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Metasomatism is a ubiquitous process in the Earth’s crust, exerting major controls on fluid, heat and mass transfer and rock
deformation, and is commonly constituted by mineral replacement reactions. Different types of metasomatism may coexist and/or
successively conceal each other in a given area. Deciphering the geochemical behaviour, regional extent and mineralogical changes
of multi-stage metasomatism can be difficult because of the overprinting of successive events and their frequent relationship with
deformation. Here, we investigate granitoid metasomatism, namely silicification, feldspathisation and sericitisation, in the Variscan
basement rocks of the Canigd Massif (Eastern Pyrenees, SW Europe), which is spatially related to Giant Quartz Veins (GQVs) tens of
metres wide and several kilometres long. Unaltered and altered granitic orthogneisses derived from Ordovician intrusives and late-
Variscan granitoids, as well as GQV occurrences, are studied across scales through structural and textural characterisation, whole-rock
geochemistry and Electron Backscatter Diffraction (EBSD). Geochemical analyses are further compared with a new database including
more than 600 unaltered granite and orthogneiss samples from the Pyrenees and the Catalan Coastal Ranges (SW European Variscan
Belt). Results show that silicification, the dominant metasomatic process, was related to regional-scale shear zones and contributed to
form GQVs through mineral replacement. This is confirmed at the macro- (km), meso- (m-cm) and micro-scale (wm) by relict fabrics,
mineral phases and structural features of the precursor rocks within veins, by a progressive depletion of all major and trace elements,
except silica, in rocks sampled along decreasing distances from GQV outcrops, and by the localisation of mylonitic deformation along
GQVs. Feldspathisation and sericitisation are, in contrast, restricted to specific sectors and exposed as albitite, trondhjemite and pale
green mica-rich outcrops. It is suggested that most of the exposed areas of the studied GQVs are, accordingly, not veins sensu stricto but
metasomatic products where the original fabrics and features of precursor rocks were overprinted during coupled deformation and Si-
metasomatism. Results presented here have major implications for the scale and geochemical behaviour of multi-metasomatic events,
as well as on the kinetics of mineral replacement processes leading to changes in the physicochemical properties of crustal rocks.
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INTRODUCTION

Mineral replacement reactions are one of the underlying pro-

Dewers & Ortoleva, 1989; Fletcher & Merino, 2001; Merino &
Canals, 2011; Canals et al., 2019), these mineral reactions are often

cesses in the Earth’s rock cycle. They are generally understood
as the dissolution of a given mineral or group of minerals ‘X’
simultaneous to the precipitation of a new mineral or group of
minerals Y,’ in the same place (Lindgren, 1925; Bastin et al.,
1931; Carmichael, 1987; Maliva & Siever, 1988; Fletcher & Merino,
2001; Wintsch & Yi, 2002; Putnis, 2009; Merino, 2017). Either cou-
pled to volume changes (positive or negative; Weber et al.,, 2021;
Plimper et al, 2022) or occurring at constant volume during
replacement sensu stricto (Bastin et al., 1931; Carmichael, 1987;

invoked to drive compositional changes during rock metasoma-
tism, i.e. a pervasive solid-state rock alteration through the intro-
duction and/or removal of chemical components due to the inter-
action with aqueous fluids (Elburget al., 2001, 2012; Zharikov et al.,
2007; Engvik et al., 2008; Harlov & Austrheim, 2012; Suikkanen &
R&mo, 2019). Since the physicochemical properties of the replaced
mineral/s (X,) and the replacing mineral/s (Y,) are normally dif-
ferent, replacement reactions involved in metasomatic processes
result in significant changes of the rock properties. Therefore,
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replacement reactions and metasomatism have an influence on
the rheological behaviour of the lithosphere (Wang et al., 2015;
Wenker & Beaumont, 2018; Plimper et al., 2022) and on the
concentration of rare earth elements, critical minerals and other
types of ore deposits throughout the Earth’s crust (Wilshire, 1984;
Sillitoe, 2002, 2010; Seedorff et al., 2005; Cuney et al., 2012; Deymar
et al., 2018; Groves et al., 2019; Gisbert et al., 2022). Furthermore, it
has been suggested that some rocks of granitic appearance were
not formed by igneous crystallisation: the granite-looking rocks
at Mt. Painter Inlier (Northern Flinders Ranges, South Australia)
were interpreted to have formed by the metasomatic alteration
of the Radium Creek Group metasediments (Weisheit et al., 2013),
and the Himalayan banded tourmaline leucogranites might have
formed via metasomatism of a psammitic country rock (Dyck &
Larson, 2023). These ideas refer back to the long-lasting mag-
matism vs. transformism debate on the origin of granites that
took place from the late-19th to the mid-20th centuries, plac-
ing metasomatism back in the spotlight after more than half a
century of paradigm-governed granite science where all granites
are assumed to be magmatic in origin (Read, 1957; Clarke, 1996;
Gonzéalez-Esvertit et al., 2025a).

Metasomatism can be driven by tectonic processes that operate
at very different spatial and temporal scales, as well as by the
availability and chemistry of circulating fluids and by the self-
generated stress of metasomatic reactions (Putnis, 2009). The
interplay between these boundary conditions may result in very
different, often unusual, mineral assemblages. Accordingly, dif-
ferent types of metasomatism have been invoked for rocks with
uncommon chemical compositions that cannot be named under
the current classification schemes (Putnis & Austrheim, 2010).
In this framework, prefixes based on the elements on which
the studied rocks are enriched in, are common in the literature
(among others, K-, Mg-, Na-, Ca-, Fe- and Si-metasomatism). In
contrast, the coexistence or succession of different metasomatic
reactions (i.e. multi-stage metasomatism), as well as the possible
mineral transformations and their associated rheological and
compositional changes, are difficult to assess due to the succes-
sive stages of textural and geochemical overprinting that rocks
may experience.

The Variscan basement of the Pyrenees is a rich and diverse
region in terms of metasomatised rock exposures (Scharer et al.,
1999; Boulvais et al., 2007; Poujol et al., 2010; Fallourd et al., 2014;
Boutin et al., 2016; Quesnel et al, 2019; Odlum & Stockli, 2020)
(see a summary in Fig. 1). In fact, the Pyrenees can be consid-
ered as a region where uncommon rock types and mineralogical
changes have historically been interpreted in very different ways.
For example, this region turned out to be the flagship for the
transformist ideas of the French school during the magmatism vs.
transformism debate, being defined as a district in which remark-
able rock transformations can be clearly seen (Lacroix, 1896, 1898,;
Adams, 1901; Guitard, 1953, 1955). Noteworthy, the term episyen-
ite was coined in the Pyrenees to describe metasomatic syen-
ites (Lacroix, 1920). Besides K-, Na-, Ca- and Mg-metasomatism
already investigated in this region, the existence of a large number
of quartz (Qtz) veins that are tens of metres wide and several
kilometres long (i.e. Giant Quartz Veins; GQVs) has been reported
(Autran & Guitard, 1968; Guitard, 1970; Ayora & Casas, 1983;
Casas, 1984; Guitard et al., 1998a, 1998b; Gonzalez-Esvertit et al.,
2022a,2022b). GQVs have been suggested to have formed, at least
partially, through mineral replacement of the pre-existing host
rocks during Si-metasomatism (Gonzalez-Esvertit et al., 2022a,
2022b). These interpretations were based on qualitative obser-
vations made at the outcrop and thin section scale on GQVs

hosted by metasedimentary rocks, which show relicts of pre-
cursor fabrics (bedding and foliation traces and ghost grains)
and intense silicification aureoles in their adjacent host rocks
(Gonzalez-Esvertit et al., 2022a, 2022b). In the present work, we
integrate qualitative observations with quantitative results to pro-
vide a multi-scale comparative appraisal of different metasomatic
processes affecting granitoid rocks, as well as to assess their
potential genetic relationship with the GQVs. Structural and pet-
rographical characterisation, whole-rock geochemistry, Electron
Backscatter Diffraction (EBSD) and database building are used to
investigate pre-Variscan and late-Variscan unaltered granitoids
and their corresponding alteration products, from the regional
to the grain scale. The geochemical behaviour of three types of
metasomatism (silicification, feldspathisation and sericitisation),
their regional extent and the changes that they cause in the
host-rock rheology are investigated. It is proposed that most of
the exposed areas of the studied GQVs in the Canigd Massif are
not veins sensu stricto but alteration products derived, at least
partially, from the replacive silicification of the surrounding rocks.
The studied processes yield new evidence for our understanding
of petrogenetic processes involved in multi-stage metasomatism,
shedding light on the kinetics governing mineral replacement
reactions and providing new insights into heat and mass transfer
and the fluctuations of rock physicochemical properties in the
Earth’s crust.

GEOLOGICAL BACKGROUND

The Pyrenees is an asymmetric, doubly verging, E-W trending
Alpine fold-and-thrust belt that formed from the late Creta-
ceous to Miocene after the collision between the Iberian and
Eurasian plates (Roest & Srivastava, 1991; Munioz, 1992; Rosen-
baum et al.,, 2002). Alpine deformation gave rise to an antiformal
stack of pre-Alpine (Ediacaran to Carboniferous) basement rocks
exhumed along the backbone of the cordillera (i.e. axial zone). The
basement rocks of the Pyrenees lie geographically disconnected
from other Palaeozoic outcrops of the Catalan Coastal Ranges,
towards the south (Fig. 1), and the Mouthoumet and Montagne
Noire massifs, towards the north, and are mainly composed of
a metasedimentary succession that hosts Cadomian, Ordovician
and Variscan magmatic rocks (Liesa et al., 2008, 2021; Casas et al.,
2015, 2024; Navidad et al., 2018; Lemirre et al., 2019; Padel et al.,
2022; Pujol-Sola et al.,, 2022). Basement rocks also record Sardic
(Ordovician), Variscan and Alpine deformational events, as well
as a high-temperature-low-pressure Variscan regional metamor-
phism (Guitard, 1970; Santanach, 1972a; Zwart, 1986; Casas, 2010;
de Hoym de Marien et al., 2019; Munoz, 2019; Puddu et al., 2019).
The most widespread igneous rocks in the Pyrenean basement
are Variscan orthogneisses derived from late Neoproterozoic
and Ordovician intrusives (Castifieiras et al., 2008; Casas et al,
2010; Navidad et al.,, 2018) and late-Variscan granitoids (Autran &
Guitard, 1957; Aguilar et al, 2014; Denele et al, 2014; Lemirre
et al, 2019; Liesa et al, 2021) (Fig.1). Orthogneisses occur
as domes surrounded by mid-to-high grade late Ediacaran-
Ordovician metasediments. The Canigd Massif represents an E-
W-trending antiformal macrostructure in the Eastern Pyrenees
(Fig. 1), composed of ca. 3000 m-thick granitic orthogneisses
with protoliths dated at ca. 457-464 Ma (SHRIMP U-Pb in zircon;
Navidad et al., 2018). Guitard (1970) identified several gneiss types,
namely the G1, G2 and G3 Canigd orthogneiss (Figs 2 and 3).
Geochronological and geochemical data have demonstrated
that they were formed in two different pulses during a 20 Ma
period of Ordovician magmatic activity from the melting of a
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Fig. 1. Geological sketch map of the Eastern Pyrenees (SW Europe) with the main metasomatic rock occurrences (Fortuné, 1971; Schérer et al., 1999;
Boulvais et al., 2007; Poujol et al., 2010; Fabrega et al., 2012; Fallourd et al., 2014; Boutin et al., 2016; Odlum et al., 2022; Gonzalez-Esvertit et al., 2022a) and
ore deposits (IGME, 1972, 1974; Ayora & Casas, 1986; Polizzi, 1990; Ayora et al., 1992; Cardellach et al., 1992; Espinola et al., 1996; Munoz et al., 2016; Link
et al., 2020; Poitrenaud et al., 2020) reported in the Variscan basement rocks. Base map: Hillshade Digital Elevation Model, Institut Cartografic i Geologic

de Catalunya, ICGC.

