outlier in (C), show 
consistently low (<0.0005) Cl/K ratios (cf. Villa et al., 2014; Vissers et al., 2017). See text in the discussion for Cl/K ratios interpretation. (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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towards the core of deformed GQVs (Fig. 4 and Fig. 7). However, it 
appears to clash with the scenario expected in this structural-lithological 
setting, where deformation should be accommodated in the matrix (i.e., 
by schists and granites) rather than along an elongated rigid object (the 
GQVs) (e.g., Handy, 1990; Hu et al., 2024). Moreover, the deformation 
conditions that can be interpreted from the obtained CPOs also seem to 
be unrealistic, especially when accounting for the deformation tem
perature. The effects of temperature on the slip system activity are still 
poorly understood and require careful examination, not only in quartz 
(e.g., Fig. 8 in Toy et al., 2008; see Fig. 9 in Dutta and Mukherjee, 2021
for an updated compilation) but also in other single- and polyphase 
aggregates (e.g., Hao et al., 2023). Recently, Kilian and Heilbronner 
(2017) have demonstrated that the intensification of the Y maximum 

can occur at constant temperatures with increasing deformation in
tensity and, therefore, is only function of the total strain. However, it is 
generally assumed in the literature that quartz cross-girdle fabrics occur 
at lower temperatures than those dominated by prism <a> and rhomb 
<a> slip, whereas CPOs with a c-axis maxima subparallel to the X axis of 
the strain ellipsoid (prism <c> slip) are generally developed at the 
highest temperatures (Fig. 10). Classical assumptions often relate the 
activity of mixed <a> slip to high greenschist-amphibolite facies con
ditions (>400 ◦C), whilst prism <c> slip is often attributed to eclogite- 
or granulite-facies temperatures (>550 ◦C) (Passchier and Trouw, 1996; 
Barth et al., 2010). However, these temperature assumptions lack solid 
evidence in naturally deformed rocks. Alternatively, differences in 
quartz CPOs have also been suggested to result from the combination of 
oriented growth and dislocation glide (Kilian and Heilbronner, 2017), 
and not as a result of temperature-dependent activity of different slip 
systems. Moreover, the temperatures inferred from the obtained CPOs 
would be much higher than those inferred in the study areas from 
mineral assemblages, brittle behaviour of K-feldspar (Fig. 6 and Fig. 7), 
fluid inclusion data, and chlorite thermometry (Ayora and Casas, 1983; 
Ayora et al., 1984; Fonseca et al., 2015; González-Esvertit et al., 2024). 
Additionally, one would expect the activation of prism <c> slip with 
increasing proportion of second phases and a dominance of basal <a>
slip in pure quartz domains (e.g., Hippertt, 1994; Peternell et al., 2010), 
rather than the observed patterns, which are exactly the opposite 
(Fig. 10; SM3). This observation further rules out the possibility that the 
observed patterns result from the presence or absence of secondary 
phases or switches in the deformation mechanism.

