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A B S T R A C T

In orogens, pinpointing the timing of mineralization is often complex due to superimposition of magmatic, meta-
morphic and tectonic events. Unravelling the tectono-metamorphic evolution of deformed terranes is essential
for understanding the formation of orogenic mineralization. In the Bossòst dome of the Pyrenean Axial Zone, un-
dated stratabound Pb-Zn mineralization previously considered to be SEDEX-like and devoid of evidence for sig-
nificant remobilization/deformation, was recently interpreted as orogenic mineralization and structurally-
controlled by Variscan tectonics. However, relations with the poly-magmatic and metamorphic events reported
in the Pyrenean Axial Zone are still poorly constrained. In the Bossòst dome, laser-ablation inductively coupled
plasma mass spectrometry (LA-ICPMS) U-Th-Pb dating was performed on zircon to constrain the formation ages
of two undeformed granitic dykes, and on monazite to identify both the metamorphic imprint recorded by two
metapelites and the formation of stratabound Pb-Zn mineralization in the Bentaillou deposit. Late-Carboniferous
– early-Permian magmatic zircon ages ( 315–280 Ma) are commonly found in these undeformed dykes
(307.4 ± 4.7 Ma and 283 ± 15 Ma), consistent with the main magmatic event, extensively recorded in the
Pyrenean Axial Zone. Monazite crystals with co-genetic textural relationships with stratabound sphalerite from
Bentaillou were dated at 309 ± 11 Ma. We propose that the stratabound mineralization is formed during one
main Variscan remobilization event associated with the first Variscan deformation event (D1) and probable
metamorphic fluid circulation in pre-existing metal-rich Ordovician sedimentary levels. Moreover, monazite
ages in metapelite rocks (289.1 ± 5.9 Ma and 290.0 ± 3.8 Ma) probably date both the end of high T-low P
metamorphism and late fluid circulation in the Variscan tectonothermal event. Visean-Serpukhovian ages (
340–325 Ma) are found in one inherited zircon and in two monazites included in garnet and staurolite, which
probably record the end of the first Variscan magmatic-metamorphic event, mainly recorded in the core of the
Pyrenean Axial Zone. Based on our ages and a regional synthesis, we propose a new tectono-metamorphic model
for the Bossòst dome and the related formation of Pb-Zn mineralization.

1. Introduction

Determining the relative and absolute timing of ore formation in
orogens with regards to granitic intrusion and metamorphism is gener-
ally challenging due to the superimposition of tectono-metamorphic
events. Structures, ore textures and mineral emplacement may be diffi-
cult to interpret due to partial or total resetting and/or recrystallization
of ore mineralization. In various orogenic Pb-Zn districts, the timing of
mineralization and remobilization stages are debated and difficult to
reconcile with geodynamic settings as, for example, in Australian sedi-
ment-hosted Pb-Zn deposits (Cave et al., 2020; Gibson et al., 2017;

Gigon et al., 2020; Murphy, 2004; Perkins and Bell, 1998; Spinks et al.,
2021) or in other base metal massive sulfide deposits (e.g. Admou et al.,
2018; Chauvet et al., 2004; Essaifi et al., 2019; Marignac et al., 2003;
Tornos et al., 2008). Therefore, regional investigations at multiple scale
and involving ores and host-rocks are necessary to better constrain the
timing of mineralization formation and possible late reworking.

Dating the emplacement of magmatic bodies is one of the most im-
portant indirect chronological approaches to constrain the emplace-
ment of metamorphic and structurally-controlled ore mineralization as
well as reaching a conclusion on the regional geodynamic evolution
(e.g. Burisch et al., 2019; Jiang et al., 2020; Laurent et al., 2017;
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Martinez Catalan, 2011; Vanderhaeghe et al., 2020; Walter et al., 2018;
Wu et al., 2018). In the Pyrenean Axial Zone (PAZ), a late-
Carboniferous – early-Permian widespread magmatism (315–280 Ma)
is well-documented (e.g. Carreras and Druguet, 2014; Denèle et al.,
2014) but the existence of early-Carboniferous magmatism (Visean-
Serpukhovian; 340–325 Ma) has been recently reported in the Bossòst,
Aston (Soulcem granite) and Lys-Caillaouas metamorphic cores in the
central part of the PAZ (Fig. 1) (Lopez-Sanchez et al., 2019; Mezger and
Gerdes, 2016; Schnapperelle et al., 2020). The existence and origins of
these two magmatic events are still rarely incorporated in recent geody-
namic models of the PAZ (Denèle et al., 2014; Le Bayon and Cochelin,
2020) even if a few authors have proposed syn- and late-orogenic gran-
ite emplacement in their model (García-Sansegundo et al., 2011).

In the Pyrenees, Pb-Zn mineralization is widespread and were essen-
tially mined during the 20th century (∼400,000 t Zn and ∼180,000 t Pb
extracted). Stratabound (e.g. Pierrefitte, Bentaillou and Arditurri dis-
tricts) and vein mineralization (e.g. Arre-Anglas district) are the two
main documented mineralization events (Fig. 1B) (Bois et al., 1976;
Castroviejo Bolibar and Serrano, 1983; Cugerone et al., 2018b;
Cugerone et al., 2018a; Munoz et al., 2016; Nicol et al., 1997; Reyx,
1973). The largest known Pb-Zn ore bodies occur in stratabound veins
hosted in metasedimentary rocks (clastic or carbonate-marble rocks).
This mineralization-type has been interpreted as SEDEX and synchro-
nous to Cambro-Ordovician, Devonian or Carboniferous (Bashkirian-
Moscovian) sedimentations (Bois et al., 1976; Pesquera and Velasco,
1989; Pouit, 1986; Pouit, 1978) even if some authors questioned the
Variscan overprints on mineralization genesis/remobilization in some
localities (Alonso, 1979; Nicol et al., 1997). Based on various crustal Pb
evolution models (e.g. Cumming and Richards, 1975; Stacey and
Kramers, 1975), the lead isotope composition studies of Pyrenean
galena generally indicate one metal source, and suggest a syngenetic
emplacement age during Ordovician-Devonian extension periods for

Pb-Zn stratabound mineralization in the Pyrenees, (Cardellach et al.,
1996; García-Sansegundo et al., 2014; Marcoux, 1986; Marcoux et al.,
1991; Velasco et al., 1996). Recent field and mineralogical study pro-
posed that stratabound Pb-Zn mineralization formation is epigenetic,
mainly controlled by Variscan D1 deformation and crosscuts by minor
disseminated and stratiform Pb-Zn mineralization with probable syn-
genetic origin (Cugerone et al., 2018b). However, the age, the source,
and the impact of Variscan deformation on stratabound Pb-Zn mineral-
ization are still poorly constrained.

In the metamorphic core of the Bossòst dome (also known as Garona
dome), we have performed LA-ICPMS U-Th-Pb dating on zircon and
monazite from granitic dykes and metapelites in order to decipher the
geochronological framework of the tectono-magmatic and metamor-
phic events of the PAZ. Moreover, in low-grade metamorphic rocks of
the Bossòst dome, we have dated monazite genetically associated with
sphalerite from the Bentaillou stratabound Pb-Zn mineralization in or-
der to establish the ore formation age and its relationship with the
Variscan tectono-metamorphic events.