heterogeneous late Neoproterozoic (Ediacaran) crust (Navidad
et al, 2018) (Fig. 2). The Canigd orthogneisses are intercalated
in a ca. 4000-m-thick pre-Upper Ordovician metasedimentary
sequence (Guitard, 1953; Laumonier, 1988; Padel et al., 2018) (Figs 2
and 3). The part of this sequence underlying the Canigd gneisses
corresponds to the Balaig Series (Guitard, 1953), composed of mid-
to-high grade mica schists with marble, quartzite and metabasite
intercalations. The most remarkable metaigneous intercalation
in the Balaig Series is the Casemi orthogneiss (ca. 446-452 Ma,
SHRIMP U-Pb in zircon; Casas et al, 2010), a laccolithic body
mainly made up of fine-grained granitic gneisses, up to 500-m-
thick (Figs 2-4). The underlying Cadi granitic augen gneiss (ca.
456 Ma, SHRIMP U-Pb in zircon; Casas et al., 2010), constitutes the
deepest rocks of the massif. The Canigd orthogneisses separate
the Balaig Series from the overlying Canaveilles and Jujols
metasedimentary successions. The Canaveilles Group (former
Canaveilles Serie of Cavet, 1957) is an Ediacaran-Terreneuvian
heterolytic unfossiliferous succession, up to 1500-m-thick, mainly
composed of metapelites interbedded with quartzites, marbles,
calc-silicate rocks, felsic metatuffs and metabasites. The Jujols
Group is a monotonous succession of metasiltstones with a

depositional age bracketed between the Terreneuvian and the
Furongian-Early Ordovician (Fig. 2) (Padel et al., 2018). The whole
metasedimentary sequence is unconformably overlain by the
Upper Ordovician succession (Hartevelt, 1970; Santanach, 1972a)
(Fig. 2). In the central area of the Canigd Massif, the late-
Variscan Costabona granitoid crops out (Figs 1-3) and consists
of a peraluminous biotite-bearing monzogranite with K-feldspar
(Kfs) megacrysts. The Costabona granitoid has been dated at
285.4+2.2 Ma and 302+4 Ma (LA-ICPMS in zircon; Laumonier
et al.,, 2015), thus postdating the polyphase Variscan deformation
(late Visean to Serpukhovian; Martin-Closas et al., 2018), as well as
the Variscan regional metamorphism (Autran et al., 1970; Guitard,
1970; Casas, 1984; Zwart, 1986) (Fig. 2).

The study area is located in the southern part of the Canigd
Massif (Figs 2-4). In its western sector, the G1 and G2 Canigd
orthogneisses are the most abundant rock types (Fig. 4B), whereas
eastwards, the Canaveilles micaschists, the G1 and G2 Canigd
orthogneisses and the Costabona monzogranite extensively crop
out (Fig. 4A and C). The field, textural and mineralogical, and
geochemical characteristics of unaltered and altered rock units
of the study area are provided below.
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Fig. 2. Synthetic stratigraphic column of the rocks cropping out in the Canigé Massif (adapted from Casas et al., 2019 after compilations from
Castifieiras et al., 2008; Casas et al., 2010; Navidad et al., 2010, 2018; Martinez et al., 2011). Stratigraphic data from Guitard (1970), Santanach (1972b),
Ayora & Casas (1986) and Liesa & Carreras (1989); geochronological data from (1) Cocherie et al. (2005), (2) Casas et al. (2010), (3) Martinez et al. (2011), (4)

Navidad et al. (2018) and (5) Laumonier et al. (2015).

METHODS

Descriptive approaches, analytical methods and comparative
procedures have been employed in the present work to obtain
a multi-scale assessment of the investigated metasomatic
processes. Groundwork was based on field investigations for
the mapping, structural analysis and sampling of the unaltered
rocks, their alteration products and their associated deformation
mesostructures. Bulk-rock geochemical composition of selected
samples was then determined and combined with the mining,
curation and harmonisation process of all the available whole-
rock geochemical data of granitoid rocks in NE Iberia (the North-
East Iberian GRAnitoids, NEIGRA database; Gonzalez-Esvertit
et al., 2024b). Mass-balance modelling between unaltered and
altered rocks was also carried out to evaluate elemental gains
and losses occurred during metasomatism. Investigations at
the cm- to pm-scale were based on spatially resolved cm-scale
bulk-rock analyses, mineral phase abundance quantification
trough image segmentation and crystal orientation determination
for the identification of mineral replacement behavio ur and
deformation mechanisms. Further details on database building,

geological mapping, sample rationale, whole-rock geochem-
istry, EBSD and mass-balance modelling are provided in the
Supplementary Material 1 (SM1).

RESULTS

Field relationships and rock microstructures
Unaltered rock units

Metasedimentary rocks in the study area correspond to the
fine-grained, low- to mid-grade biotite- and muscovite-rich
metapelites and metagreywackes of the Canaveilles Group
(Fig. SA and E). They contain minor cordierite and andalusite
porphyroblasts, and occasional tourmaline, zircon, apatite
and ilmenite accessory minerals. A dominant NE-SW-trending
foliation is the most recognisable meso- and microstruc-
ture in the metasediments. This foliation is defined by the
orientation of biotite and muscovite crystals and a com-
positional banding formed by 1-4 cm-thick Qtz- and mica-
rich layers. An E-W-trending N-dipping crenulation cleavage
occurring at high angle to the dominant foliation surfaces,
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Fig. 3. (A) Geological-structural map of the southern part of the Canigd Massif with the location of different types of alteration affecting the Canigd
gneiss and the Costabona monzogranite. Location of panoramic views in Fig. 4 are indicated. (B) SSW-NNE schematic cross section representative of
the study area, modified after Casas (1984). Base map: Hillshade (ESRI®) and Topography from Copernicus Land Monitoring Service.

and associated with folds, is also recognisable (Fig. 5A). At the
microscopic scale, lepidoblastic muscovite layers with kink-
type folds (Fig. 5E), as well as recrystalised textures dominated
by grain boundary migration in Qtz-rich domains, are the
most noteworthy microstructures (see more details in Fig. S1;
Supplementary Material 1).

The Canigé orthogneisses extensively crop outin the study area
(Figs 2 and 3). Three orthogneiss types have been differentiated
within this unit on the basis of their mineralogy and microstruc-
ture (Guitard, 1965, 1970). The Canigd G1 type-La Preste crops
out in the southeastern sector of the study area, consisting of
a ca. 1000-m-thick light-coloured biotite-poor orthogneiss body
with Kfs (1-5 cm in size) and blueish Qtz (0.5-2 cm in size)

porphyroclasts. This unit shows a massive aspect and a poorly
developed NE-SW-trending and SE-dipping gneissic foliation.
The Canigd G1 type-Caranca Orthogneiss is present along the
southwestern sector of the study area (Fig. 3) and is characterised
by the absence of blueish Qtz porphyroclasts and a higher biotite
and Kfs porphyroclast content respect to the Canigd G1 type-La
Preste. The gneissic foliation and lineation are well developed
and show the same structural attitude in both orthogneiss units
(Fig. S1; Supplementary Material 1). The Canigd G2 Orthogneiss
(Fig. 5B, E and F) extensively crops out along the northwestern and
northeastern sectors of the study area (Figs 2 and 3), structurally
below the G1 orthogneisses (Casas, 1984). The G2 orthogneisses
are coarse-grained, biotite-rich with very well-developed gneissic
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Fig. 4. Panoramic views of three representative sectors of the study area. (A) From the Collada de Roques Blanques area to the Pic de la Dona summit
(view towards SW). (B) From the Ulldeter area to the Gra de Fajol summit (view towards SW). (C) From the Portella de Roja to the Canigd summit (view
towards NNE). See Figs 2 and 3 for locations and Supplementary Material 1 (Fig. S2) for uninterpreted versions of the photographs.

foliation and lineation, have a relatively homogeneous composi-
tion (Fig. 5B), and often exhibit Qtz and Kfs porphyroclasts with
rapakivi textures. At the thin section scale, Qtz (0.2-0.8 cm in size)
and feldspar (0.5-2 cm in size) o-type mantled porphyroclasts are
embedded within a strongly foliated Qtz-feldspar matrix rich in
biotite and muscovite (Fig. 5F). In Qtz-rich matrix domains thereis
evidence of dynamic recrystallisation by means of grain boundary
migration with associated pinning and dragging microstructures
(Jessell, 1987; Passchier & Trouw, 1996). Orthoclase and microcline
crystals often show perthitic exsolution, forming a light-coloured

irregular lamellae, as well as Carlsbad and cross-hatched
tartan twinning patterns, respectively. Occasionally, the G2 type
Orthogneiss shows 0.5-8-m-thick intercalations of fine-grained,
biotite-poor leucocratic gneiss bands.

The Costabona monzogranite (Fig. 5C, E and G) crops out in the
central and eastern sectors of the study area (Figs 3 and 4A, C)
and is characterised by microcline and orthoclase phenocrysts
(1-8 cm in size) embedded in a quartzofeldspathic xenomorphic
matrix rich in biotite and, occasionally, oligoclase and muscovite.
At the outcrop scale, 6-40 cm long tonalite enclaves (Fig. S1;
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Fig. 5. Representative outcrop (A-D) and microstructural (E-G) features of the unaltered rock units in the study area. (A) Canaveilles micaschists
exhibiting a dominant cleavage (Sp-1) and a crenulation cleavage (Sy) parallel to mesoscale folds. (B) Canigd G2 orthogneiss showing a massive
character with Qtz and Kfs porphyroclasts embedded in a biotite (Bt)-rich matrix with a well-defined gneissic foliation (Sgy). (C) Costabona
monzogranite exhibiting Kfs and plagioclase (Pl) phenocrysts; note the presence of a mylonitic foliation (Sm) defined by the orientation of mica
crystals. (D) Dacite porphyry dyke (0.4-m-thick) crosscutting the Costabona monzogranite. (E) Representative thin sections of the Canaveilles
micaschists, the Canigd G2 Orthogneiss and the Costabona monzogranite in plane polarised light (PPL; left) and crossed polars (XPL, right). (F) Kfs
o-type porphyroclast from the Canigd G2 orthogneiss; note incipient sericitisation and perthitic unmixing in Kfs. (G) Deformed Costabona
monzogranite affected by the Sm, showing dynamically recrystallised Qtz and fractured feldspar porphyroclasts. See Figs 2—4 for locations and
Supplementary Material 1 (Fig. S1) for more details. Scalebars are 1 cm for panel E and 0.25 mm for panels F and G. Mineral abbreviations following

Warr (2021).

Supplementary Material 1), as well as microcline phenocrysts
with biotite inclusions and Carlsbad twinning patterns, are char-
acteristic features.