For all these reasons, a “localising agent” or “strain attractor”, 
favouring higher strain and enhanced ductility in GQVs than in the 
surrounding rocks, must be invoked to explain the observed structural- 
lithological configuration and the apparently contradictory fabrics. One 
reasonable explanation is the coeval formation and deformation of 
GQVs, which would involve the presence of a significant amount of 
water in the rocks being deformed and, therefore, the occurrence of the 
water-weakening (i.e., hydrolytic weakening) effect (e.g., Blacic, 1975; 
Blacic and Christie, 1984; Tullis and Yund, 1989; Post and Tullis, 1998). 
This phenomenon is understood as a strain localisation enhancer 
because, often, there is a positive correlation between water content and 
the deformation intensity in sheared rocks. For example, water is 
believed to accelerate grain boundary migration and grain boundary 
sliding when present at grain boundaries (Mancktelow and Pennac
chioni, 2004), and the water trapped in fluid inclusions of crystals may 
allow higher rates of diffusion through the crystal lattice (Kronenberg 
et al., 1990; Post and Tullis, 1998). Moreover, recrystallisation and 
certain mineral reactions providing free water to the system may also 
weaken shear zone margins (Oliot et al., 2014), whilst water expelled 
from shear zones to less deformed rocks can cause further hydrolytic 
weakening producing widening of high-strain domains in a 
self-accelerating process (Finch et al., 2016). Accordingly, hydrolytic 
weakening could have favoured easier dislocation glide due to enhanced 
ductility in the investigated areas, allowing the activation of slip systems 
at lower temperatures than those to which they are generally attributed. 
This would explain the aforementioned inconsistencies on deformation 
localisation, quartz slip system activities, and temperatures inferred 
from CPOs (Fig. 10). Furthermore, this would also indicate that GQVs 
formed over a long-lasting process of continuous or successive pulses of 
fluid supply and shear zone activity, explaining the complexity of the 
40Ar/39Ar step-heating spectra that suggest recrystallisation over a time 
span of >40 Ma (Fig. 11). The strong alteration halos and replacement 
textures found in the proximity of GQVs and shear zones in these and 
other areas of the Pyrenees (González-Esvertit et al., 2022a, 2022b, 
2025a, 2025b) may also be explained by the occurrence of this phe
nomenon. In addition to the water-weakening effect, geometrical and 
mechanical factors related to the orientation of the GQVs relative to the 
stress field may also have contributed to strain localisation. Quartz veins 
in the studied areas form very elongate, lens-shaped bodies, composed of 

Fig. 13. Cathodoluminescence image of representative zircon grains (A), 
comparison between core and rim age populations obtained in representative 
zircon grains (B), and Concordia diagram with the two main age populations of 
332 ± 4 Ma and 292 ± 3 Ma (C). Analyses are shown as 2σ uncertainty ellipses 
and the dark-red numbers correspond to expanded errors also reported 
throughout the text (i.e., long-term reproducibility; 1 % for zircon). (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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relatively pure quartz. During deformation, if these veins are not 
perfectly parallel to the shear plane during simple shear, they may have 
experienced higher stresses due to components of vein-parallel stretch
ing or shortening. This geometric misalignment could result in locally 
higher strain rates in the quartz bodies compared to the surrounding 
matrix. Furthermore, the relative quartz purity of the veins may have 
favoured grain boundary migration recrystallisation over other mecha
nisms (e.g., Stipp et al., 2002), enhancing the overall ductility of the 
quartz domains. These effects, in combination with hydrolytic weak
ening, offer a coherent explanation for the development of high-strain 
microstructures in the veins and further support their role as strain 
attractors (see a schematic model of shear zone and GQV genetic relation 
in Fig. 25 of González-Esvertit, 2025).

5.2. Implications for the structural evolution of the Eastern Pyrenees

The areas investigated in the Cap de Creus and Canigó Massifs are 
representative of other sectors in the Pyrenees in terms of sedimentation, 
magmatism, metamorphism, and brittle and ductile deformation 
(Guitard, 1970; Santanach, 1972a; Den Brok, 1989; Deloule et al., 2002; 
Casas et al., 2010; Castiñeiras et al., 2011; Aguilar et al., 2014; Navidad 
et al., 2018; Lemirre et al., 2019; Puddu et al., 2019; Liesa et al., 2021), 
and they record fingerprints of major geological events reported in other 
pre-Variscan and Variscan outcrops of SW Europe (Rossi et al., 2009; 
Casini et al., 2015; Padel et al., 2018; Casas and Murphy, 2018; Álvaro 
et al., 2018, 2020, 2021; Russo et al., 2022; Casas et al., 2024). Overall, 
the similarities in terms of geological evolution between the two 
investigated areas are noteworthy (see stratigraphic correlations be
tween both areas in Castiñeiras et al., 2008; Casas et al., 2010; Navidad 
et al., 2010, 2018; Martínez et al., 2011; Casas et al., 2019). Neo
proterozoic and lower Palaeozoic sediments record similar deformation 
mesostructures (Figs. 2–5) and low-mid grade metamorphic conditions 
developed during the Variscan orogeny, although the metamorphic 
grade increases notably towards the NE in the Cap de Creus Massif 
(Druguet, 1997). Pre-Variscan magmatism is also represented in both 
areas (with much larger volumes of magma emplacement in the Canigó 
Massif; Fig. 1) and is nowadays exposed as granitic orthogneiss outcrops 
forming the Canigó and El Port orthogneiss bodies (Castiñeiras et al., 
2008b, Fig. 1). Moreover, late-Variscan (Carboniferous-Permian) mag
matism is exposed as the Costabona monzogranite (ca. 302 ± 4 Ma; 
Laumonier et al., 2015) and the Roses granodiorite (ca. 290.8 ± 2.9 Ma; 
Druguet et al., 2014) in the Canigó and Cap de Creus areas, respectively.