2. Geological setting

2.1. Overview of the Pyrenean Axial Zone (PAZ)

2.1.1. Structural setting
The PAZ is the Paleozoic basement of the Pyrenees exhumed during

the Pyrenean-Alpine tertiary orogeny and is bounded by the North and
South Pyrenean zones where Mesozoic and Tertiary sedimentary rocks
predominate (Fig. 1A) (Choukroune, 1992; Zwart, 1963a). The main
tectono-metamorphic event recorded in the PAZ is Variscan in age (
340–290 Ma) and is attributed to the convergence and subsequent sub-
duction-collision of the Gondwana continent beneath Armorica micro-
continents during the Upper Paleozoic (Matte, 2001; Stampfli et al.,

Fig. 1. A. Location of the PAZ and other domes in the Variscan belt of the Western Europe during late-Carboniferous. B: Simplified geological map of the Pyrenean
Axial Zone (PAZ) with location of the basement and metamorphic domes. Some representative U-Th-Pb data are given in bold font for Visean granite, normal font
for late-Carboniferous granite and with “*” for one metamorphic data. References: 1-Cauteret (Denèle et al., 2014); 2-Bordères-Louron (Gleizes et al., 2006); 3-Lys-
Caillaouas (Lopez-Sanchez et al., 2019); 4-Bossòst (Lopez-Sanchez et al., 2019; Mezger and Gerdes, 2016); 5-Maladeta (Martínez et al., 2016); 6-Bassiès (Paquette
et al., 1997); 7-Soulcem (Mezger and Gerdes, 2016); 8-Aston (Mezger and Gerdes, 2016); 9-Ax-les-Thermes (Denèle et al., 2014); 10-Quérigut (Roberts et al.,
2000); 11-Mont-Louis (Denèle et al., 2014); 12-Canigou (Denèle et al., 2014); 13-Cap de Creus (Druguet et al., 2014).
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2013). Nonetheless, there are some indications of Alpine deformation,
generally restricted to regional south-directed thrusts in the PAZ (e.g.
Carreras and Druguet, 2014; Cochelin et al., 2017b; Vergés et al.,
2002). The PAZ is composed of Neoproterozoic to Paleozoic metasedi-
mentary rocks and has been intruded by Ordovician or Carboniferous
granitoids. High-grade metamorphic rocks are often reported in cores of
gneiss domes, with orthogneisses derived from Ordovician granitoids
(e.g. Cocherie et al., 2005; Deloule et al., 2002; Laumonier et al., 2004)
(Fig. 1B).

The Variscan crust of the PAZ is usually subdivided into two main
structural levels (e.g. De Sitter and Zwart, 1960; Kleinsmiede, 1960;
Zwart, 1979): (i) the lower-crustal level named the Infrastructure,
which is generally composed of high-grade metamorphic metasedimen-
tary rocks and Ordovician orthogneiss (mainly in the eastern part of the
PAZ), characterized by flat-lying foliation and a long-lived regional
MT/MP Barrovian metamorphism (M1). Highly-deformed domains lo-
cally display steep and penetrative crenulation to penetrative foliations.
Several peraluminous granitoids, such as the Ax-les-Thermes granite
(emplacement age of 306.0 2.3 Ma; Denèle et al., 2014), are locally
reported in high-grade metamorphic areas and certainly originate from
the partial melting of the Infrastructure (e.g. Denèle et al., 2014; Kilzi et
al., 2016; Roberts et al., 2000). These anatectic granites generally
record a high-temperature solid-state deformation imprint and HT-LP
Buchan metamorphism is superimposed in surrounding rocks on the
Barrovian (MT-MP) metamorphism. (ii) The upper-crustal level named
the Suprastructure is generally weakly metamorphosed and character-
ized by steep fabrics with the presence of steep slaty cleavage in partic-
ular (Carreras and Capella, 1994; Carreras and Druguet, 2014; De Sitter
and Zwart, 1960; Zwart, 1979). Most magmatic bodies in the PAZ are
calc-alkaline granites (310–298 Ma; Denèle et al., 2014) and possible
product of crustal magma-mixing (Debon, 1980; Gleizes et al., 2006;
Lemirre et al., 2019; Vilà et al., 2005). They usually exhibit a poor
solid-state deformation imprint (e.g. Denèle et al., 2014 and references
therein) and small contact aureoles are often noticed close to these plu-
tons in this structural level (Debon, 1980; Evans et al., 1998).

2.1.2. Tectono-metamorphic evolution
The chronology of tectonic and metamorphic events in the PAZ is

debated and various geodynamic models have been proposed in the re-
cent decades that incorporate the presence of doming structures,
thought to have developed during extensional or transpressive defor-
mation (Carreras and Capella, 1994; Denèle et al., 2014; García-
Sansegundo et al., 2011; Laumonier et al., 2010; Martinez Catalan,
2011; Matte, 2001; Mezger and Gerdes, 2016; Mezger and Passchier,
2003; Pouget, 1991; Soula et al., 1986; Soula, 1982; Van den Eeckhout
and Zwart, 1988). Nonetheless, recent structural studies focusing on the
structural relationships between granites and metasedimentary rocks
have led to models where intrusion emplacement during late-
Carboniferous was coeval with crustal flow, dextral transpression and
doming in an overall dextral strike-slip setting (Cochelin et al., 2017b;
Denèle et al., 2014).

In the model proposed by Denèle et al. (2014) (modified after
Laumonier et al., 2010), the deformation history can be described by
three major stages: (i) an early-Variscan E-W deformation (D1) stage
between 323–308 Ma related to crustal thickening and responsible for
the formation of a flat-lying S1 foliation in the Infrastructure and a flat-
to-steep S1 foliation in the Suprastructure. This D1 stage is synchronous
to the regional M1 metamorphism with MT/MP staurolite-garnet as-
semblages (0.5 GPa and 580 °C; de Hoÿm de Marien et al., 2019;
Mezger and Gerdes, 2016) (ii) A late-Variscan deformation stage (D2)
between 308–300 Ma corresponding to the beginning of a Variscan
magmatic event associated with doming and the end of thickening D1
phase. D2 deformation is composed of two main deformation stages.
The D2a stage corresponds to horizontal and lateral crustal-flow mainly
recorded in the Aston and Hospitalet orthogneiss of the Infrastructure

(Denèle et al., 2014; Zwart, 1979) synchronous to magmatism and HT/
LP peak of metamorphism observed close to Variscan plutons and
cordierite superimposed assemblages (575–600 °C and 0.3 GPa; Mezger
and Régnier, 2016). Moreover, a HT metamorphism at the contact with
Variscan plutons is also reported with a few kilometric-scale metamor-
phic aureole in the upper crustal levels (Debon, 1980; Denèle et al.,
2014). The D2b stage is related to the formation of metamorphic domes
at 304 Ma and tight F2 folds with associated S2 cleavage, predomi-
nantly in the upper crust (Denèle et al., 2014). (iii) A younger late-
Variscan transpressive stage (D3; 300–290 Ma) is characterized by met-
ric-size E-W dextral shear-zones along regional faults, such as the
Bossòst (Mezger, 2005) or the Merens faults (Carreras et al., 1980;
Carreras and Cirés, 1986; Denèle et al., 2008; Mezger et al., 2012;
Ostkamp et al., 2019; Van den Eeckhout, 1986). Nonetheless, this geo-
dynamic model proposed by Denèle et al. (2014) does not incorporate
recent Visean magmatic ages observed in the core of several metamor-
phic dome in the Pyrenees (Mezger and Gerdes, 2016). Another geody-
namic model proposed by García-Sansegundo et al. (2011) reports
polyphase magmatism with the presence of syn-orogenic granite
formed between D1 and D2 deformation events and late-orogenic gran-
ite post-D2 event. Moreover, in this model, D2 deformation is highly
controlled by numerous south-directed Variscan thrusts mainly in the
regional Silurian black-schist levels.

2.1.3. Occurrence of a Visean-Serpukhovian event
The occurrence of Visean magmatism ( 340–325 Ma) in the PAZ was

first described by Mezger and Gerdes (2016) and is still debated (Denèle
et al., 2014; Lopez-Sanchez et al., 2019; Mezger and Gerdes, 2016;
Schnapperelle et al., 2020). The onset of Variscan deformation is com-
monly considered as Serpukhovian- Baskirian in age (325–315 Ma) by
Denèle et al. (2014), and is recorded by the syn-orogenic Carboniferous
deposition of flysch in the low-grade metamorphic domains, regionally
named the Culm facies (Delvolvé et al., 1993). However, a recent study
based on regional paleobotanical data and textural observations on Car-
boniferous Culm rocks, east of the PAZ, has proposed a time span of
Culm sedimentation between 330 and 319 Ma with two Variscan duc-
tile deformations pre- and syn-Culm flysch deposition (Martín-Closas et
al., 2018). The age of the pre-Visean deformation and the presence of
undeformed igneous rocks in the Culm conglomerates is difficult to link
to the model of Denèle et al. (2014), where the beginning of magma-
tism and deformation is considered Namurian in age (325 Ma). More-
over, in the central part of the PAZ (Aran Valley), detrital zircons of ig-
neous origin have been reported from Culm flysch rocks and dated at
338 2 Ma (Martínez et al., 2016).