The Costabona monzogranite and the Canigd orthogneisses are
deformed by an ENE-WSW-trending and NNW-dipping mylonitic

foliation that is also recorded in the GQVs (see description below)
(Fig. 5C and G) (Casas, 1984, 1986). Within mylonitic bands, foli-
ation is well defined by the orientation of muscovite and biotite
crystals forming S-C fabrics, Qtz ribbons, elongation of monocrys-
talline Qtz porphyroclasts and by Qtz dynamic recrystallisation.
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Fig. 6. Representative outcrop photographs of the GQVs of the Canigb Massif. (A) The Esquerdes de Roja GQV, inferring a positive topographic relief of
more than 100 m with respect to the surrounding areas (mountain shelter at the left side of the vein for scale). (B) ENE-WSW-trending mylonitic bands
defining a continuous foliation (Sm) in the central area of a GQV. (C) Cataclastic grain-size reduction bands (yellow) occurring parallel to the Sm in the
central area of a GQV. (D) Orthogneiss fragments within a GQV; note that the orientation of the gneissic foliation (Sgy) is constant in the different,
isolated blocks; black arrows indicate transitional zones between GQV Qtz and gneiss (Qtz-Gn). See Figs 3 and 4 for locations and

Supplementary Material 1 (Fig. S3) for microstructure details. Mineral abbreviations following Warr (2021).

Partial silicification is often spatially related to these mylonitic
bands, and the macro- and microstructural fabrics are similar for
the Costabona granite and the Canigd orthogneisses. Mylonites
contain Qtz and microcline crystals acting as ®- and o-type
porphyroclasts (Fig. 5G), as well as fish-shaped muscovite crystals
(Fig. S1; Supplementary Material 1).

Several 0.2-1.5-m-thick dykes of greenish, biotite-bearing
dacite porphyry are also present in the study area and crosscut
both the Canigb orthogneisses and the Costabona monzogranite
(Fig. 5D). They postdate the development of the gneissic foliation
in the Canigd orthogneisses, as well as the emplacement of
the Costabona monzogranite. The largest exposure has been
identified at the base of the Gra de Fajol summit (Fig.3) and
corresponds to a ca. 25-m-thick dyke, which crosscuts the Canigd
G1 type-Caranca Orthogneiss and is crosscut by the Gra de Fajol
GQV (Fig. 4B).

A significant number of GQVs cross-cut the Canaveilles micas-
chists, the Canigd orthogneisses, the Costabona monzogranite
and the greenish dacite porphyry dykes (Figs 3,4 and 6). These
GQVs generally occur as discontinuous Qtz bodies that are
tens of meters wide and hundreds to thousands of meters
long (up to 11 km for the Esquerdes de Roja GQV; Fig. 3). The
cores of the GQVs (Fig. 6B and C) are entirely composed of Qtz
with sporadic occurrence of fuchsite, a greenish, chromium-rich
variety of muscovite. The boundaries of these Qtz accumulations
(Figs 6D and 8E-H) are diffuse and record a progressive silicifica-
tion that is exceptionally well exposed as symmetric alteration
haloes affecting the host rocks. About 10% of the volume of
the GQVs is also formed by accumulations of crack-seal small-
scale Qtz veins with complex crosscutting relationships. Vein
Qtz and silicified host rocks often record the ENE-WSW-trending

mylonitic foliation that also affects the Costabona monzogranite
and the Canigd orthogneisses (Fig.3). The development of
mylonitic foliation varies between different vein Qtz outcrops
and, sometimes, even within the same outcrop. Mylonitic
foliation shows low-strain domains with at most incipient
development and high-strain domains with complete Qtz
recrystallisation (Fig. 6B and C). Cataclastic bands (1 to 8 cm-
thick) that show grain-size reduction processes are also present
(Fig. 6C). A subvertical N-S-oriented brittle fracture system
postdates both the mylonitic foliation and the cataclastic
bands.

At the thin section scale, GQV Qtz shows a wide range of defor-
mation microstructures (see detailed summary and micropho-
tographs in Fig. S3; Supplementary Material 1). Protocataclastic
to cataclastic bands, where there is no Crystallographic Preferred
Orientation (CPO), show microstructures indicative of pressure-
solution, such as aligned grain boundaries and solution seams.
Crystal-plastic deformation is present as protomylonite to ultra-
mylonite areas with S-C fabrics and, in some cases, C' shear
bands, where Qtz is dynamically recrystallised through bulging
and sub-grain rotation recrystallisation (Hirth & Tullis, 1992; Stipp
et al., 2002).

Metasomatic products

Metasomatic alteration of the Canaveilles micaschists, Canigd
orthogneisses and Costabona monzogranite is well exposed
throughout the study area (Figs 7-9). In the Canaveilles micas-
chists, gradual transitions from the metasediments towards
a quartzofeldspathic rock with a chiefly polygonal fabric are
noteworthy. These transitions are represented by a gradual
disappearance of micas and foliation surfaces, as well as by
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Increasing
alteration

MS=Pl(=atz)

Ms+Pl(+Qtz)

Fig. 7. Representative features of the metasomatic alterations exposed in the Canigd Massif. (A and B) Gradual transitions from micaschists to a
quartzofeldspathic rock, ‘pseudo-granite’, where remnants of the dominant cleavage (So-1) are present; note the progressive gain Kfs porphyroblasts
with increasing alteration. (C-E) Sericitisation processes along (C) the gneissic foliation (Sgp), (D) a Kfs vein and (E) Kfs porphyroclast grain boundaries.
(F-H) Feldspathisation processes affecting the Canig orthogneiss (F; Kfs episyenite) and the Costabona monzogranite (G and H; Pl-feldspar
episyenite); note that the alteration in (F) produces a decrease in the rock Bt content, resulting in a mineral assemblage composed of Kfs with minor
Qtz and muscovite (Ms). See Figs 3 and 4 for locations. Mineral abbreviations following Warr (2021).

variations in crystal size (Fig. 7A and B). They often occur in single
outcrops (transition lengths between 10 cm and 5 m), and the
alteration end-member resembles a granite in terms of texture
and mineral assemblage. We therefore use the term ‘pseudo-
granite’ for this altered rock. The dominant cleavage surfaces
of the precursor micaschists are sometimes recognisable within

the pseudo-granites and show a similar structural attitude as
in the rest of the study area. Occasionally, a transitional rock
with authigenic Kfs megacrysts (i.e. porphyroblasts) and a well-
developed gneissic foliation parallel to the dominant cleavage
surfaces is present between the micaschist and pseudo-granite
end-members (Fig. 7A). In other cases, the transition occurs in
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Fig. 8. Representative features of the silicification processes exposed in the Canigdé Massif. (A) Colour variations caused by mineralogical changes
during orthogneiss silicification. (B) Silicified orthogneiss outcrop showing Qtz pseudomorphs after Kfs porphyroclasts. (C) Isolated fragments of
silicified orthogneiss at GQV boundaries; note that the trend of the Sg, surfaces is similar in all isolated fragments, and that there are transition zones
where remnants of the orthogneiss fabrics are present within the GQV Qtz. (D) Silicification, sericitisation and Bt breakdown affecting orthogneisses.
(E) Fragments of granite mylonite along a GQV boundary; note that the GQV Qtz is not affected by the mylonitic foliation (Sm) that is recorded in the
host-rock fragments. (F) Diffuse GQV boundary where transitional areas between the altered host rocks and GQV Qtz are exposed (black arrows).

(G) Diffuse vein boundary with Qtz vein networks; note that host-rock fabrics are preserved within the GQV Qtz. (H) Pale-green host rock composed of
Qtz and sericite (Ser) being crosscut by cm-wide veins (detail of G). See Figs 3 and 4 for locations. Mineral abbreviations following Warr (2021).

a more restricted space and only a few centimetres separate
the schists from the pseudo-granitic rock, where the latter still
records ghost traces of the dominant cleavage surfaces (Fig. 7B).
Nevertheless, due to the presence of other granitic rocks in the
study area and their intricate structural relationships, it has not

been possible to determine the regional extent of this solid-state
rock transformation.

Sericitisation (i.e., sericite and minor muscovite gain, Qtz,
biotite and feldspar breakdown; Figs 7 and 9), feldspathisation
(i.e. episyenitisation; feldspar gain, Qtz and mica breakdown;
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Fig. 9. Summary of the petrographic features of the altered rock units in the study area; orange arrows indicate the replacing mineral, white arrows
indicate replaced minerals. (A) Representative thin sections of the sericitisation, feldspathisation and silicification alteration types exposed in the
study area (XPL); orange outlines in the left image indicate Kfs pseudomorphs formed by white mica aggregates. (B and C) Sericitisation (Ser) and
muscovitisation (Ms) affecting Qtz and Kfs crystals following (B) brittle fractures and (C) the gneissic foliation (Sgp). (D and E) Feldspathisation
affecting the Costabona monzogranite by means of (D) albitisation (Ab) and (E) microclinisation (Kfs) of Qtz and Ms; note that newly formed albite and
microcline show characteristic chessboard and cross-hatched tartan twinning patterns. (F and G) Silicification processes affecting the Costabona
monzogranite; in (F), Qtz overgrows a previously sericitised area; in (G), Ms and Ser pseudomorphs are replaced by Qtz, leaving ghost traces of the
original shapes and exfoliation surfaces of crystals. Scalebars are 1 cm for panel A and 0.25 mm for panels B-G. Mineral abbreviations following Warr

(2021).

Figs 7 and 9) and silicification (i.e., Qtz gain, feldspar and mica
breakdown; Figs 8 and 9) are the most common alteration styles
in the study area and are generally recorded in the Canigd
orthogneisses and the Costabona monzogranite. Sericitisation,
which is sometimes spatially related to GQVs and mylonite bands

(Fig. 3), is generally restricted to the easternmost sector of the
study area affecting the Costabona monzogranite (Fig. 7D and E)
and, more rarely, the Canigd orthogneisses (Fig. 7C). At the
outcrop scale, rocks exhibiting this alteration are characterised
by the partial or complete replacement of Kfs, biotite and Qtz
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by muscovite and sericite, giving rise to very characteristic
pale green mica-rich outcrops (Fig. 7C-E). Rock fabrics and
microstructures appear to have controlled, at least partially, the
spatial distribution of this alteration, as demonstrated by vein-
shaped (Fig. 7D) and foliation-parallel (Fig. 7C) sericitised areas.
Altered outcrops show muscovite and sericite pseudomorphs
of partially to completely replaced Kfs crystals, suggesting that
this replacement has most likely occurred at an approximately
constant volume (Fig. 7E). At the thin section scale, sericitisation
is characterised by sericite and minor muscovite replacing Kfs
and Qtz following pre-existing microstructures such as brittle
fractures (Fig. 9B) or foliation surfaces (Fig. 9C). Fe-oxides are also
present as an accessory phase in sericitised samples (Fig. 9B).
Biotite is absent both at the outcrop and thin section scales.
In some samples, sericite and muscovite have entirely replaced
the Kfs megacrysts and they appear as large (0.5-1.5 cm in size)
pseudomorphic aggregates of white mica (Fig. 9A).

Feldspathisation processes are widespread throughout the
study area, forming leucocratic microclinite (Figs 7F and O9E)
and albitite (Figs /G, H and 9D) outcrops that in some cases
are spatially related to GQVs and shear zones (Fig. 3). Relicts of
the original rock fabrics and microstructures can be identified
in moderately feldspathised areas, such as the gneissic and
mylonitic foliation surfaces, respectively, in the Canigd G1
Orthogneiss (Fig. 7F) and the granite-mylonites derived from
the Costabona monzogranite (Fig. 7H). Completely altered rocks,
however, show a massive character with polygonal textures,
without either muscovite or biotite (Fig. 7G). As for the serici-
tisation areas, episyenitisation is not always spatially related
to GQVs (Fig. 3). However, cm-scale Qtz veins with blocky or
elongated-blocky textures are common in the albitised areas
(Fig. 7G and H). At the thin section scale, albitised rocks show
unusual chessboard-twinned albite crystals replacing Qtz and
Kfs, as well as minor muscovite (Fig. 9D). Minor relicts of non-
replaced Kfs, as well as sericite clusters that could have replaced
Kfs crystals and are currently replaced by albite, are also present.
K-feldspathisation is, in contrast, characterised by replacement
textures of muscovite and Qtz by microcline with distinctive
cross-hatched tartan twinning. Relicts of the replaced minerals
are well exposed as pseudomorphs or isolated remnants, which
are more abundant close to the microcline replacement front
yet also present within microcline crystals (Fig. 9E). Fe-oxides are
also present in some sectors affected by feldspathisation (Fig. 9E).