Nevertheless, the early Carboniferous (Visean) zircon age population 
of ca. 332 ± 4 Ma (Fig. 13C) is significantly older than the ages reported 
for the granitic rocks in the Canigó and Cap de Creus Massifs, as well as 
older than the widespread late-Variscan magmatism in the Pyrenees (ca. 
295–310 Ma) (see an updated summary in Casas et al., 2025). Alterna
tively, our results support the existence of an early Carboniferous 
(Visean) magmatic episode in the Pyrenees, in agreement with other 
zircon ages reported in the central Pyrenees (e.g., Mezger and Gerdes, 
2016) and, overall, more akin to the evolution of the whole European 
Variscides (see review of Casas et al., 2025). The younger zircon age 
population of ca. 292 ± 3 Ma, in contrast, agrees with the age of the 
Costabona monzogranite where the sampled dyke is emplaced, as well as 
with the early-mid Jurassic GQV and shear zone formation 40Ar/39Ar 
ages. The fact that Visean zircons are present within this dyke suggests 
that both the dyke and Costabona monzogranite could, in part, have 
originated from the fusion of underlying lower Carboniferous magmatic 
rocks, nowadays only present as undeformed granite pebbles within the 
Serpukhovian-Bashkirian Culm conglomerates (Casas et al., 2025).

Postdating these magmatic and tectonometamorphic events, 
mylonite belts are present in both the Canigó and Cap de Creus areas 
(Fig. 2 and Fig. 3), as well as in other sectors across the basement rocks 
of the Pyrenees (Fig. 1 and the references therein). Overall, deformation 
localisation within these mylonite belts has taken place at all scales, 
from the regional map (Fig. 2 and Fig. 3) to the outcrop (Fig. 4) and 

down to the thin section (Fig. 6D, E, H) scale (e.g., Carreras, 2001). The 
age of these shear zones has been the subject of different interpretations 
due to a lack of younger magmatic rocks that could provide a minimum 
deformation age. Accordingly, only a maximum age based on geochro
nological data, i.e., postdating the late-Variscan magmatic rocks that 
they deform (Fig. 1), has been established hitherto (e.g., Druguet, 1997; 
Carreras, 2001; Carreras et al., 2004a; Mezger et al., 2012; Druguet 
et al., 2014; Laumonier et al., 2015). Zircon U-Pb and muscovite 
40Ar/39Ar ages reported in this work, however, provide a robust 
post-Variscan age determination for the mylonite belts cropping out in 
the Canigó Massif, which can be extrapolated to the Cap de Creus area 
and to other sectors of the Pyrenees due to the noteworthy resemblance 
in terms of rock units, structural configuration, and tectonometamor
phic evolution (Fig. 1 and Fig. 5). Good examples are the Eocene crys
tallisation ages of synkinematic micas (ca. 44–38 Ma) recently reported 
by Monié et al. (2025), or the middle Jurassic ages obtained by Vissers 
et al. (2017), for the shear zones in the Cap de Creus Massif. These latter 
age determinations, very similar to those obtained in this work, were 
interpreted as related to the rifting of the Piemonte-Ligurian Ocean 
separating the Iberia and Adria plates. Evidence of this rifting period is 
well documented in different regions of SW Europe. In the Pyrenees, it 
resulted in NNE-SSW-directed extension from late Jurassic to mid 
Cretaceous times (Vissers et al., 2013; Tavani et al., 2018), although 
evidence for this event has rarely been reported in the basement rocks. 
Present-day orientations of the investigated mylonite belts (Figs. 1–3, 
Fig. 5) are, however, in agreement with this rifting extension direction 
(cf. Vissers et al., 2017). Moreover, Pitra and Martínez (2024) also 
suggested a similar age for fluid circulation events leading to kyanite-, 
staurolite-, and chloritoid-bearing pseudomorphs in the northern area of 
the Cap de Creus Massif, whereas Laumonier et al. (2015) also 
acknowledged the possibility that GQVs affected by shear zones in the 
Canigó Massif were formed during Jurassic times. In fact, mylonite 
bands in the northern sector of the Canigó Massif are difficult to 
reconcile with Variscan times, since they bring Cambrian-Ordovician 
rocks over Triassic ones (Guitard, 1965, 1970; Margalef et al., 2023). 
Based on regional comparisons, there is also difficulty fitting formation 
temperatures of GQVs in other sectors of the Pyrenees (<200 ◦C in the La 
Cerdanya area) within the Variscan tectonothermal evolution of the 
orogen (González-Esvertit et al., 2024), as well as with the late-Variscan 
age of the dacite porphyry dyke dated in the present work. All these 
works, as well as the shear zone and GQV ages presented here, contra
dict classical assumptions stating that the Pyrenean mylonite belts and 
associated GQVs developed during the retrograde stages of the Variscan 
orogeny, which are not supported by geochronological data (Carreras 
et al., 1980; Bons et al., 2004; Druguet and Carreras, 2019). Accordingly, 
we suggest that the structural evolution of this region during Jurassic 
times should be investigated in more detail from a geochronological 
approach, rather than proceeding with the classical assumption that 
ductile deformation in the Pyrenees was exclusively developed during 
the Variscan orogeny.