The poorly deformed Late-Variscan granitoids are interpreted as
contemporaneous to the dextral transpressive tectonic regime
(312–300 Ma; e.g. Guitard et al., 1984; Paquette et al., 1997; Evans et
al., 1998; Roberts et al., 2000; Carreras et al., 2004; Gleizes et al., 2006;
Denèle et al., 2014) (Fig. 1B). Nevertheless, the Visean-Serpukhovian
ages (340–325 Ma) obtained for the emplacement of the Bossòst and
Soulcem granitoids in the deep crust, the migmatization of the Aston
dome as well as the occurrence of Serpukhovian inherited zircon
(331–323 Ma) from the Bossòst and Lys-Caillaouas leucocratic grani-
toids facies clearly demonstrate the occurrence of a proto-dome and re-
stricted magmatism, Visean in age (Lopez-Sanchez et al., 2019; Mezger
and Gerdes, 2016; Schnapperelle et al., 2020).

2.1.4. Stratabound Pb-Zn mineralization
In this tectonic-metamorphic framework, the chronology of

stratabound Pb-Zn mineralization is still unclear. Mostly located in the
central and western part of the PAZ, stratabound mineralization is
hosted in clastic and carbonate rocks from Cambro-Ordovician to De-
vonian ages (Cugerone et al., 2018b; Pouit, 1985). This mineralization-
type is mostly parallel to S0-S1 foliation or hosted in D1 thrusts and ap-
pears locally subsequently remobilized in F2 fold hinges or D2 thrusts
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(Fig. 2B) (García-Sansegundo et al., 2014). Lead-zinc mineralization
can be hosted in high-grade metamorphic rocks located in the Infra-
structure as in the Victoria district, or in the low-grade metamorphic
rocks of the Suprastructure as in the Pierrefitte or Bentaillou deposits

(Fig. 2A-B). Based essentially on macrostructural concordance between
mineralization and stratification, ore formation has been interpreted in
many studies as Ordovician or Devonian in age and as the result of syn-
genetic processes with only minor local remobilization during the later

Fig. 2. A. Geological map of the Bossòst dome with samples locations and their corresponding ages (additionnal ages in the northern part of the Bossòst metamor-
phic core from Lopez-Sanchez et al., 2019; Mezger and Gerdes, 2016): two granitic dykes represented with red circles, two metasedimentary rocks represented with
pink circles, and Bentaillou Pb-Zn mineralization at the east of the Bossòst dome represented with orange circles. Location of metamorphic mineral assemblages
from Mezger and Passchier (2003) is indicated by colored squares. Abbreviations: NPF: North Pyrenean Fault; BF: Bossòst fault; GT: Gavarnie thrust. B. Two cross-
sections of the southern and eastern part of the Bossòst dome. Location of the Bentaillou and other Pb-Zn mines are represented as well as position of the samples in
the area (except BOS32b) (modified from Cugerone et al., 2018a; Cugerone et al., 2018b; García-Sansegundo and Alonso, 1989). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this article.)
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Variscan D2 tectonic event, and with no significant involvement of
Variscan D1 tectonics (Cardellach et al., 1996; García-Sansegundo et
al., 2014; Pouit, 1978; Pouit and Bois, 1986). Nonetheless, a recent re-
gional field study of stratabound and vein Pb-Zn mineralizations in the
PAZ indicated a syn-D1 mineralization, related to the opening of pull-
apart type structures parallel to S1 foliation and transposed on S0 strati-
fication, and in close association with D1 thrust or F1 kilometric-size re-
cumbent folds. This new metallogenic model is also based on cross-
cutting and kinematic indicators between sphalerite and metamorphic
mineral (gahnite, garnet) and also demonstrates subsequent local remo-
bilization of D2 tectonic (Cugerone et al., 2018b).

2.2. The Bossòst dome

2.2.1. Structures
The Bossòst dome is located in the central part of the PAZ, between

the North Pyrenean Fault and the Aran Valley synclinorium (Figs. 1 and
2), and is composed of Cambro-Devonian metasedimentary rocks and a
Variscan granitic complex associated with a metamorphic core, trun-
cated by the E-W trending Bossòst fault (Cochelin, 2016; García-
Sansegundo, 1996; Mezger and Passchier, 2003; Pouget, 1991). This
fault is probably related to Variscan and/or Pyrenean-Alpine tectonics
(Mezger, 2005). Structurally, Variscan D1 deformation is largely associ-
ated with the development of the generally E-W trending S1 foliation,
into which S0 is frequently transposed. In the metamorphic core of the
Bossòst dome, S1 is easily observed with aligment of metamorphic min-
erals (e.g. biotite, garnet, gahnite) or elongated quartz, and is clearly
axial planar to large kilometric-size recumbent F1 folds in the two
structural levels (García-Sansegundo and Alonso, 1989; Matte, 1969).
D2 deformation is recorded by the presence of upright open to tight
folds generally associated with a crenulation or penetrative S2 cleavage
with predominantly E-W trends and vertical dip, that generally post-
dates granitic intrusions (D2 and D3 in Mezger and Passchier, 2003).
Commonly, D2 deformation is mainly recorded in the Suprastructure,
and is visible by the presence of numerous F2 folds and, in the Devonian
rocks, probably related to detachment layers on Silurian black-schists
(García-Sansegundo et al., 2011). Nonetheless, in the Infrastructure, D2
is locally recorded with tight F2 folds in Ordovician schists associated
with crenulation or penetrative S2 cleavage (Cugerone et al., 2018b;
Mezger and Passchier, 2003).

2.2.2. Magmatic bodies
A calc-alkaline granitoid occupies the metamorphic core (south of

the Bossòst dome; Fig. 2a) and is part of a kilometric-size batholith in
the northern sub-metamorphic core generating M2-LP-HT metamor-
phism (see cordierite spots in the Fig. 2). The granitic pluton intrudes
Cambro-Ordovician metapelites and locally marble (Fig. 2B) and is es-
sentially composed of undeformed leucocratic muscovite-hornblende
granites, minor two-micas granites (Mezger and Passchier, 2003), and
local plastically-deformed hornblende tonalite (Mezger and Gerdes,
2016). In the southern sub-metamorphic core, many localized granitic
dykes intruding metasedimentary rocks are observed along an E-W
trend (Fig. 2A and B). The folded E-W trending S1 is crosscut by the
main granitic body and sub-vertical E-W S2 cleavage has probably de-
veloped at depth during the formation of the Bossòst granite (Mezger
and Passchier, 2003). D2 deformation may have continued during the
consolidation of the granitic body (Mezger and Gerdes, 2016).

2.2.3. Metamorphism
In the Bossòst metamorphic core, metapelites have been affected by

polyphase metamorphism (Mezger and Passchier, 2003; Mezger et al.,
2004). In the Infrastructure, M1 Barrovian metamorphism is recorded
in staurolite and garnet schists with a peak estimated at 580 °C and
0.5 GPa. A zinc-spinel (gahnite; ZnAl2O4) locally reported in the Infra-
structure, is probably associated with M1 metamorphism and is cross-

cut by stratabound Pb-Zn mineralized bodies at Victoria deposit (Fig.
2A) (Cugerone et al., 2018b; Pujals, 1992). This regional metamor-
phism is locally overprinted by HT M2 assemblage with late syn-
kinematic growth of cordierite, which constitutes a contact aureole
(0.5–1 km in thickness) according to Mezger and Passchier (2003), with
an estimated peak at 575–600 °C and 0.3 GPa (Fig. 2A and B). A pro-
grade zoning with biotite, andalusite-cordierite and sillimanite-
cordierite assemblages is recorded towards the contact with the granite
(Lopez-Sanchez et al., 2019; Mezger et al., 2004).

2.2.4. Previous geochronological studies on metamorphic core.
Mezger and Gerdes (2016) performed a geochronological study (U-

Th-Pb LA-ICPMS separate-zircon) on two granites and a deformed
tonalite collected in the northern part of the Bossòst metamorphic core
(Fig. 2A). The granitic samples yielded well-constrained zircon concor-
dia ages of 338.2 ± 2.5 Ma and 336.8 ± 2.0 Ma whereas the zircons
of the tonalite give a less constrained age of 347 ± 10 Ma. These
Visean-Serpukhovian ages are interpreted as the emplacement age of
the Bossòst granite, thus defining a minimum age for M1 Barrovian
metamorphism. However, the meaning and existence of these Visean-
Serpukhovian ages is still controversial (Cochelin et al., 2017a; Denèle
et al., 2014; Le Bayon and Cochelin, 2020; Lopez-Sanchez et al., 2019).