Silicification (Figs 8 and O9F, G) is the most widespread
alteration style in the study area and appears in all cases to
be spatially related to GQVs and mylonitic bands, such as the
Esquerdes de Roja GQV and the La Cabra Morta mylonitic band
(Figs 3 and 4). It often forms symmetric alteration haloes following
the structural trend of GQVs, imparting significant colour changes
to the pre-existing rock units, clearly recognisable in the Canigd
orthogneisses (Fig. 8A-C) and the Costabona monzogranite
(Fig. 8D-F). The intensity of silicification shows a gradual
change with decreasing distance towards the GQVs. At tens to
hundreds of meters away from the GQV to which it is associated,
host-rock silicification is partial and the original fabrics of
the precursor rocks are clearly recognisable (Fig. 8A and B).
In these cases, biotite breakdown (Fig. 8A and D) and feldspar
porphyroclast pseudomorphs formed by Qtz (Fig. 8B) are the most
diagnostic features. Occasionally, progressive biotite breakdown
can be identified at the cm-scale and is also associated with an
increase of muscovite content (Fig. 8D).

As the distance to the GQVs decreases, silicification becomes
more intense. Here, silicified host rocks often occur as rounded

to subangular fragments of variable size that are embedded in
a Qtz matrix formed by irregularly-shaped patches (Figs 6D and
8C, E, F). The shape of the host-rock fragments is highly variable,
and they do not show a preferred elongation direction. Between
the Qtz patches and the highly silicified host-rock fragments,
transitional areas are common and exhibit ghost traces of the
precursor structural features (see black arrows in Figs 6D, and
8C, E, F). The host-rock fragments, Qtz matrix and transitional
areas define a replacement texture at the outcrop scale that gives
rise to extremely diffuse and irregular vein boundaries (Fig. 8F-H).
Relict grains, foliations and lineations present in the silicified
host rocks often show a continuity towards the inner parts of
the GQVs (Fig. 6D), where ghost minerals and pseudomorphs are
also common. Noteworthy, planar mesostructures within silici-
fied host-rock fragments forming the GQV boundaries show the
same structural trend when comparing different fragments in the
same outcrop or even different fragments from different outcrops
(Figs 6D and 8C, E). This phenomenon is well recognisable for the
gneissic foliation surfaces within these fragments, whose orien-
tation (strike/dip: 062/58; average pole to plane: 332/32) is equal to
the regional structural trend measured throughout the study area
(strike/dip of 061/47; average pole to plane of 331/43) (Fig. 10A).
Occasionally, the diffuse vein boundaries also show a complex
network of cm-wide Qtz veins crosscutting a highly silicified pale-
green host rock entirely composed of Qtz and sericite (Fig. 8G
and H).

At the thin section scale, silicification sectors show an increas-
ing proportion of xenomorphic to subidiomorphic Qtz crystals
(Fig. 9F and G). Qtz replaces Kfs megacrysts (Fig. 9A), sericite
masses (Fig. 9F) and euhedral muscovite crystals (Fig. 9G) follow-
ing replacement fronts or vein-shaped structures. Isolated rem-
nants of the replaced minerals within the replacing Qtz (Fig. 9F),
as well as mineral pseudomorphs and ghost grains (Fig. 9G), are
the most common microstructures indicating replacement. The
replacement of feldspar by Qtz occurs as a two-step reaction
by which sericite and muscovite replace feldspar and are sub-
sequently replaced by Qtz. Accordingly, the formation of sericite
aggregates is often involved in the early or intermediate stages
of silicification (Figs 8D, G, H and 9A, F), yet subsequently over-
printed by Qtz as this metasomatic process proceeds (Fig. 9G).

Silicification haloes surrounding the GQVs also display by the
mylonitic foliation that is recorded in other rock units from the
study area, including the GQV Qtz (see above). These mylonites
show a moderate dispersion in their structural trend when
affecting the Canigé orthogneisses and Costabona monzogranite,
although structural analysis shows that an E-W-trend and N-dip
direction dominates (Figs 3 and 10B). Mylonitic foliation surfaces
affecting GQVs silicified haloes are instead more localised
in narrow (10-15-m-thick) mylonitic bands that exclusively
follow the trend of the GQVs (Fig. 10B). This could indicate that
mylonitisation postdates the GQV formation. However, some
outcrops along the GQVs boundary show silicified monzogranite
fragments affected by the mylonitic foliation and embedded
in an undeformed milky Qtz matrix (Fig. 8E). According to this
contrasting evidence, the relative age relationships between GQVs
and mylonitic bands cannot be established unambiguously and
will be discussed below.

In areas where mylonitisation and metasomatism coexist, dif-
ferent replacement mechanisms can be inferred (Fig. 11A and B).
EBSD-based phase maps indicate that albite replaces orthoclase,
while Qtz replaces albite and orthoclase, giving rise to pseu-
domorphs or mineral mixtures within the same parent grain
(Fig. 11C). Qtz replacement occurs either in the cores of orthoclase
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Fig. 10. Equal-area lower-hemisphere stereoplots of the gneissic foliation (Sgp) (A) and mylonitic foliation (Sm) (B) surfaces in the study area.

(A) Comparison of the regional Sgp, (top) with the Sg, surfaces in the isolated orthogneiss fragments occurring within GQV (bottom) (see Figs 6D and
8C for outcrop examples). (B) Comparison of the regional Sm affecting the Canigd orthogneiss and the Costabona monzogranite (top) with the Sm
surfaces heterogeneously developed within the GQV Qtz (bottom); note that poles to planes of Sm affecting GQVs are clustered, indicating a

deformation localisation along GQVs.

crystals and, noteworthy, surrounding orthoclase crystals and
affecting rims with similar orientation and grain size. This fact
suggests that Qtz grains within orthoclase cores are of neo-
formation and do not represent old veins or inclusions. Grain
Reference Orientation Deviation (GROD) maps of replaced and
replacing mineral grains suggest that replacement is selective
depending on the intra-granular crystal-plastic deformation, as
evidenced by high GROD angles in the partially replaced ortho-
clase crystals and low GROD angles in replacing Qtz and albite
crystals (Fig. 11D). Silicification affecting orthoclase is sometimes
spatially related to twin planes and grain boundaries (Fig. 11C).
Qtz replaces altered orthoclase crystals, which have already expe-
rienced a partial to complete replacement by albite and unaltered
orthoclase crystals (Fig. 11C and D). In contrast, replacement
albite chiefly shows a regular size and appears as patchy accumu-
lations evenly distributed within the orthoclase megacrysts. In all
cases, the replacing Qtz and albite do not overgrow the replaced
crystals beyond their original grain boundaries, suggesting that
replacement took place at constant volume. Moreover, the CPO
of replaced and replacing grains indicates a selective orientation
inheritance depending on the mineral phases (Fig. 11E and F). The
crystallographic orientation was preserved during the replace-
ment of orthoclase by albite, since the orientation of a, b and
c axes of the large orthoclase grains is shared by all the small
replacing albite grains (Fig. 11F). In contrast to this, the CPO of
replacing Qtz grains is not coincident with that of the replaced
feldspars, and Qtz c-axis fabrics suggest a combination of basal
<a>and prism <a>slip systems in response to deformation

under simple shear conditions (Schmid & Casey, 1986; Barth et al.,
2010), in agreement with outcrop and microstructural evidence.

Geochemical trends during metasomatism

Bulk-rock compositions of the unaltered Costabona monzogranite
and the Canigd orthogneisses have been compared with their
alteration products resulting from silicification, feldspathisation
and sericitisation, in order to describe the geochemical changes
associated with mineralogical transformations occurring during
metasomatism (see raw data in Gonzalez-Esvertit et al., 2024b).
Analyses of unaltered Canigd orthogneiss samples published in
recent contributions that use similar analytical procedures (Casas
etal., 2010, 2024; Navidad et al., 2018; Alvaro et al., 2024) were used
for comparison with the metasomatic products addressed in this
work (see the NEIGRA database in Gonzalez-Esvertit et al., 2024b
and legend in Figs 12 and 13).

Major elements

The behaviour of major element oxides during metasomatism
of the Costabona monzogranite and the Canigd orthogneiss is
presented in Fig. 12. Unaltered Canigd G1 and G2 orthogneiss
samples range in SiO, content from 60 to 78 wt% (Casas et al., 2010,
2024; Navidad et al., 2018; Alvaro et al., 2024; Fig. 12). In contrast,
a narrower interval ranging from 68 to 72 wt% is defined by the
unaltered Costabona monzogranite samples, as well as by the
geochemical analyses already published in Autran et al. (1970) and
Debon et al. (1996). Bivariate plots show consistent linear correla-
tions between SiO, and all other major elements of the unaltered
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Fig. 11. Representative granite mylonite sample (cut normal to foliation and parallel to lineation) from a silicification halo of a GQV. (A and B)
Orthoclase (Kfs), albite (Ab) and Qtz crystals with complex textural relationships; mylonitic foliation wrapping around Qtz and Kfs porphyroclasts is
defined by Ser accumulations (XPL). (C) EBSD-based phase map revealing mineral replacement; at the upper left area, Ab replaces Kfs with patchy
texture and homogeneous grain size and Qtz partially replaces Ab and Kfs; at the central area, Qtz replaces Kfs along twin planes and grain
boundaries, and Ab replaces Kfs incipiently; high-angle grain boundary (HAGB) misorientation threshold for grain reconstruction is >10°; low-angle
grain boundariy (LAGB) misorientation threshold for subgrain reconstruction is 2-10°. (D) Grain relative orientation deviation (GROD) map showing
intra-grain deformation, which suggests that intragranular crystal-plastic deformation is higher in the replaced Kfs crystal and low to moderate in the
replacing Qtz and Ab crystals. (E) Inverse pole figure (IPF) map showing grain orientation relative to the main crystallographic axes. (F) Pole figures
(one point per grain; lower hemisphere equal-area projections; multiples of uniform density (MUD) coloring) of the principal crystallographic
directions (XZ reference frame) of Qtz, Kfs and Ab crystals; Qtz shows a strong crystallographic preferred orientation (CPO) defined by Y-maxima
c-axis and peripheral maxima c-axis fabrics, indicative of prism <a > and basal <a > slip system activation, respectively (see Schmid & Casey, 1986); Ab
and Kfs share the same CPO either in the [100], [010] or [001] axes, indicating that replacement took place with orientation inheritance; contrarily, Qtz
does not share any CPO with other mineral phases. Mineral abbreviations following Warr (2021).

rocks from this work and from the NEIGRA database, both for Fig. 12). Decreasing trends with increasing SiO, are obtained for
the Canigd orthogneisses and for the Costabona monzogranite the Al,Os, Fe,0O3, MgO, CaO and TiO, diagrams (Fig. 12A-D and
(Gonzalez-Esvertit et al.,, 2024b; dark-grey squares and circles in G, respectively), which show minor to moderate dispersion. In
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Fig. 12. Bivariate plots of the unaltered and altered samples (coloured symbols) and those compiled in the NEIGRA database (grey symbols;
Gonzalez-Esvertit et al., 2024b). Major oxide concentrations of Al,O3 (A), Fe203 (B), MgO (C), CaO (D), Na,0 (E), K20 (F) and TiO; (G) are plotted against
Si0y (wt%). (H) (Na +K)/Al vs. Si/Al diagram (Stanley, 2020) showing the geochemical signature of silicification and sericitisation processes; note the
logarithmic scale in the Y-axis. Raw data are available in the Supplementary Material 2.

contrast, the K,O content has a positive correlation with increas-
ing SiO, and shows a moderate dispersion (Fig. 12F), whilst the
Na,O (Fig. 12E) yields horizontal trends. The geochemical trends
of major elements for the granitic rocks of the Canigd Massif
are encompassed in most cases within similar regional patterns
defined by other pre-Variscan granitoids from the Pyrenees and
the Catalan Coastal Ranges (light-grey squares and circles in
Fig. 12). Moreover, unaltered rocks from the Canigd Massif show
a similar trend to other Pyrenean Massifs, but being clustered in
the lower part of the SiO, vs. CaO plot because of their lower
CaO concentrations (Fig. 12D). The chemical distinction between
the Canigé orthogneisses and the Costabona monzogranite is not

straightforward if solely based on major elemental concentra-
tions, although orthogneisses have more differentiated composi-
tions, sometimes surpassing SiO, concentrations of ca. 75 wt%
and higher TiO, concentrations. This results in a geochemical
trend subparallel to the regional behaviour but shifted towards
higher concentrations of both oxides (Fig. 12G).