Given the spatial distribution of samples, the location and defor
mation propagation direction of the mylonite belts in the Canigó Massif 
can also be addressed. Samples showing oldest initial crystallisation ages 
(ca. 180–188 Ma) correspond to the easternmost sector of the study area 
(Collada de Roques Blanques area; Fig. 2B), whilst samples with younger 
ages (ca. 164–171 Ma) were taken ca. 10 km westwards and at a similar 
structural altitude (Ulldeter area; Fig. 2D) (Fig. 5 and Fig. 11). This 
suggests that deformation along the main mylonitic band of the study 
area (Fig. 2A) may have propagated westwards during at least ca. 10 m. 
y. of shear zone activity. Despite representing a significant time span, 
similar or longer shear zone longevities have already been reported in 
other sectors (e.g., Schneider et al., 2013; Beaudoin et al., 2020). In 
contrast, younger recrystallisation ages overlap in both areas at ca. 
110–118 Ma (Fig. 11). Other investigations on mylonites from the 
Canigó Massif are scarce and restricted to the works of Casas (1982, 
1986). In these contributions, microstructural descriptions and quartz 
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c-axis fabric distributions are evaluated in shear zones affecting GQVs 
and the Costabona monzogranite, and it is suggested that deformation 
took place under low-temperature conditions. Moreover, the similarity 
of the studied microstructures with those found in well-foliated 
mylonites deformed under higher-temperature conditions is also high
lighted (Casas, 1982, 1986).

Overall, the two investigated massifs could be representative, in 
terms of age and formation processes, of other sectors in the Pyrenees 
where GQVs are also associated with mylonite bands and strong fluid- 
rock alterations in the host rocks (see a GIS compilation of more than 
700 GQVs in the GIVEPY database, https://givepy.info; 
González-Esvertit et al., 2022a). It is worth noting that not all the GQVs 
in the basement of the Pyrenees record mylonitic fabric development. 
Those that are not associated with mylonite belts are, in turn, the GQVs 
that show lowest dipping angles (ca. 20–50◦) and have been associated 
with Alpine thrust activity (González-Esvertit et al., 2023). Accordingly, 
the GQV formation ages provided in this work cannot be extrapolated to 
all the GQVs in the Pyrenees, but at most to those showing similar 
structural features (i.e., steep or subvertical dips and genetically asso
ciated with mylonite belts). In this framework, the relationship between 
GQV formation and shear zone reactivation, thrust activity, and seis
mogenic faulting during the Alpine orogeny, since late Cretaceous times, 
also deserves future attention (McCaig and Miller, 1986; Soula et al., 
1986; Majoor, 1988; Monie et al., 1994; Maurel, 2003; Vissers et al., 
2020).