Lopez-Sanchez et al. (2019) dated by LA-ICPMS U-Pb separate-
zircon, an undeformed leucocratic granite collected on the northern
part of the Bossòst dome and obtained a more complex history with a
concordia age of 295 ± 2 Ma and along with a lower intercept age at
326 ± 3 Ma. These authors interpreted this concordia age as the
early-Permian emplacement of leucogranite and the lower intercept
age as evidence of an early-Carboniferous thermal event recorded in
pre-Variscan zircon, confirming the existence of a Visean-
Serpukhovian magmatism in the PAZ. And, the most likely age for the
peak M2 HT-LP metamorphism is probably Early-Permian (Lopez-
Sanchez et al., 2019).

2.2.5. Stratabound Pb-Zn mineralization
Stratabound Pb-Zn mineralization is hosted in Cambrian to Late-

Ordovician metasediments from the two crustal levels, but no known
structural relationship between granitic bodies and stratabound Pb-Zn
mineralization is reported in the Bossòst dome. Stratabound mineraliza-
tion can be hosted in high-grade metapelites such as gahnite schist in
the Victoria deposit, in marble and black-schists at Bentaillou or in calc-
schists in the Liat-Urets deposits (Fig. 2). In the Victoria and the Horcall
deposits, south and north-east of the Bossòst dome, respectively (Fig.
2A and B), stratabound mineralization is intensely folded by F2 folds
but cross-cut metamorphic mineral assemblage such as gahnite as well
as hosted in shadow pressure of garnet crystals (Cugerone et al., 2018b;
Cugerone et al., 2021a; Cugerone et al., 2021b, submitted). The Bentail-
lou Pb-Zn deposit is located in low-grade marble and schists (Fert,
1976; Zwart, 1963b) and consequently is interpreted as part of the
Suprastructure. This deposit is hosted in the normal limb and hinge
zone of a kilometric-size recumbent fold (Fig. 2A and C; Cugerone et al.,
2018a; Cugerone et al., 2018b; García-Sansegundo and Alonso, 1989).
Based on field observations, Pb-Zn mineralization is hosted in metric- to
decametric-size pull-apart type structures sub-parallel to S0-S1 foliation
and consequently, stratabound Pb-Zn mineralization is interpreted as
syn- or slightly post-D1 (Cugerone et al., 2018b).

3. Description of dated samples

3.1. Two granitic dykes

In the southern area of the Bossòst dome and in the Infrastructure,
we have performed U-Pb dating on zircon from two granitic samples
(BOS32a, BOS32b) located along the Garonne river. They were col-
lected in E-W trending metric-size granitic dykes (Fig. 2A and B), two
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kilometers away of each other. Two weakly strained and unaltered leu-
cocratic granitic bodies intrude metapelitic rocks preserving a
cordierite-sillimanite assemblage (HT-LP; 575–600 °C and 0.3 GPa)
(Fig. 3A). At microscopic scale, these dykes are composed essentially of
quartz, alkali feldspar and muscovite, with restricted kink-bands in
muscovite, and only few recrystallized quartz crystals with sub-grains
indicating limited brittle-ductile deformation (see inset in Fig. 3A).

3.2. Two metapelites

The U-Th-Pb in situ dating on monazite was performed on two late-
Ordovician metapelites collected in the same area, 10 m away from
each other, close to the Arres de Jos village (BOS17 and BOS18). A pre-
vious P-T study by Mezger and Passchier (2003) in this area was carried
out which estimates P-T conditions of the two samples at 500 °C and
0.4 GPa. An assemblage of muscovite, biotite, garnet and staurolite
aligned along S1 foliation constitutes the metamorphic assemblage. In
the two samples, no cordierite or andalusite crystals that could possibly
indicate superimposed HT-LP (M2) metamorphism are observed
(Mezger and Passchier, 2003) (Fig. 4B). BOS17 exhibits a well-
preserved S1 foliation without pronounced D2 and HT-LP overprints.
Biotite, garnet and centimeter-size staurolite are common indicators of
the foliation S1 (Fig. 4A). BOS18 displays similar metamorphic assem-
blage with biotite, garnet and staurolite aligned along the S1 foliation

even if few garnet and staurolite appear parallel to the crenulation
cleavage S2 associated with F2 folds (Fig. 4B).

3.3. Monazite associated with Pb-Zn mineralization from the Bentaillou
deposit.

In the Suprastructure of the northeastern area of the Bossòst dome,
monazite included or directly associated with sphalerite was dated in-
situ in stratabound Pb-Zn mineralization from the Bentaillou deposit
(BEN07 sample; Fig. 3B-D and Fig. 4C). Unfortunately, no monazite
grains were found in the thin sections of other Pb-Zn deposits in the
Bossòst dome (Liat, Victoria, Pale Bidau). At Bentaillou, the studied
sample is hosted in late-Ordovician black-schist at the uppermost part
of the Bentaillou marble and was collected at the base of one of the
thickest mineralized bodies. Stratabound Pb-Zn veins are essentially
composed of sphalerite and galena, with gangue minerals of calcite and
muscovite, and locally crosscut minor disseminated and stratiform
galena, supposed syngenetic (Fig. 3C-D and Fig. 4C-E). Pluri-
millimetric-size calcite crystals appear orthogonal to the vein walls
with comb-texture intergrowing with sphalerite (Fig. 4C-D). Sphalerite
crystals intergrow or fill empty spaces with millimetric-size needles of
muscovite, the only metamorphic mineral reported in this sample. No
alteration in the host-rock is observed. Nonetheless, Bentaillou spha-
lerite seemed to have undergone recrystallization with presence of
polygonal crystals or “foam textures” (Fig. 4C) contemporaneous of a

Fig. 3. Outcrop photographs and thin section microphotographs. A. Granitic dykes in the Bossòst metamorphic core crosscutting S0-S1 foliation. Small inset evi-
dences the presence of kink bands in muscovite and relative weak recrystallization and deformation in these granitic dykes. B. Typical Bentaillou Pb-Zn mineral-
ization hosted between Cambro-Ordovician marble and late-Ordovician black schist (1875 level – Saint-Jean gallerie). Clast of schist are observed in the Pb-Zn
mineralization. C-D. Textural co-genetic relationship between sphalerite (Sp), muscovite (Ms) and calcite (Cal)in stratabound vein mineralization hosted in black-
schist at Bentaillou.
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Fig. 4. A. Metapelite (BOS17) with biotite (Bt), garnet (Gt) and staurolite (St) assemblages (plane polarized light). Location of the Fig. 6D is noted with a white
square. B. Metapelite (BOS18) with muscovite (Ms), garnet (Gt) and staurolite (St) assemblages (plane polarized light). Location of the Fig. 6C is represented with
a white square. C. Typical sphalerite (Sp) mineralization observed in transmitted light from the Bentaillou deposit hosted in black-schist and associated with cal-
cite (Cal) and galena (Gn). Location of the monazite crystals (Mnz) analyzed in this area are represented with yellow circle. A small inset in reflected light shows
that main stratabound Pb-Zn mineralization crosscut minor disseminated galena, supposed syngenetic. D-E. Reflected light microphotographs showing the location
of the Mnz2 and Mnz4 in the stratabound Pb-Zn veins. Monazite grains (Mnz) are represented in yellow and white dashed lines evidence boundaries of
stratabound vein, mostly composed of sphalerite (Sp), galena (Gn) and muscovite (Ms). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

low-grade metamorphism (<400 °C, Cugerone et al., 2021a). Low trace
contents in Ga, Ge and In (<10 ppm) observed in the same sphalerite
sample at Bentaillou is also a supporting clue of this metamorphic im-
print (Cugerone et al., 2021a; Frenzel et al., 2016).

4. Instrumentation and analytical methods

Zircon crystals were obtained by a conventional mineral separation.
The selected grains were mounted on 2.5 cm blocks with epoxy resin
and polished. Monazite was analyzed in-situ in thin section in order to
preserve the textural relationships between monazite, sphalerite and
the metamorphic minerals. Before analysis, backscatter electron (BSE)
and cathodoluminescence (CL) images were acquired for all grains us-
ing a scanning electron microscope (SEM) in order to check spot posi-
tions with respect to the internal microstructures, inclusions, fractures
and physical defects.