The altered Canigd orthogneiss and Costabona monzogranite
samples show clearly different major elemental compositions
and geochemical trends than their precursor rocks (Fig. 12).
Samples affected by Si-metasomatism show an increase on
SiO, and a decrease in all other major elements, which can
be correlated with decreasing distances towards GQV outcrops
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(Fig. 12, Supplementary Material 2). The trend defined by the
silicified Costabona monzogranite samples depicts a semi-
continuum towards the GQV Qtz samples, from ca. 75 to ca.
94 wt% SiO,. These silicified samples show changes in the
linear geochemical correlations with SiO,, from decreasing to
sub-horizontal in the SiO; vs. Fe;03, SiO; vs. MgO, SiO; vs. CaO
and SiO, vs. TiO, diagrams (Fig. 12B-D and G, respectively), and
from increasing to decreasing trend in the SiO, vs. K,O diagram
(Fig. 12F). The silicified Canigd orthogneiss samples show less
increase in SiO, concentrations than the silicified monzogranite
samples. In the Harker diagrams, they define a cluster with
SiO, contents ranging from 73 to 77 wt% without geochemical
trends in the Fe,O5 (Fig. 12B) and K, O (Fig. 12F) diagrams, negative
correlations between SiO, and Al,Os (Fig. 12A), Na,O (Fig. 12E)
and TiO, (Fig. 12G), and horizontal trends in the MgO (Fig. 12C)
and CaO (Fig. 12D) diagrams. Moreover, the slightly increasing
K,0 contents with increasing SiO; in the silicified orthogneiss
samples (Fig. 12F) indicates that silicification is accompanied by
moderate sericitisation, as previously reported from field and
textural analysis.

Major element behaviour during sericitisation and feldspathi-
sation processes are shown by anomalously high K,O concen-
trations compared to the unaltered samples (Fig. 12F). Concen-
trations of Al,Os in sericitised or feldspathised samples also
show a slight increase when compared with the unaltered sam-
ples analysed in this work (Fig. 12A). For the analysed samples,
feldspathisation is driven by Kfs neoformation and a significant
decrease of Na,0, indicating microclinisation processes (Fig. 12E).
Although not recorded in the geochemistry, albitisation involving
an enrichment in Na,O and a depletion in K,0 is also observed
in the study area (Figs 7G and 9D). Concentrations of Fe,Os,
MgO and CaO (Fig. 12B-D, respectively) also show a decrease
for the analysed samples that are affected by sericitisation and
feldspathisation, whilst TiO, concentrations remain uniform for
the altered Costabona monzogranite samples and show a slight
increase for the altered Canigd orthogneiss samples (Fig. 12G).

GQV samples show SiO, concentrations between 95 and 99 wt%
(Fig. 12). Minor proportions of Al,0s3, Fe;03 and K,O (Fig. 12A, B
and G, respectively) likely reflect mica remnants present within
GQV Qtz (Fig. 9A, F and G). The alteration of Kfs to muscovite and
Qtz (Figs 9B, C and 11C, D) is illustrated by the (Na + K)/Al vs. Si/Al
diagram (Fig. 12H), where the investigated samples show two con-
tinuous trends towards the muscovite and Qtz end-members. No
silica addition occurred during muscovite alteration, as evidenced
by the horizontal trend alongside decreasing Agpaitic Index. In
contrast, silica addition in silicified samples was one order of mag-
nitude larger than Na and K removal in the sericitisation samples
(Fig. 12H). Moreover, during silicification, Al, Ca and Na were lost
to a greater extent than K. This indicates that small amounts
of K were added during silicification or silicification acted upon
already feldspathised material, as recorded in vertical trends with
a right-directed component with an increasing Agpaitic Index
(Fig. 12H).

Trace elements

The behaviour of trace elements during silicification, sericitisa-
tion and feldspathisation affecting the Costabona monzogranite
and the Canigd orthogneiss is presented in Fig. 13. The unal-
tered samples of the Costabona monzogranite and the Canigd
orthogneiss show an enrichment in large-Ion lithophile elements
(LILE) relative to high-field strength elements (HFSE) in the trace
element diagrams normalised to the primitive mantle (Fig. 13A
and B). Both unaltered rock types show positive anomalies in Pb,

K, Sn and Rb and negative anomalies in Nb-Ta, Ti, Ba, P and Sr.
Higher values of Cs and Rb with respect to lower values of Tl also
represent shifts in the trend of the diagrams (Fig. 13A and B). The
only difference between the two unaltered granitic rocks is the
negative anomaly of Sr, which is about one order of magnitude
lower for the unaltered Canigd orthogneisses with respect to
the unaltered Costabona monzogranite samples (Fig. 13A and
B). In the chondrite-normalised REE diagrams (Fig. 13C and D),
the unaltered granitic rocks show an enrichment of LREE with
respect to HREE, as well as relatively flat or slightly concave HREE
trends and negative Eu anomalies. Normalised REE values, as well
as sample trends, are similar for the Canigd orthogneisses and the
Costabona monzogranite with the exception that, for the latter,
HREE show a wider compositional range than LREE (Fig. 13C). The
obtained trace element diagrams show similarities with other
Cambrian-Ordovician magmatic rocks from the Moroccan-SW
European margin of Gondwana (Rouergue-Albigeois, Montagne
Noire, Southern Cévennes and Mouthoumet massifs; Casas et al.,
2024; Alvaro et al, 2024), as well as with other late-Variscan
granitoids of the Pyrenees and the Catalan Coastal Ranges
(Gonzalez-Esvertit et al., 2024b). These similarities are further
confirmed in individual trace element bivariate plots (Fig. 13E and
F), where the unaltered samples plot within the regional trends
showing positive correlations in both the Sr vs. Eu and Zr vs. Ce
diagrams (cf. Puddu et al., 2019; Alvaro et al., 2020; Liesa et al., 2021).

The altered Canigd orthogneiss and Costabona monzogranite
samples show noteworthy differences regarding trace element
contents when compared to their precursor rocks (Fig. 13A-F).
In the primitive mantle-normalised diagrams (Fig. 13A and B),
most elements, including the HFSE, show a progressive depletion
there is a wider compositional variation for the altered Costabona
monzogranite (Fig. 13A) than for the altered Canigd orthogneisses
(Fig. 13B). In some cases, selective enrichment or depletion of
some elements is observed depending on the alteration style of
the analysed sample, leading to coexisting positive and negative
anomalies for a given element in comparison to the unaltered rock
equivalent (e.g. Eu, Rb, K, Nd; Fig. 13A and B). In other cases, either
positive or negative anomalies present in the unaltered rock types
are further emphasised regardless of the alteration type (e.g. Cs,
Ba, Sr; Fig. 13A and B), whilst for some elements the anomalies
are diminished but still remain slightly positive or negative (e.g.
Pb). In the chondrite-normalised diagrams (Fig. 13C and D), the
relatively flat pattern and in the HREE trend is preserved irre-
spectively of the alteration style for both the altered Costabona
monzogranite and Canigd orthogneiss samples. Noteworthy, the
unaltered Costabona monzogranite samples also show lower
contents of W than other granitic rocks from the Eastern
Pyrenees.

Depending on the grade of silicification (e.g. incipient, partial or
complete), the analysed samples show a progressive depletion in
trace elements towards the GQV outcrops, shown as sub-parallel
sample trends, which are especially well defined in the HREE
(Fig. 13C and D, Supplementary Material 1). This compositional
evolution is depicted as a continuum of which the two end-
members are represented by the unaltered precursor rock units
and by the GQV compositions, as represented for example by
REE vs. HFSE trends (Fig. 13F). In contrast, samples affected by
sericitisation show a noteworthy enrichment in K,0, Cs, Rb and
Tl (Fig. 13A and B), whilst LREE contents remain chiefly similar
to those of the unaltered sample equivalents (e.g. La, Ce, Eu;
Fig. 13C, E and F). A sample showing feldspathisation is spe-
cially enriched in Eu (counteracting the negative anomaly that
is recorded in unaltered samples; Fig. 13A and C), as well as in
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Fig. 13. Trace element compositions of unaltered and altered samples (coloured symbols) and those compiled in the NEIGRA database (grey symbols;
Gonzalez-Esvertit et al., 2024b). (A and B) Primitive mantle-normalised extended trace element spider diagrams (Sun and McDonough, 1989) for the
unaltered and altered Costabona monzogranite samples (A) and Canigé orthogneiss, dacite porphyry and GQV samples (B). (C and D) C1 chondrite
normalised REE patterns (McDonough and Sun, 1995) for the unaltered and altered Costabona monzogranite samples (C) and Canigd orthogneiss,
dacite porphyry and GQV samples (D). (E) Sr us. Eu diagram showing the geochemical behaviour of feldspar-bounded elements during alteration. (F) Zr
vs. Ce diagram showing the geochemical behaviour of HFSE and REE in unaltered samples and their different types of alteration. (G) SiO, vs. > REE
diagram, showing a progressive depletion of critical elements alongside increasing silicification of the investigated samples. (H) SiO, vs. non-REE

critical elements (Co, Ga, Ge, Nb, Sb, Ta, W).

other LREE (Fig. 13C, E and F). The marked

decrease in Sr and

other elements that are compatible in feldspar (Fig. 13E) observed
in silicified samples can further be related to the breakdown of

this mineral (Figs 9A-C and 11C).

Along with silicification, a progressive decrease in the bulk
concentration of REE is recorded (Fig. 13G). The total amount
of these elements shows its minimum (3 =<10 ppm) in the
highly-silicified and GQV samples. Contrary to this, some samples

Gz0z Idy gz uo 1senb Aq Ly1166./.004e69/2/99/81011e/AB0j0s38d/W0o dnoolwspeoe//:sdiy Wwoly pepeojumoq



18 | Journal of Petrology, 2025, Vol. 66, No. 2

recording feldspathisation show a significant increase in the con-
centrations of these elements (3= >250 ppm) (Fig. 13G). Moreover,
the non-REE elements identified as critical in > 15 criticality stud-
ies and/or reports (Co, Ga, Ge, Nb, Sb, Ta, W; see a review in Hayes
& McCullough, 2018) show the same depletion trends alongside
silicification (Fig. 13H).