6. Conclusions

This study evaluates the age and petrogenesis of mylonite belts and 
associated Giant Quartz Veins (GQVs) across different scales in the 
basement rocks of the Pyrenees (SW Europe). Four consistent 40Ar/39Ar 
degassing spectra, obtained from single syn-kinematic muscovite pop
ulations found in quartz mylonites, yield initial crystallisation ages of ca. 
164–188 Ma. Lower recrystallisation ages of ca. 110–118 Ma have also 
been obtained for two samples and indicate the youngest period of 
ductile deformation and shear zone activity. These results agree with a 
maximum GQV and shear zone age of ca. 292 ± 3 Ma obtained through 
U-Pb analysis in zircons from a dacite porphyry dyke, which also sug
gests the presence of an early Carboniferous (ca. 332 ± 4 Ma; Visean) 
magmatic episode in the Pyrenees. The results reveal that mylonite belts 
and associated GQVs developed during Jurassic to early Cretaceous 
times in the Canigó Massif. This agrees with an increasing number of 
datasets that challenge classical attributions of shear zone formation to 
the retrograde stages of the Variscan orogeny at other sectors of the 
Pyrenean basement. The similarity between the Canigó and Cap de 
Creus Massifs with other surrounding areas in terms of rock types, 
magmatism, metamorphism, and brittle and ductile deformation events 
allow us to discuss how representative these data are in the broader 
context of the Eastern Pyrenees and SW Europe. Finally, we highlight 
that the structural evolution of the basement rocks in the Pyrenees 
during Mesozoic (mainly Jurassic) times deserves further attention.

A qualitative assessment of shear zone and GQV growth history is 
further provided by macro-, meso-, and microstructural evaluation of 
the study areas, coupled to the 40Ar/39Ar degassing spectra interpreta
tion and crystallographic preferred orientation analysis of quartz on 
various sheared rock types. Discrepancies on the strain distribution, 
quartz slip systems activity, and temperatures of deformation allow 
suggesting that GQV formation and mylonitisation were coupled, coeval 
and long-lasting during successive or continuous pulses of fluid supply 
and shear zone activity, from early Jurassic to early Cretaceous times. 
Hydrolytic weakening caused by coeval formation and deformation of 
GQVs is invoked as a “localising agent” or “strain attractor”, which 
enabled easier dislocation glide and creep in quartz-rich domains 
allowing strain localisation and transitions between slip systems at 
lower temperatures due to enhanced ductility when compared to sur
rounding polymineralic rocks. These results have implications for the 

current knowledge of deformation localisation and shear zone initiation 
in crystalline rocks, as well as for the formation mechanisms of GQVs 
associated with shear zones in other tectonic settings.

CRediT authorship contribution statement
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Álvaro, J.J., Casas, J.M., Clausen, S., Quesada, C., 2018. Early Palaeozoic geodynamics in 
NW Gondwana. J. Iber. Geol. 44, 551–565. https://doi.org/10.1007/s41513-018- 
0079-x.
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Torres, H., Aiglsperger, T., Torró, L., Capote, C., Nuez, D. de la, Garcia-Casco, A., 
2022. Ultramafic-hosted volcanogenic massive sulfide deposits from Cuban 
ophiolites. J. S. Am. Earth Sci. 119, 103991. https://doi.org/10.1016/j. 
jsames.2022.103991.

Druguet, E., 1997. The Structure of the NE Cap De Creus Peninsula Relationships with 
Metamorphism and Magmatism: Phd Thesis. Universitat Autònoma de Barcelona, 
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Jiménez, J.M., Colás, V., Maacha, L., Garcia-Casco, A., 2021. The chromitites of the 
Neoproterozoic Bou Azzer ophiolite (central Anti-Atlas, Morocco) revisited. Ore 
Geol. Rev. 134, 104166. https://doi.org/10.1016/j.oregeorev.2021.104166.

Purdy, J.W., 1976. K-Ar ages on rock forming minerals from the Central Alps: memorie 
degli Istituti di Geologia e Mineralogia dell’Università di Padova, 30, 1–31.
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