U-Th-Pb geochronology of zircon and monazite was conducted by
laser ablation inductively coupled plasma spectrometry (LA-ICPMS) at

Laboratoire Magmas & Volcans (Clermont-Ferrand, France). The analy-
ses involved the ablation of minerals with a Resonetics Resolution Ex-
cimer laser system operating at a wavelength of 193 nm. The detailed
analytical procedures are described in Paquette et al. (2014) and de-
tailed in Hurai et al. (2010) and in the supplementary material (ESM1).
Data reduction was carried out with the software package GLITTER®
from Macquarie Research Ltd (Jackson et al., 2004; Van Achterbergh et
al., 2001). Calculated ratios were exported and ages and diagrams were
generated using the Isoplot/Ex v. 2.49 software package of Ludwig
(2001). The decay constants used for the U-Pb system are those deter-
mined by Jaffey et al. (1971) and recommended by the IUGS (Steiger
and Jäger, 1977). In the text, figures and supplementary materials, all
uncertainties in ages are given at ±2 .
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5. U-Th-Pb results

5.1. Zircon dating of two granitic dykes

Zircons in the two Bossòst granite dykes are rare, medium sized (be-
tween 100 and 200 µm), and often metamict (see ESM2).

Sample BOS32b shows two distinct zircon populations. One is
opaque red with numerous inclusions of UO2, biotite and quartz. The

second is slightly more translucent showing euhedral crystal with
bipyramidal shape and generally rare inclusions. Moreover, some
grains have a thin rim (∼10 µm) rich in inclusions. Only the second
population could be dated. Cathodoluminescence is low and displays a
slight oscillatory zoning (ESM2). A total of 28 spots on 24 crystals was
performed and plotted on the concordia diagram (Fig. 5A; ESM3).
These analyses show very low Th/U ratios (≪0.1; ESM3) associated
with low Th (1.1–6.7 ppm), high to very high U (3624–20918 ppm) and

Fig. 5. A. and B. Zircon U-Pb concordia diagrams (LA-ICP-MS) obtained on two granitic dykes of the Bossòst metamorphic core, BOS32B and BOS32A, respec-
tively. Error ellipses and uncertainties in ages are ± 2σ. The stippled ellipses are not taken into account for the age calculation. “n” corresponds to the number of
data used to calculate the age. Histogram distribution diagrams is shown. To avoid distorting the distribution of populations, only one date per grain is used.
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medium–high Pb concentrations (165–930 ppm). The 28 ellipses are
concordant to sub-concordant between 230 and 330 Ma. Among these
analyses, 18 ellipses constitute a cluster around 310 Ma yielding a con-
cordia age of 307.2 ± 4.7 Ma (MSWD(C+E) = 1.8; n = 10) and 10
analyses represented by dotted ellipses, performed on zircon rims, pre-
sent younger ages. These data are not taken into consideration for the
age calculation because they reflect probably radiogenic Pb losses.

In the BOS32a sample, most of the zircons are fragments (ESM2). No
internal structure is identified, and grains contain many fractures and
inclusions of UO2 and biotite. A total of 19 analyses, carried out on 14
crystals are listed in the ESM3 and plotted in Fig. 5B. Except for spots 1
and 5, the data show low Th (1–7 ppm), high U (3119–13398 ppm) and
medium Pb concentrations (140–539 ppm). Their Th/U ratios are very
low (≪0.1; ESM3). The concordia diagram shows a more complex date
pattern showing a great dispersion of 206Pb/238U dates between 330 and
200 Ma and with only a small number of concordant ellipses (n = 8)
(Fig. 5B; ESM3). Usually, the discordant data analyzed by the LA-ICPMS
method are only considered if they allowed possible discordia line to be
defined by a linear regression on the concordia diagrams; otherwise
they are not taken into consideration because of doubtful interpreta-
tion. Nonetheless, several factors that cannot be easily detected from
the inspection of the time-resolved signals might contribute to discor-
dance such as common Pb related to low U content inclusions, mixing
of different age domains or presence of small cracks. A linear regression
of 17 analyses (excepted spot 5 and 19) yields an upper intercept of
331 ± 13 Ma (MSWD = 1.5). But if we consider only the eight data
with single-grain concordia age, the dates histogram shows the pres-
ence of three populations at ∼330 Ma (group 1), ∼305 Ma (group 2)
and ∼285 Ma (group 3) (Fig. 5B; ESM3). Group 1 is recorded by one zir-
con (Z1) with a concordia age of 333 ± 12 Ma. This analysis differs
from the others by its Th content (29 ppm). Group 2 is determined from
3 crystals (Z10, Z15 and Z16). These data yield a concordia age of
304 ± 12 Ma (MSWD(C+E) = 3; n = 4). The last group is also com-
posed of 3 zircon crystals and yields a concordia age of 283 ± 15 Ma
(MSWD(C+E) = 3.7; n = 3). The other data are interpreted as reflecting
the presence of a slight Pb loss (dotted grey ellipse) together with the
probably small amount of common Pb (spot 19).

5.2. Monazite dating of two metapelites

Monazite from two metapelites (BOS17 and BOS18) range from 10
to 200 µm with an irregular outline. These grains appear either parallel
to foliation S1 or cleavage S2, or included in metamorphic mineral as-
semblages such as garnet, staurolite or muscovite in BOS18 (Fig. 6A-C)
and staurolite in BOS17 (Fig. 6D). Monazite is homogeneous, without
internal zoning patterns in Ce, Y or Th. In BOS18 and BOS17 samples,
19 and 11 spots were performed on 11 and 5 monazite crystals respec-
tively (ESM3). The analyses of both samples are similar with a wide
range of Th (most 2 000–46 500 ppm), U (100–3 200 ppm) and Pb
(most 180–1380 ppm) concentrations and the ratio Th/U is relatively
low (4.6–31). In the concordia plots, the ellipses of both samples plot
between 280 and 330 Ma with a concordant cluster around 290 Ma and
some discordant data probably related to common Pb contaminations
(Fig. 7A and B). The linear regression for the samples BOS17 and BOS18
yields a lower intercept of 289.1 ± 5.9 Ma (MSWD = 0.1; n = 10)
and 290.0 ± 3.8 Ma (MSWD = 0.1; n = 18), respectively. There is no
relation between monazite included in metamorphic mineral assem-
blages or hosted in matrix (ESM3). Nonetheless, for the BOS17 sample,
two analytical spots on one monazite crystal included in garnet near a
fracture (Mnz7) exhibit significant differences in age (ESM3 and Fig.
6D). This analysis close to the fracture yields a date of 294 ± 13 Ma,
and in a distant from the fracture a date of 329 ± 14 Ma (spots # 9 and
10; Fig. 6D). For the sample BOS18, the analytical spot (# 15) carried
out on a monazite included in staurolite yields a 206Pb/238U date of
334 ± 13 Ma (Fig. 6C). The dates obtained by lower intercept for the

both samples (BOS17 and BOS18) are similar (289.1 ± 5.9 Ma and
290 ± 3.8 Ma). If we plot all the data in a same diagram, we obtain a
lower intercept date of 289.8 ± 3.0 Ma (MSWD = 0.1; n = 28) and
two older data around 330 Ma showing a slight discordance probably
due to a low common Pb contamination (ESM3, Fig. 7C). If we report
these two data on the common-Pb composition of the two-stage crustal
evolution model of Stacey and Kramers (1975), two similar single-grain
concordia ages with common-corrected Pb yield 329 ± 7 Ma (# 14;
BOS18) and 326 ± 7 Ma (# 10; BOS17).

5.3. Monazite dating associated with Pb-Zn mineralization from the
Bentaillou deposit.

At Bentaillou, monazite crystals have anhedral shapes (BEN07 sam-
ple; Fig. 4C-E and Fig. 6E-F), sometimes fragmented with usually irreg-
ular and resorbed edges. They are systematically associated with a mi-
crometric-size muscovite corona of various thickness (<50 µm). The
studied monazite and muscovite assemblage is found in textural contact
or included into sphalerite (Fig. 6E and 6F). Inclusions of galena, spha-
lerite, muscovite, and ilmenite are observed in monazite (<10 µm; Fig.
6E and F). Monazite is not clearly zoned in Ce, Y and Th. In the BEN07
thin section, 10 spots were performed on 5 monazite crystals (ESM3;
Fig. 8). The studied monazites have a large range of Th (1 087–9
700 ppm), U (215–964 ppm) and medium Pb concentrations
(142–432 ppm) with a low Th/U ratio (1.6–28.3). The results are plot-
ted in a Tera-Wasserburg diagram because the data are very discordant
due a relatively high proportion of common Pb (Fig. 8). The linear re-
gression yields a lower intercept of 309 ± 11 Ma (MSWD = 1.6;
n = 10) and a 207Pb/206Pb initial value of 0.869 ± 0.054 consistent
with the composition of the Variscan common Pb (c.a. 0.856) following
the model of Stacey and Kramers (1975) for the terrestrial Pb evolution.