Small-scale Si-metasomatism

To investigate the scale of occurrence of the most abundant
alteration style in the study area, i.e. silicification (Fig. 3), a cm-
scale geochemical profile along a reasonably large and texturally
well-characterised sample was carried out (Fig. 14C). The sample,
ca. 25x20 x 15 cm (height, length and width, respectively), was
collected at the boundary between a metre-thick Qtz vein (par-
allel to the direction of other GQVs in the study area) and its
alteration halo, thus representing a small-scale analogue of other,
decametre-thick veins present in the Canigé Massif. It contains
GQV Qtz at one edge (lower part of panel Bl in Fig. 14B) and a
ca. 20-cm long transitional alteration area, along which different
minerals become more abundant with increasing distance from
the GQV Qtz (see legend in Fig. 14). The sample was cut in seven
representative slabs that were analysed following the procedures
described above for the rest of the investigated samples. Slabs
were cut as large as possible (weights between ca. 200-400 g)
to minimise nugget effects during geochemical analyses. Sample
portions between the slabs were also cut to prepare 6 ‘transitional’
thin sections, in order to evaluate which mineral phases are
present and how do they control the geochemical trends (Fig. 14B
and C).

Petrographically, thin sections corresponding to the areas
furthest away from the Qtz (B2 and B3 in Fig. 14B) show mineral
phases and modal composition estimates typical of granitic rocks
and contain xenomorphic Qtz and Kfs with minor idiomorphic
biotite, muscovite, sericite and iron oxides (see legend in Fig. 14).
As the distance towards the Qtz vein decreases (from top to bot-
tom in Fig. 14B; from C1 to C6 in Fig. 14C), the modal abundance
of minerals other than Qtz decreases and mineral replacement
textures become the most noteworthy petrographical feature. The
first mineral that completely disappears with decreasing distance
to the Qtz are Fe-oxides, followed by muscovite and biotite. In the
7 cm immediately adjacent to the GQV Qtz, sericite and Kfs are the
only mineral phases present besides Qtz (C5 and C6 in Fig. 14C).
The GQV Qtz is entirely formed by inequigranular and partially
recrystallised Qtz grains with minor sericite content (Fig. 14C).
These textural and mineralogical characteristics are exception-
ally well represented by the composition of the investigated
sample slabs (Fig. 14A), showing a marked correlation with the
distance towards the GQV Qtz. In the Eastern Pyrenees granitoids-
normalised diagram, major elements exhibit a partial to complete
remobilisation within the 20-cm-wide alteration halo (diagram
Alin Fig. 14A). The enrichment in SiO, and depletion in all other
major element oxides is well correlated with decreasing distance
towards the Qtz. In accordance with textural observations, the
feldspar-hosted major elements (K,O and minor Na,0 and CaO)
are, together with the TiO,, those that show the most pronounced
depletion. Moreover, in the primitive mantle-normalised (A2
in Fig. 14A) and the chondrite-normalised diagrams (A3 in
Fig. 14A), the progressive depletion of all trace elements is
strongly correlated with decreasing distance towards the GQV Qtz,
reinforcing the textural observations presented above and further
indicating a progressive replacing Si-metasomatism genetically
related to GQV occurrence.

DISCUSSION

Element mobility and texture evolution during
metasomatism

To evaluate the elemental gains and losses that occurred during
feldspathisation, sericitisation and silicification processes, iso-
con diagrams and their corresponding mass-balance calculations
were carried out following the procedures described in Grant
(1986, 2005). More details on the isocon method can be found in
Supplementary Material 1.

Calculated element gains and losses during feldspathisation
and sericitisation affecting the Costabona monzogranite and
during silicification affecting the Canigd orthogneiss and the
Costabona monzogranite, are provided in Figs 15 and 16, respec-
tively. The studied metasomatic processes suggest a partial to
complete remobilisation of all major and trace elements analysed,
including those classically considered as immobile, such as Al, Ti
and Zr (Figs 15 and 16) (Petersson & Eliasson, 1997; Grant, 2005;
Nishimoto & Yoshida, 2010; Nishimoto et al., 2014; Marsala &
Wagner, 2016). In fact, it has been demonstrated that Al, Ti and Zr
can be mobile at low temperature conditions (Nahon & Merino,
1997; Maggi et al., 2014; Pennacchioniet al., 2016; Han et al., 2023) as
witnessed, for example, by Al mobility in bauxite deposits, titanite
crystals precipitated within veins, and hydrothermal overgrowths
on magmatic zircon cores. For the studied samples, the orders
of magnitude of the enrichment/depletion significantly differ
between each element (Figs 12, 13A-D and 15A). Moreover, evi-
dence that mineral replacement is the main process controlling
this geochemical evolution has been identified at a wide range of
scales, from regional (Figs 3, 12 and 13), to sample (Figs 9A and 15)
and down to grain scale (Fig. 9B-G and 11). These facts exclude
dilution as a factor controlling the geochemical behaviour of
the investigated metasomatic styles, suggesting that progressive
variations in mineralogy, caused by chemical gradients, were
the driving force for the major changes in the whole-rock
composition of the altered host rocks. For feldspathisation, there
are no spatial patterns of occurrence nor relationships with
mesostructures like brittle faults or shear zones in the study area,
whilst sericitisation and more often silicification show a very
well-defined distribution, often coexisting (Figs 7C and 9F) and
being spatially related to the occurrence of mylonitic bands and
associated GQVs (Fig. 3; see subsection 5.2). This fact is further
confirmed at the microscale: c-axis distributions of Qtz replacing
albite indicate Qtz deformation under simple shear conditions,
in agreement with the relationship between silicification and
mylonitisation; by contrast, replacing albite grains show no sign
of deformation but an orientation inherited from the replaced
orthoclase crystals (Fig. 11).

During feldspathisation (occurring as Kfs episyenitisation in
the investigated altered sample) (Fig. 15A and B), a substantial
loss of Na,0O can be attributed to the replacement of albite and
minor oligoclase by orthoclase. This fact, coupled to the replace-
ment of orthoclase by albite identified through EBSD-based phase
mapping (Fig. 11), confirms the spatial coexistence of the two end-
members of feldspathisation identified texturally (i.e. albitisation
and Kfs episyenitisation; Figs 7F-H and 9A, D, E). The altered rocks
of the study area have thus undergone a multi-stage metaso-
matic history, also involving silicification and sericitisation. Isocon
analysis of Kfs episyenites also revealed a gain in other feldspar-
bound trace elements (e.g. Eu, Rb, Cs, Tl). These elements have
an ionic radius similar to Ba and Sr (difference less than 15%),
which are depleted in the altered samples (Fig. 15A and B), as
well as to K, which shows a moderate gain. This trace element
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Fig. 14. Evolution of mineral abundance and geochemical composition during silicification at the cm-scale. (A) From top to bottom, major (average
Eastern Pyrenees-normalised), trace (primitive mante-normalised), and REE (chondrite-normalised) elemental variation alongside the alteration halo;
sample slabs were analysed at different distances (from 18 to 3 cm; each 3 cm) to the vein boundary. (B) The investigated sample (left) and
high-resolution thin section scans (right), which are representative of the changes in the mineral assemblage; thin sections represent ‘transitional’
areas between the analysed slabs; mineral abundance variations of Qtz, Kfs, Bt, Ms, Ser and Fe-oxides (Fe-ox) are quantified through pixel counting
and image segmentation. (C) Representative microphotographs (XPL) alongside decreasing distance (from top to bottom) to the vein Qtz. Raw data are
available in the Supplementary Material 2. Mineral abbreviations following Warr (2021).

partitioning indicates that the aforementioned elements have cationic substitutions within the crystal lattice of newly formed
behaved as replacing or replaced components through simple (if Kfs (Heler, 1962; Ren, 2004; Suikkanen & Ramd, 2019; Morozova
ionic charges are coincident) or coupled (if ionic charges differ) et al., 2022). LREE and HREE show, by contrast, different patterns
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Feldspathization in granitoid (Costabona monzogranite)
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Elemental concentrations not shown in (A) and (B) are below the detection limit in the altered sample
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Fig. 15. Relative-concentration-change (left) and Isocon (right) diagrams obtained from geochemical modelling of samples affected by (A and B)
feldspathisation (sample RJ21-13) and (C and D) sericitisation (sample RJ21-03A), compared to the typical geochemical composition of the closest
unaltered outcrop of Costabona monzogranite (samples RJ21-23 and RJ21-21, respectively). Calculations were made following Grant (1986, 2005) and
assuming constant volume (see methods in the Supplementary Material 1 and raw data in the Supplementary Material 2).
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Elemental concentrations not shown in (A) and (B) are below the detection limit in the altered sample
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Fig. 16. Relative-concentration-change (left) and Isocon (right) diagrams obtained from geochemical modelling of highly silicified samples from GQVs
in (A and B) the Canigé orthogneiss (sample UDT21-14A) and (C and D) the Costabona monzogranite (sample RJ21-03B), compared to the closest

unaltered outcrop of each rock type (samples RJ21-18 and CG-20-11, respectively). Calculations were made following Grant (1986, 2005) and assuming
constant volume (see methods in the Supplementary Material 1 and raw data in the Supplementary Material 2).

of enrichment and depletion to those generally expected during
episyenitisation. A depletion of LREE and an enrichment of HREE
are generally reported for different types of episyenites (Petersson
& Eliasson, 1997; Hecht et al., 1999; Lépez-Moro et al., 2013; Jaques
et al., 2016). However, the investigated feldspathisation process

involved an enrichment of LREE and a depletion of HREE in the
altered samples (Fig. 13A, C and F).

The isocon analysis of sericitisation (Fig. 15C and D) revealed
a significant gain in K,O and other trace elements that can
be accommodated within the white mica structure (Shaw, 1952;
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Guidotti et al., 1994a; Guidotti et al.,, 1994b; Soltani Dehnavi et al.,
2019), such as V in the octahedral sheet, and of K, Rb, Tl and
Cs cations in the interlayer space (Fleet et al., 2003; Tischendorf
et al., 2007; Figs 13A, C and 15C, D). Contrarily, a significant loss
of Na,O, CaO, MnO, Mg0, Fe,03, TiO,, BaO and various HREE is
also observed. Depletion of major elements can be related to the
change in the composition of micas (i.e. from biotite to muscovite),
as well as to simple or coupled cationic substitutions involving
Si, Al and Fe3* in the tetrahedral sheet. Noteworthy are the con-
centration increases in the lithophile trace elements Rb, Cs and
T1, which seem to be common and systematic in metasomatic or
hydrothermal white micas occurring in different tectonic settings
(cf. Alva-Jimenez et al., 2020; Codeco et al., 2021; Benn et al., 2023).
Considering elemental gains and losses, as well as the textural
features of the investigated samples, sericitisation processes can
be mainly attributed to feldspar breakdown (Figs 7C-E and 9A-C)
and biotite dehydration (Figs 7F and 8D). The former process
causes significant changes in the rock rheology, as it involves
the substitution of feldspar, a hard phase with brittle behaviour
up to 450-500°C (Voll, 1976; Simpson, 1985), by white mica, a
much softer phase that is easily deformed by basal glide and
dissolution-precipitation creep (Hunter et al., 2016; Tokle et al.,
2023). Accordingly, sericitisation may have played a role in strain
localisation and the development of shear zones throughout the
study area, directly affecting the strength of the sericitised rocks
and the deformation behaviour of other mineral phases (Gueydan
etal., 2003; Menegon et al., 2008; Toy et al., 2008; Finch et al., 2020). In
fact, textural evidence of silicification overprinting sericitisation
was found (Figs 7G, H and 9F, G), which may explain the spatial
relationship between sericitised and silicified sectors with the
regional-scale shear zones occurring throughout the study area
(Fig. 3). Sericitisation could, therefore, represent one of the mech-
anisms preconditioning strain localisation and can be genetically
linked to the identified GQVs and mylonitic bands of the southern
part of the Canigd Massif. In the northern area of the massif,
Casas (1984) also pointed out that progressive replacement of Kfs
and plagioclase was related to the formation of thick (200-500 m)
mylonitic bands formed by Qtz, muscovite and calcite in the Font
Pedrosa-Nyer area.