6. Discussion

6.1. Ages interpretation

6.1.1. Zircon dating of two granitic dykes
In the Infrastructure of the southern area of the Bossòst dome, the

two low strain unaltered leucocratic granite dykes exhibit identical tex-
tural and petrogenetic patterns. Zircon Th/U ratios and U contents are
typical from peraluminous granitoids and particularly the early-
Permian leucocratic granite facies of the Bossòst pluton (Lopez-Sanchez
et al., 2019; Lopez-Sanchez et al., 2016). The first sample (BOS32b)
shows a cluster of data with a concordia age of 307.2 ± 4.7 Ma, which
is interpreted as the emplacement age of this granitic dyke. This age is
in agreement with the commonly reported ages for Late-Variscan mag-
matism within the PAZ generally ranging between 315 and 300 Ma
(Figs. 1 and 9; e.g. Denèle et al., 2014).

Due to a large spread of the data along the concordia line, the inter-
pretation of the second sample (BOS32a) is more complex. The dates
histogram shows the presence of three zircon populations (Fig. 5B). The
concordia age of 283 ± 15 Ma obtained on the youngest zircon popula-
tion may be interpreted as the emplacement age of this dyke. This
poorly constrained age is similar within error to the emplacement age
at 295 ± 2 Ma from the undeformed leucocratic granite collected on
the western edge of the main Bossòst batholith (Lopez-Sanchez et al.,
2019) (Fig. 2A). Moreover, early Permian magmatic intrusions
(298–290 Ma) are widespread throughout the whole PAZ (Druguet et
al., 2014; Kilzi et al., 2016; Lemirre et al., 2019; Lopez-Sanchez et al.,
2019; Poitrenaud et al., 2019; Schnapperelle et al., 2020; Van
Lichtervelde et al., 2017). Recently, Schnapperelle et al. (2020) have
proposed that the leucocratic granite dykes intruding the Aston and
Hospitalet domes were also emplaced in the late-Carboniferous to
early-Permian as well (ca. 306–297 Ma). These dykes preserve abun-
dant xenocrysts and inherited zircon grains that are preserved from the
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Fig. 6. Back-scattered electron (BSE) images of the studied monazites. Age (Ma) and location of LA-ICP-MS analyses are shown in A-D (abbreviations: Ap: apatite;
Gn: galena; Gt: garnet; Ms: muscovite; Mnz: monazite, St: staurolite). A. Monazites included in garnet (Mnz 4, 5 and 10; BOS18). B. Zoom of the monazite Mnz4
(Concordia age; BOS18). C. Monazite associated with staurolite (Mnz16-1 and 16–2 with 206Pb/238U ages; BOS18). D. Monazite included in garnet and associated
with ilmenite and close to a fracture (Mnz7 with Concordia ages; BO17). E. Monazite assemblage associated with sphalerite and muscovite (Mnz2, BEN07). F. Mon-
azite associated with sphalerite with inclusions of muscovite and galena (Mnz4; BEN07).

melt of the dykes. This suggests the recycling and incorporation of ma-
terial of the adjacent intruded rocks during magma ascent through the
crust (Schnapperelle et al., 2020).

This may also explain the presence of the other two older popula-
tions obtained in the BOS32a sample. One population yields a concor-
dia age of 304 ± 12 Ma, which is similar to the one obtained within er-
ror to the first dyke (BOS32b). The other population at 333 ± 12 Ma
(Fig. 5B) is consistent with the Visean concordia ages (ca. 337–339 Ma)
interpreted as the emplacement age of the Bossòst granitic dome by
Mezger and Gerdes (2016). Moreover, close to the study area, Visean

detrital zircons of igneous origin have been reported from Serpukhov-
ian Culm flysch deposits in the Aran valley, south of the Bossòst dome
which infer the probable presence of Visean magmatic bodies at the sur-
face during flysch sedimentation (Martínez et al., 2016) (Fig. 2).

6.1.2. Monazite dating of two metapelites
The dating of monazite included or not in metamorphic minerals

yields similar lower-intercept dates at 289.1 ± 5.9 and 290 ± 3.8 Ma,
respectively. There is no significant difference in age between the vari-
ous textural positions (e.g., inclusion vs. matrix) or structures (S1 or S2)
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Fig. 7. U-Th-Pb concordia diagrams for the monazites analyzed in the
metapelites. Error ellipses and uncertainties in ages are ± 2σ. The stippled el-
lipses are not taken into account for the age calculation. A. Monazites from
BOS17. B. Monazites from BOS18 and C. Monazites from BOS17 and BOS18.

except with two sub-concordant data points recording older dates at
∼330 Ma. These were obtained on monazite grains included in a garnet
(#10 of BOS 17) and in a staurolite (#14 of BOS 18) (Fig. 7), and in do-
mains with no brittle fracture and probably preserved from fluid circu-
lation. Generally, monazite preserve crystallization ages because it is
not sensitive to Pb diffusion (e.g. Cherniak et al., 2004; Gardés et al.,

2007; Seydoux-Guillaume et al., 2002) but monazite is prone to recrys-
tallize due to dissolution/precipitation processes when fluids or melts
are involved, and the isotopic system may therefore be partially or to-
tally reset (e.g. Bosse et al., 2009; Didier et al., 2014; Hetherington et
al., 2010; Kelly et al., 2012; Rasmussen and Muhling, 2007; Tartèse et
al., 2011; Williams et al., 2011). Our monazite ages on metapelites
show two Variscan episodes of monazite growth: one of Visean-
Serpukhovian age (∼330 Ma), and the other of early-Permian age
(∼290 Ma). These two episodes are likely to coincide with the two mag-
matic events (340–325 Ma and 310–295 Ma) described in the Bossòst
dome (Lopez-Sanchez et al., 2019; Mezger and Gerdes, 2016) and more
generally in the PAZ (e.g. Denèle et al., 2014; Schnapperelle et al.,
2020) (Fig. 1B, 9 and ESM3).

These data confirm this diachronism in ages already observed for
magmatic and metamorphic rocks (Aguilar et al., 2015; Aguilar et al.,
2014; Esteban et al., 2015; Lopez-Sanchez et al., 2019; Mezger and
Gerdes, 2016). Most of these authors agree that the dominant HT-LP
metamorphism was contemporaneous with a widespread magmatic
event that occurred between 315 and 290 Ma. We interpret the early
Permian ages of c.a. 290 Ma recorded by monazites from the Bossòst
metapelites as their recrystallization ages due to the upward percola-
tion of late-anatectic melts as well as the fluid–rock interaction during
the late-stage HT-LP (M2) metamorphic history recorded in the Bossòst
metamorphic core. The two older ages at ca. 330 Ma may be linked to
the early MP-HT (M1) metamorphic episode. Even if additional data are
needed to validate the age of this event, these data are similar in error
limits to the Visean ages obtained on Bossòst and Aston dome (Lopez-
Sanchez et al., 2019; Mezger and Gerdes, 2016).

6.1.3. Monazite dating associated with Pb-Zn mineralization from the
Bentaillou deposit.

Monazite grains hosted in the Bentaillou stratabound Pb-Zn veins
parallel to S1 foliation yield an age of 309 ± 11 Ma. At Bentaillou, the
studied monazite grains are always found within stratabound Pb-Zn
veins and contain inclusions of galena and sphalerite. No metamorphic
or alteration mineral is reported close to the Pb-Zn mineralization ex-
cept muscovite associated or included into sphalerite and monazite.
Their irregular shape, relative coarse grain size (up to ∼100 µm) and as-
sociation with muscovite may be related to precipitation of monazite
under low-grade metamorphic conditions (<400 °C; (Milodowski and
Zalasiewicz, 1991; Rasmussen et al., 2001; Rasmussen and Muhling,
2007; Wilby et al., 2007; Wing et al., 2003). Nonetheless, textural and
chemical observations seem to indicate static recrystallization only in
sphalerite, with coarse “foam” texture (Cugerone et al., 2021a). Spha-
lerite is commonly considered as a ductile mineral and can recrystallize
at low-temperature under experimental conditions (<400 °C; Cugerone
et al., 2020; Kelly and Clark, 1975; Kollenberg and Siemes, 1983;
Siemes et al., 1991; Siemes and Hennig-Michaeli, 1985). Based on field-
work observations and textural evidence between monazite, muscovite
and sphalerite, we consider the data of 309 ± 11 Ma as the age of
stratabound Pb-Zn mineralization formation during a major Variscan
remobilization event, which is clearly synchronous to the main mag-
matic-metamorphic event reported in the metamorphic core of the
Bossòst dome (310 Ma). This is the first geochronological evidence of
Variscan Pb-Zn mineralizing event in the Pyrenees. This is consistent
with the field work arguments of Cugerone et al. (2018a) and Cugerone
et al. (2018b) in the Bentaillou mining district. Therefore, the forma-
tion of stratabound Pb-Zn mineralization may be synchronous to D1 de-
formation associated with MT-MP regional metamorphism in the
Suprastructure and synchronous to the Late-Carboniferous magmatism
(310–300 Ma).
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Fig. 8. U-Th-Pb concordia diagrams for the monazites associated with sphalerite from the Bentaillou deposit. Error ellipses and uncertainties in ages are ± 2σ. The
stippled ellipses are not taken into account for the age calculation.

6.2. Timing of magmatic and metamorphic events in the Bossòst dome

In the PAZ, the transition between MT-MP and HT-LP metamor-
phism is considered Late-Carboniferous (308 Ma) according to Denèle
et al. (2014) but this geodynamic model does not take into account the
Visean-Serpukhovian magmatism recently reported in the literature
(Mezger and Gerdes, 2016; Schnapperelle et al., 2020). Moreover, this
transition has been newly reported at 340–335 Ma due to the presence
of Visean magmatism (340–320 Ma) in the Infrastructure and further
migmatization of these plutons during HT-LP metamorphism recorded
by monazite in the Aston dome (325 Ma; Mezger and Gerdes 2016). At
the same period, a transition between thickening of the crust (D1) and
doming (D2) is proposed (Mezger and Gerdes, 2016) In the Suprastruc-
ture, magmatism is restricted to Late-Carboniferous and HT-LP meta-
morphism is very limited.

In our study, zircon and monazite ages on leucogranite dykes and
metapelites mainly record a Late-Carboniferous age (310–290 Ma) for
Variscan magmatism and metamorphism. Nonetheless, data obtained
on monazite hosted in staurolite and garnet as well as one zircon show
the occurrence of a Visean-Serpukhovian magmatism and metamor-
phism event (330 Ma; Fig. 9). Meanwhile, our monazite age of
309 11 Ma recording the formation of syn-D1 Pb-Zn mineralization
at Bentaillou is difficult to reconcile with the D1-D2 transitions
(340–335 Ma) proposed by Mezger and Gerdes (2016) in the Bossòst
dome. As a consequence, we suggest that deformation and metamor-
phism were decoupled between the two structural levels (Fig. 10), simi-
lar to the model of Carreras and Capella (1994). Consequently, we in-
terpret the tectono-metamorphic evolution that frames the stratabound
Pb-Zn mineralizing event as follows:

At 340 Ma, the first tectonic event recorded in the two structural
levels of the Bossòst dome is a long-lived period of D1 thickening, iden-
tified by kilometric-scale folding and thrusting (Fig. 10). These struc-
tures are mainly observed in the low-metamorphic Suprastructure, but
are assumed to be present in the Infrastructure as well (García-
Sansegundo and Alonso, 1989; Matte, 2002; Matte, 1969). During D1,
MT-MP metamorphism (M1) occurs in the Bossòst Infrastructure
(Mezger and Passchier, 2003). Between 340 and 330 Ma, Visean-

Serpukhovian peraluminous magmatism (Figs. 9 and 10) occurs as a
consequence of crustal thickening. Plutons intrude the Infrastructure
core and the central part of the PAZ (Mezger and Gerdes, 2016). In the
south of the Bossòst dome, the oldest fossils discovered in the flysch
basins attest that the deposition of sediments is late-Visean-
Serpukhovian. Undeformed granites that crosscut foliated flysch sedi-
ments in basins between 305 and 295 Ma allow to provide a minimum
age for the end of sedimentation (e.g. 302 ± 7 Ma for Maladeta granite
in the Aran Valley). Moreover, clasts of Visean-Serpukhovian deformed
granite are found in flysch basins (e.g. 338 ± 2 Ma in the Aran Valley),
demonstrating that these granites were at least partially eroded at that
time (Martínez et al., 2016). In the Suprastructure, no Visean-
Serpukhovian magmatism is known but a low-grade regional metamor-
phism, certainly related to M1 metamorphism is reported (Cugerone et
al., 2018b). It remains generally poorly recorded in the PAZ (Cochelin
et al., 2017b; de Hoÿm de Marien et al., 2019; Mezger and Gerdes,
2016).

Between 310 and 290 Ma, the main Late-Carboniferous magmatism
occurs with the emplacement of kilometric-scale batholiths in all the
PAZ. It is related to a regional temperature increase following crustal
thickening and partial melting in the lower crust (Vilà et al. 2007;
Carreras and Druguet 2014; Denèle et al. 2014; Fig. 10). In the Supras-
tructure, magmatism is limited even if some undated leucocratic gran-
ite intrusions are locally reported at the north-western part of the
Bossòst dome (Fig. 2A). During this stage (310 Ma), D2 simple shear de-
formation develops in the Infrastructure and the Suprastructure, gener-
ally dominated by tight F2 folds. These have deformed and locally re-
mobilized stratabound Pb-Zn mineralization in fold hinge or D2 thrusts.
In the Infrastructure, a HT-MP metamorphism (Fig. 9) lead to the for-
mation of cordierite(- andalusite) assemblage with weak occurrence of
staurolite and local migmatite formations, mainly reported close to the
Bossòst magmatic bodies (Mezger and Passchier 2003; Fig. 2).

At 290 Ma, during the collapse of Variscan orogen, leucocratic gran-
ite dykes intrude and are associated with late-magmatic fluids percola-
tion (Fig. 10). D2 deformation ends and is locally reported in the Infra-
structure. Frequent upright and tight E-W folds, certainly related to D2,
are observed in the Suprastructure as well (Fig. 10). The E-W Bossòst
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Fig. 9. Chronological succession of the magmatic, metamorphic and Pb-Zn mineralization events in the Pyrenean Axial Zone (PAZ) and in the North Pyrenean Mas-
sifs (NPM). The ages are disposed according to an E-W transect. The two Variscan magmatic events are evidenced. Timing of metamorphic, deformation and miner-
alization ages is proposed in the bottom part (Complete dataset in the ESM3). References: (1) (Denèle et al., 2012); (2) (Vacherat et al., 2017); (3) (Ternet et al.,
2004); (4) (Denèle et al., 2014); (5) (Lemirre et al., 2019); (6) (Kilzi et al., 2016); (7) (Gleizes et al., 2006); (8) (Esteban et al., 2015); (9) ((Lopez-Sanchez et al.,
2019); (10) (Mezger and Gerdes, 2016); (11) (Martínez et al., 2016); (12) (Pereira et al., 2014); (13) (Fallourd et al., 2014); (14) (Paquette et al., 1997); (15)
(Poitrenaud et al., 2019); (16) (Schnapperelle et al., 2020); (17) (Lemirre, 2018); (18) (Denèle et al., 2007); (19) (Maurel et al., 2004); (20) (Romer and Soler,
1995); (21) (Roberts et al., 2000); (22) (Boutin et al., 2016); (23) (de Hoÿm de Marien et al., 2019); (24) (Laumonier et al., 2015); (25) (Poujol et al., 2010); (26)
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(Martínez et al., 2008); (27) (Maurel, 2003); (28) (Aguilar et al., 2014); (29) (Laumonier et al., 2013); (30) (Druguet et al., 2014); (31) (Van Lichtervelde et al.,
2017); (32) (Martín-Closas et al., 2018); (33) (Delvolvé et al., 1998).