Moreover, the substantial loss in MgO, FeO and TiO, during
feldspathisation (Fig. 15A and B) and sericitisation (Fig. 15C and D)
can be further related to the biotite loss identified at the outcrop
and thin section scale (Figs 7F and 8D). Reactions leading to biotite
dehydration are well known from natural and experimental data
at high temperature (amphibolite and granulite facies conditions),
under which they favour partial melting and the formation of
migmatites (Rutherford, 1969; Graphchikov et al., 1999; Barbey,
2007; Imayama et al., 2019). However, the low-temperature break-
down of biotite has been the subject of much less investiga-
tion despite being known to represent, for example, a significant
source of water (Weisheit et al., 2013). Tulloch (1979) and Eggleton
& Banfield (1985) were the first who described low-temperature
(300-350°C) biotite breakdown, often coupled to the alteration of
plagioclase to sericite and to the formation of chlorite, muscovite,
Kfs and titanite crystals. In this framework, Mg, Ti, Fe cations
would be conserved within the newly formed mineral assem-
blage. However, these minerals are not present in the altered
rocks investigated here and, therefore, these reactions cannot
explain the loss of MgO, FeO and TiO; as seen in isocon modelling
(Fig. 15A and B). Holness (2003) concluded that lenses of pure
Kfs, affected by variable degrees of albitisation, were formed
through low-temperature (<300°C) biotite-breakdown reactions.
Moreover, Weisheit et al. (2013) used volumetric calculations based
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on alteration mapping and mineral phase proportions to infer that
10.8 km? of fluid would be produced by the partial (50%) biotite
dehydration of 720 km? of schists and gneisses containing 30%
of biotite. According to this, the authors suggested that the H,0O
release from biotite breakdown was, among others, one of the
main fluid sources responsible for the formation of the Hidden
Valley megabreccia in South Australia. The reduced H,O activity
needed to trigger biotite dehydration was, according to Weisheit
et al. (2013), favoured by high-salinity fluids (Bakker & Elburg,
2006). In the study area, identifying whether biotite dehydration
during feldspathisation or sericitisation processes (Figs 7C, 8D and
9A—-C) may have been a significant fluid source for silicification
would depend on the relative ages of the three metasomatic
processes, which are unknown. However, the absence of chlorite
in either feldspathised, sericitised or silicified rocks of the study
area and the high salinity recorded by fluid inclusions within
GQVs (Ayora & Casas, 1983; Gonzalez-Esvertit et al., 2025b), may
favour this hypothesis. In this framework, silicification processes
involving a gain in Qtz could have partially been sourced by
biotite dehydration, releasing water, coupled to Qtz dissolution
in surrounding rocks and sericitisation of Kfs, releasing silica in
the form of SiO, and orthosilicic acid, respectively. Moreover, the
ferromagnesian elements released from biotite dehydration may
have formed the Fe-oxides present in the altered areas (Figs 9B,
E and 14B) or also incorporated into the fluid phase and leached
away from the study area.

The geochemical behaviour of some elements, however, does
not follow the expected trends (Fig. 15). For example, a gain in
Al,O3 may be expected from either feldspathisation or sericiti-
sation (Pennacchioni et al., 2016; Suikkanen & Radmg, 2019), since
Al,Os is present in the crystal structures of Kfs and sericite. The
unexpected Al,O3 loss can be attributed to prior metasomatic
reactions, involving other mineral phases, which may have been
texturally overprinted by the studied alterations that only left
a geochemical fingerprint, but may not be detected petrograph-
ically. Accordingly, the net balance of such reactions would be
difficult to reconcile with the mineralogy considering the multi-
stage metasomatic history registered in the studied rocks.

In addition to the sericitisation and feldspathisation evalu-
ated through isocon modelling, an enrichment in albite was also
identified through textural analysis (Figs 7G and 9D) but not
detected in geochemical analyses. The presence of chessboard
albite suggests replacement of Kfs under solid-state albitisation
(Moore & Liou, 1979; Charoy & Pollard, 1989). In this framework,
potassium released from the Kfs breakdown could have reacted
with aluminous silicates to form white mica, thus potentially
triggering subsequent sericitisation. The Balaig metasediments
further show noteworthy mineralogical changes in some areas,
where the unaltered micaschists progressively acquire a chiefly
polygonal fabric that is spatially associated with the gradual
disappearance of micas. Although the final product of this alter-
ation is a quartzofeldspathic rock that resembles a granite, no
evidence for partial melting, nor high temperature porphyroblasts
are visible where this alteration style crops out. These observa-
tions suggest that it took place under solid-state, low-to-medium
temperature conditions.

Are GQVs really veins?

Irrespective of their size, mineral veins are understood and
defined in different manners depending on the discipline of Earth
or Material Science under which they are investigated. One of the
most accepted definitions states that veins are mineral aggregates
that precipitated from a fluid in dilational sites (Bons et al., 2012).
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This definition has genetic implications and thus excludes small-
scale igneous dykes and leucosomes, where minerals crystalise
from a melt, as well as replacement veins, where dilation is not
necessarily present (Fletcher & Merino, 2001). Veins sensu stricto
are, accordingly, intimately related to fracture mechanics (Durney
& Ramsay, 1973; Ramsay, 1980; Passchier & Trouw, 1996; Bons,
2000; Koehn et al., 2005; Bons et al., 2012, 2022).

GQVs are the most noteworthy feature in the study area
(Figs 2—-4), and their origin and significance are far from negligible.
Similar structures have been identified in many tectonic settings
worldwide, sometimes associated to ore deposits, and being
hosted by rocks of different age and composition: Bundelkhand
craton (Central Indian Shield, India; Pati et al., 2007; Slabunov &
Singh, 2022), South Armorican Massif (NW France; Lemarchand
et al., 2012), Tyndrum-Dalmally area (Grampian Highlands, N
Scotland; Tanner, 2012), Qinling-Dabie belt (W Henan Province,
China; Gao et al., 2013), Heyuan Fault Zone (SE China; Tannock
et al.,, 2020), Birimian terranes (Ashanti Belt, S Ghana; Oberthir
et al., 1997), Veta Madre (Guanajuato Mining District, Mexico;
Moncada et al, 2012) Kirkland, Porcupine and Hemlo Superior
provinces (SE Canada; Jia & Kerrich, 2000), Mother Lode belt,
California Western Sierra (W United States; Sibson, 2020),
Dharwar Craton (Kolar and Gadag greenstone belts, India; Mishra
et al., 2018), Broken Hill Inlier (New South Wales, Australia; Bons,
2001), Eastern Andean Cordillera (Bolivian Tin Belt, SW Bolivia;
Ahlfeld, 1967), among others. However, their fluid and silica
sources and transport modes, as well as the time span required
for their formation, remain debated hitherto (Jia & Kerrich, 2000;
Bons, 2001; Sharp et al., 2005; Lemarchand et al.,, 2012; Tannock
et al., 2020; Rout et al., 2022; Gonzalez-Esvertit et al., 2022b, 2024a).

In some of the aforementioned regions, GQVs show clear fea-
tures of being either genetically related to fluid flow through
previously opened fractures or with opening (fluid-filled) frac-
tures, involving dilation and advective fluid transport (Sibson
et al., 1975; Yardley, 1983; Bons, 2001; Hilgers et al., 2004). The
evidence include, among others, very limited (or absent) host-
rock alteration, abundant crack-seal structures, microstructures
indicating volume loss in the host rocks, net boundaries between
GQVs and host rocks, and absence of significant deformation
within the vein Qtz (Bons, 2001; Tannock et al., 2020; Rout et al,,
2022). Therefore, GQV Qtz in these cases was precipitated from
a fluid in dilational sites, forming veins sensu stricto. The GQVs
investigated here, however, show contrasting field, microstruc-
tural, geochemical and crystallographic features indicating that
Si-metasomatism, and its associated replacive silicification, was
responsible for their formation:

e Outcrop textural features: (1) relict grains and traces of host-
rock foliations and lineations within the GQV Qtz (Figs 6D,
8A, C and 10A); (2) feldspar megacryst pseudomorphs formed
by Qtz in areas where the Costabona monzogranite is close
to GQVs (Fig. 8B); (3) continuity of ghost traces of the gneis-
sic foliation towards the core zones of GQVs (Figs 6D and
8A); (4) pervasive silicification forming symmetric alteration
haloes that follow the structural trend of GQVs (Figs 3 and
8G, H). These pieces of evidence have also been reported
in other sectors of the Pyrenees where GQVs are hosted by
Palaeozoic metasediments and Cenozoic sedimentary rocks
(Gonzalez-Esvertit et al., 2022b, 2023, 2024a).

e Outcrop structural features: (1) diffuse GQV boundaries,
where it is not possible to determine a specific GQV-host
rock contact because the transition is progressive (Fig. 8F-H);
(2) host-rock fragments isolated within the GQV Qtz that

show planar mesostructures with the same structural trend
(Figs 6D, 8C, E and 10A). These trends are, in turn, equal to the
regional structural trend, indicating that neither transport
nor rotation of the fragments has occurred (Fig. 10A).

e Microstructural evidence: (1) increasing proportions of
xenomorphic Qtz aggregates with decreasing distance
towards the GQVs (Figs 8A and 14B, C); (2) isovolumetric
replacement of Kfs and muscovite crystals and sericite
aggregates by Qtz (Figs 8A, B and 9F, G); (3) synchronous
silicification and mylonitisation that would explain the
observed Qtz c-axis fabrics (Fig. 11F), generally attributed
to high greenschist-amphibolite facies conditions (>400°C;
Toy et al, 2008), which clash with other evidence of low-
T GQV formation and deformation found in the studied
samples (lack of high-T mineral phases, brittle behaviour of
Kfs and fluid inclusion data from Ayora & Casas (1983) and
Gonzalez-Esvertit et al. (2025b) (Fig. 9B and C). In this scenario,
the water-weakening effect could have enabled an easier
dislocation glide and diffusion at lower T, allowing mylonitic
deformation to localise along GQVs that apparently represent
a harder phase within the (mica-rich), softer Costabona
monzogranite (Figs 3 and 10B).

e Spatially resolved whole-rock geochemistry, at the m-km
scale: progressive enrichment of SiO, and depletion of all
other major and trace elements with decreasing distance
towards the GQVs (Figs 12 and 13), as further confirmed by
mass-balance modelling trough the isocon method in the
silicified Canigd orthogneiss (Fig. 16A and B) and Costabona
monzogranite (Fig. 16C and D). The elements lost during
silicification can be related to biotite dehydration and the
replacement of muscovite and feldspar by Qtz, as identified
texturally in outcrops and thin sections (Figs 7C, 8A, B, D
and 9A, F, G). Moreover, the trends in Figs 12 and 13 further
suggest that, for some samples, silicification processes acted
upon already feldspathised rocks.

e Spatially resolved whole-rock geochemistry and comparative
point counting on thin sections, at the mm-cm scale: (1)
Gradual transition within ca. 20 cm from a granite-looking
rock to almost pure Qtz mineral aggregate. This is exposed
as a progressive change in the relative abundance of mineral
phases and their associated geochemical change in sample
traverses, which correlate with the distance towards the GQV
boundary (Fig. 14).

e EBSD-based phase maps and CPOs: (1) replacement of ortho-
clase and albite by Qtz along twin planes and grain bound-
aries at the pm scale (Fig. 11A and B), as well as below
the resolution of the optical microscope (Fig. 11C); (2) selec-
tive replacement depending on intra-granular crystal-plastic
deformation of the pre-existing, replaced grain (Fig. 11D);
(3) absence of orientation inheritance in the replacing Qtz,
probably due to the aforementioned synchroneity between
silicification and mylonitisation (Fig. 11E and F).

These pieces of evidence of mineral replacement processes,
as well as the strong fluid-rock interactions that they involve,
seem incompatible with fast advective fluid transport through
previously opened fractures or by ‘burbs’ of ascending fluids with
mobile hydrofractures (Bons, 2001; Bons et al., 2022). However, it is
also difficult to identify and quantify, if silica was derived locally.
Given that the rocks in the study area are intrinsically rich in SiO»,
a very limited silica loss occurring in a significant rock volume
would only result in minor changes of the whole-rock composition
and could even be below the detection limit of the analytical
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methods used. The total amount of silica required for the forma-
tion of the GQVs in the study area according to the current vein
formation models can be roughly estimated using cartographic
constraints (GQV width ‘WGQV‘y length ‘LGQV’ and helght ‘HGQV‘>
and considering a Qtz density of 2.65 g/cm?. Assuming a vertical
extent of 1/3 of the horizontal one (Hgqv = %LGQV) for those veins
with Lgqv < 2000 m and of 1000 m (Hgqv = 1000) for those larger
veins, the volume of each GQV can be calculated as (see GQV heigh
and width estimates in Ayora & Casas, 1983 and Gonzéalez-Esvertit
et al., 2022a, respectively):

4
VGQV = § X T X (WGQ\/ X LGQV X HGQ\/) (1)

and the Qtz mass (mgy,) precipitated in the study area, forming n
GQVs of known volume, can be obtained by:

Mgty = (Z nvGQV) x 2.65 2)

A total amount of ca. 42 - 102 kg of Qtz is inferred
when considering all the GQVs in the study area; from these,
ca. 2 - 10" kg correspond to the largest GQV (the 11 km-long
Esquerdes de Roja vein; Fig. 3). This estimate neglects the partially
silicified areas that developed outside GQVs, which, if considered,
would have resulted in an even higher value of my,. The total fluid
budget needed to transport that silica and form the studied GQVs
is, however, difficult to estimate due to the unknown fluid salinity
and pH, and the various possible forms by which silica can be
transported (e.g. dissolved Qtz or amorphous silica). Depending
on these constraints, the silica solubility can vary up to orders
of magnitude for the same temperature conditions (Pan et al.,
2021; McNab et al., 2024). A rough approach may be calculated
from experimental and theoretical Qtz solubility determinations
(Staude et al., 2009). Assuming a fluid temperature of 250°C and a
Qtz solubility in water of 0.25 kg/m?, ca. 2 - 10'* m3 of fluid would
be needed to form the investigated veins. This is, for comparison,
ca. 3.5 times the water volume of Lake Michigan in the United
States or ca. two times the water volume of the Lake Malawi in
southern Africa (van der Leeden et al., 1990; Cael et al., 2017).
However, this fluid volume could be orders of magnitude higher
or lower depending on the aforementioned constraints, and more
knowledge on the physicochemical properties of the fluid would
be needed in order to accurately estimate the exact amount.

An advective fluid transport mechanism must be invoked,
besides the replacing Si-metasomatism, in order to explain at
least the crack-seal small-scale Qtz veins forming ca. 10% of
the GQVs that are present in the study area. Therefore, we
suggest that the combination of extensive host-rock replacement
through Si-metasomatism with intermittent advective fluid
pulses are the most reliable explanation for the observed field,
microstructural and geochemical features of the investigated
GQVs. A similar combination of diffusive and advective fluid
transport (Dissolution-Diffusion-Advection Model; Rout et al,
2022) has already been proposed for the giant Qtz reef system at
the Bundelkhand Craton, supported by textural, fluid inclusion
and geochemical modelling evidence. However, these authors
assume extensional fracturing in order to explain why the reefs
are developed in a given site. In the Canigd Massif, the formation
process of GQVs can be invoked as a progressive accumulation
of silica coeval with mylonitisation, which would have been
governed by chemical and pressure gradients probably caused by
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that mylonitisation (Banerji, 1981; Goncalves et al., 2012; Odlum
& Stockli, 2020).

Most of the exposed areas generally understood as part of
the GQVs in the Pyrenees are, therefore, not veins sensu stricto
but metasomatic products where the original fabrics and fea-
tures of precursor rocks have been overprinted during coupled
deformation and replacive Si-metasomatism. In the same manner
that an albitite, a metasomatic monomineralic rock composed
of albite, can be formed through metasomatism from a precur-
sor Qtz-felspathic rock (Boulvais et al.,, 2007; Poujol et al., 2010;
Petersson et al., 2012), a comparable petrogenetic history may
be invoked for a vein-shaped structure entirely composed of
Qtz. This would further explain the replacement features and
alteration haloes found in other GQVs of the Pyrenees hosted
by different rock types (Gonzalez-Esvertit et al., 2022a, 2022b,
2024a). In these scenarios, the shape of Qtz accumulations would
mostly be determined by the type of deformation mesostructures
that governed silica concentration. For the studied cases, these
structures have resulted in lenticular vein shapes because silica
concentration was governed by shear zones. The term GQV should
not have, accordingly, genetic implications because, as suggested
by incipient silicification areas with ‘pod’ morphologies, shape is
only the result of the driving force leading to silica concentration.
This fact highlights the need of further studies in other settings
worldwide where GQVs, or pseudo-GQVs, are present, as well
as the importance of considering replacement processes when
dealing with the formation mechanisms of veins with different
mineral assemblages. In the Bundelkhand Craton, for example,
the term reef instead of vein is often used for these structures
in order to apply a non-genetic, gecomorphic nomenclature (Rout
et al., 2022).

The implications of the results here presented are further rele-
vant for two currently debated issues: (1) the differential stresses
that may, or may not, be caused by mineral reactions (Carmichael,
1987; Fletcher & Merino, 2001; Tajémanova et al.,, 2015; Plimper
et al., 2022) and (2) the understanding of fluid, heat and mass
transfer leading to changes in the physicochemical properties
of the Earth’s crust and lithospheric rheology, which further
involves the interplay between Qtz cementation and the seismic
cycle (Miller, 2013; Saishu et al., 2017; Williams & Fagereng, 2022).
For the former, the isovolumetric character of the replacement
reactions associated to the investigated metasomatic processes
are noteworthy. Solid-volume change (AVs) during mineral reac-
tions has either been invoked as non-existent (i.e. isovolumetric
replacement sensu stricto, preserving the external dimensions of
the parent grains; Fletcher & Merino, 2001; Canals et al., 2019), pos-
itive (i.e. volume increase, generating high-magnitude differential
stresses; Jamtveit et al., 2009; Plimper et al., 2022) or negative
(i.e. volume decrease, generating porosity; Pedrosa et al., 2016;
Weber et al., 2021). When AVs is positive, these reactions may infer
high-magnitude stresses that induce rock fracturing (Jamtveit
et al., 2009; Kelemen & Hirth, 2012), plastic deformation and even
represent the first step toward crustal seismicity (Plumper et al.,
2022). In contrast, when mineral reactions occur associated to
negative AVs, nanoporosity may be generated further inducing
nanofluidic transport, enhancing metamorphic fluid flow and
fluid-mediated mineral transformation reactions (Plimper et al.,
2017). Notwithstanding, these processes are not expected during
mineral replacement reactions at constant volume, such as those
reported in the present work at the mm—pm scale. Further inves-
tigation is needed in order to elucidate whether the volume of
replaced and replacing minerals during the investigated processes
is still constant, or not, at the sub-micron scale. On the other
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hand, the long-lasting timescales of GQV formation elucidated in
this work are difficult to reconcile with the timescales of strength
recovery of rocks during interseismic periods and seismogenic
depths and temperatures. This agrees with the absence of geolog-
ical evidence of slip-related mechanisms (e.g. pseudotachylytes)
spatially related to silicification sectors in the study area. Other
Qtz precipitation processes occurring at earthquake nucleation
temperatures (150-350°C) have also been questioned as reliable
mechanisms for strength recovery between earthquakes (see a
review in Williams & Fagereng, 2022).

Finally, if GQVs are assumed to be mostly formed by mineral
replacement, it is worth to ask where the elements lost during
their formation (Figs 15 and 16) now reside. The volume of ele-
ments in the pre-existing rocks, now replaced by Qtz, would be
in the order of 10° m? if only the silicification areas leading to
GQV formation are considered, or significantly higher if mus-
covitisation, feldspathisation and incipient silicification areas are
also considered. From this volume, a remarkable fraction could
correspond to elements with economic importance, such as REE
(Fig. 13G) and other critical elements (Fig. 13H) (c.f. U.S. Geo-
logical Survey, Department of the Interior, 2022). The chemical
behaviour and scales of occurrence of metasomatism in barren
systems are often overlooked because their low economic poten-
tial, although they are as genetically significant as economically
important ones and sometimes better exposed. Accordingly, the
comparative appraisal of barren and mineralised areas involving
Si-metasomatism can help to elucidate how the physicochem-
ical conditions vary between mineralised and non-mineralised
systems and, therefore, to unravel which are (and which are
not) the petrogenetic constrains needed for a metasomatic ore
deposit, as previously investigated for other types of ore deposits
(Hendry et al., 1985; Gregory et al., 2019). In the studied area, for
example, the element loss and the fluid surplus after silicifi-
cation must have gone somewhere trough advective transport,
producing more fluid-rock interaction and mineral precipitation
in other over-enriched areas in the Pyrenees. These areas, some
of them probably still buried or already eroded, may deserve
further attention not only in terms of ore deposit petrogenesis, but
also due to their potential relationship with Mg-metasomatism
expressed through dolomitisation, talcification and chloritisation
processes throughout the Pyrenees.

CONCLUDING REMARKS

Here, we have evaluated, across scales, the multi-metasomatic
history of granitoid rocks cropping out in the Canigd Massif (East-
ern Pyrenees). Macro- (km), meso- (m—cm) and micro-scale (nm)
evidence, based on outcrop and thin section characterisation,
EBSD and whole-rock geochemistry, provided new insights into
the mineral replacement reactions and geochemical behaviour
during feldspathisation, sericitisation and silicification processes.
The NEIGRA database further allowed the geochemical compari-
son of altered rocks with other unaltered granitoid samples from
the basement rocks of the Pyrenees and the Catalan Coastal
Ranges. Overall, all major and trace elements behave as mobile
during either silicification, feldspathisation and sericitisation pro-
cesses here investigated. Results suggest that silicification is the
dominant metasomatic process and was related to regional-scale
shear zones. Relict grains and fabrics of precursor rocks within
veins, a progressive depletion of all major and trace elements but
silica along decreasing distances towards veins and the localisa-
tion of mylonitic deformation along veins, are multi-scale wit-
nesses of GQV formation through mineral replacement coupled to

mylonitisation. Accordingly, it is suggested that these structures
are not veins sensu stricto but products of Si-metasomatism lead-
ing to strong host-rock alteration; that is, pseudo-GQVs. Results
presented here have major implications for our understanding of
the scale and geochemical behaviour of metasomatic reactions
and their associated ore deposits, as well as for the kinetics of
mineral replacement reactions inferring changes in the physic-
ochemical properties of the Earth’s crust.
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