◀

Fig. 10. Three stage geodynamic model of the Bossòst dome with two small insets representing reconstitution sketches based on field observations and metamor-
phic, magmatic and Pb-Zn mineralization ages of this study. At 340 Ma, crustal thickening associated with large recumbent F1 folds is represented and crustal melt-
ing starts in the Infrastructure leading to local occurrence of Visean-Serpokhovian magmatism. A regional M1 MT-MP metamorphism impacts mostly the Infrastruc-
ture. At 310 Ma, general hot Infrastructure, thicker in the central part of the Bossòst dome, causes significant crustal melting and production of Late-Carboniferous
magmatism during an intense period of simple-shear D2 deformation in the Infrastructure. M2 HT-LP metamorphism is essentially related to the increase of temper-
ature, close to the ascending Late-Carboniferous batholiths. At this stage, stratabound Pb-Zn mineralization (in orange) are represented in the two structural levels,
probably related to Late-(Carboniferous magmatism and trapped in specific structures (upper flank of F1 recumbent folds, lithological interferences, etc.). At
290 Ma, late-orogenic exhumation is represented with final magmatism associated with leucocratic granite dykes and deformation of stratabound Pb-Zn mineraliza-
tion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

fault is probably Late-Variscan to Mesozoic in age following the obser-
vation of polygenic breccia with undeformed granitic clasts close to the
Margalida stratabound Pb-Zn mineralization (Figs. 2 and 10; Cugerone
et al., 2018b).

6.3. Relationships between orogenic events and Pb-Zn mineralization

The late-Carboniferous monazite age (309 ± 11 Ma) of the Bentail-
lou stratabound sphalerite is not in agreement with an Ordovician syn-
sedimentary SEDEX type mineralization formation, which was initially
proposed for all stratabound Pb-Zn ores in the PAZ (Pouit, 1986; Pouit,
1978). Indeed, lead isotopic compositions previously obtained on
galena from various PAZ deposits have suggested a common upper
crustal lead reservoir. The extraction of base metals, probably from the
metamorphic basement by hydrothermal fluids has been considered
late-Ordovician-early Devonian in age, synchronous to the extensional
event(s) (García-Sansegundo et al., 2014; Marcoux et al., 1991; Nicol et
al., 1997; Cardellach et al., 1996). Nonetheless, in this study, Type 1

disseminated sphalerite and galena in Ordovician levels, initially inter-
preted as syngenetic and pre-Variscan in age, is crosscut by the main
Pb-Zn stratabound mineralization. This suggests a more complex his-
tory associated with significant Variscan sulfide remobilization, proba-
bly from a primary Ordovician metal source (Fig. 4C; Cugerone et al.,
2018b). Accordingly, it seems that the sphalerite-galena recrystalliza-
tion and mobilization do not affect the lead isotopic composition. Thus,
the Ordovician model ages date the first sphalerite-galena crystalliza-
tion.

In the Bossòst dome, stratabound Pb-Zn veins generally present sim-
ilar structural characteristics with close association with S1 foliation:
the Liat Pb-Zn ore deposit is strictly parallel to S1 foliation and locally
crosscuts S0 stratification (Cugerone et al. 2018b; Fig. 2A). In the Hor-
call and Urets deposits, sphalerite is locally observed in pressure shad-
ows of M1 garnets even if the stratabound ore is frequently affected by
D2 tectonics (Alonso 1979; Cugerone et al. 2018b; Cugerone et al.,
2021a; Cugerone et al., 2021b; Fig. 2A). Based on their close spatial and
similar structural relationships with the Bentaillou deposit, we suggest
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a late-Carboniferous age for D1-related stratabound Pb-Zn ores in the
Bossòst Suprastructure. In the Infrastructure, Pb-Zn stratabound ores
are intensely reworked at small scale by D2 deformation (i.e. saddle-
reef in tight F2 folds from the Victoria deposit; Cugerone et al., 2018b).
Therefore, if we consider that D2 structural reworking is late-Variscan
in age, D1 structures and the associated Pb-Zn ore mineralization may
be interpreted as late-Carboniferous or older.

Our geochronological data give new insights on the relationships
between tectono-metamorphic events and the timing of Pb-Zn mineral-
ization formation in the Bossòst dome (Fig. 10). During the climax of
the Variscan tectonic with probable transition between MT-MP and HT-
LP metamorphisms, and assuming an original Ordovician sedimentary
metal stock source, we propose that pre-existing disseminated galena,
sphalerite and other minor sulfides still locally preserved in surround-
ing metasedimentary rocks, have been intensely remobilized by the
metamorphic fluids circulation leading to the formation of Pb-Zn min-
eralization in structural traps such as D1-structures (i.e. foliations, re-
cumbent folds, thrusts) and/or lithological interfaces. During Variscan
orogenic collapse, local remobilization of pre-existing stratabound ore-
bodies has occured in D2-structures (i.e. fold hinges, thrusts and cleav-
ages, Fig. 10) (Cugerone et al., 2018b; García-Sansegundo et al., 2014).

Elsewhere in the PAZ, abundant Pb-Zn ores are hosted in Ordovician
metasedimentary rocks (i.e. Pierrefitte district in the Fig. 1B) and are
certainly related to D1-Variscan tectonic (Cugerone et al., 2018b; Nicol
et al., 1997). Furthermore, in the Basque massifs close to the PAZ (i.e.
Cinco Villas in the Fig. 1B), numerous Pb-Zn ores are hosted in late-
Carboniferous low-grade metasedimentary rocks and display similar
structural patterns (Pesquera and Velasco, 1993; Pesquera and Velasco,
1989). Consequently, we may speculate that a regional Pb-Zn mineral-
ization/remobilization event occurred at orogen scale, but this assump-
tion needs to be confirmed by further direct dating of Pb-Zn ores.

Finally, metal (re)mobilization during structural inversion periods is
not specific to the Bossòst Pb-Zn deposits. Structurally-controlled min-
eralization has already been described elsewhere in the world, like in
the Australia’s world class Carpentaria zinc belt (Gibson and Edwards,
2020). As an example, the Century Pb-Zn deposit is described as syn-
orogenic and has formed during crustal shortening in an overall com-
pressive tectonic regime (Polito et al., 2006). More generally, the struc-
tural and petrographical comparison between several Pb-Zn deposits of
northern Australia by Perkins and Bell (1998) evidences a possible
metal deposition during shortening events, as shown by structural ar-
chitecture of the basins (Gibson and Edwards, 2020; Gibson et al.,
2017). These structural arguments are supported by petrographic and
chemical observations on Pb-Zn ores that highlight the key role of car-
bonate dissolution for sphalerite precipitation (Spinks et al., 2021).
Similarly, at the distal edge of the Western-European Variscan orogen,
structurally-controlled Pb-Zn mineralization of Carboniferous age is al-
ready known. For example, the Northern England Pb-Zn district (Aston
Block) and the Irish fields have been dated by the Re-Os method on
pyrite at 304 ± 20 Ma (Dempsey et al., 2021), and at 334 ± 6 Ma and
347 ± 3 Ma (Hnatyshin et al., 2015), respectively.

In the Irish ore fields, the stratabound carbonate-hosted Pb-Zn de-
posits of Visean age show strong spatial and genetic associations with
the reactivated large-scale extensional Caledonian basement faults
(Hnatyshin et al., 2015; Torremans et al., 2018; and references therein).
Through 3D modeling, Torremans et al., (2018) have identified distinct
points along segmented normal faults as the sources of individual de-
posits allowing hot, hydrothermal, metal-bearing fluids to penetrate
host rocks and form these deposits. These normal fault zones developed
during the lower Carbonifereous rifting event (Hitzman, 1999). More-
over, in their genetic model, based on the close relationship between
Pb-Zn mineralization and extensional Carboniferous volcanic activity in
the region, Wilkinson and Hitzman (2015) suggested that the key driver
of fluid flow is generated by magmatic heat derived from underlying
folding and mid-crustal granitic sills.

7. Conclusions

Based on a syn-mineralization U-Th-Pb monazite age
(309 ± 11 Ma), we propose that stratabound Pb-Zn ore formation in
the PAZ is synchronous to the main Variscan tectono-metamorphic and
magmatic phase. Ore formation may be related to intense sulfide remo-
bilization during the circulation of metamorphic fluid in an initially
metal-rich crust. Our data also constrain D1 deformation to a maximum
late-Carboniferous age in the Suprastructure. Monazite and zircon with
Visean-Serpukhovian and Late-Carboniferous ages confirm the pre-
existing data in the southern part of the Bossòst dome that recorded
Variscan poly-magmatism and metamorphism. We present a new three
stages geodynamic model with a crustal thickening stage related to the
local formation of Visean-Serpukhovian magmatism, followed by a
widespread Late-Carboniferous magmatic stage associated with a gen-
eral increase of the thermal gradient, mainly in the lower crustal levels.
The end of the Variscan tectono-metamorphic event is marked by
leucogranite dyke intrusions and regional late-orogenic exhumation.
This work shows the importance to link magmatism, metamorphism
and mineralization dating to understand the geodynamic framework of
ore deposit formation in orogens.
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