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Abstract 

During the late stage of the Variscan orogeny, the pyrenean segment underwent intense magmatism and 

regional high temperature – low pressure metamorphism. In the Lesponne – Chiroulet – Neouvielle area, 

a granodioritic pluton was emplaced in the upper crust while dioritic to granitic magmas were emplaced 

in metamorphic domes. Magmatism was contemporaneous with the regional crustal partial melting 

recorded in the core of the domes. The area is therefore a key target in the Pyrenees to discuss potential 

magmatic sources as well as the age and duration of the late Variscan magmatism. Geochemical data on 

representative magmatic rocks highlight two distinct sources of magma: a mantle source and a 

metasedimentary crustal source that produced respectively metaluminous and peraluminous magmas. 

Geochronological results show that magmatism took place over a period of about 10 My from ca. 303 to 

ca. 290 Ma. During this period, the middle to lower crust was composed of partially molten 

metasediments intruded by mantle and crustal magmas that crystallized in a final pulse at ca. 290 Ma. 

Late Variscan metamorphism and magmatism recorded in the Pyrenees have to be related to a 

significant and rapid heating from the underlying mantle rather than to crustal processes such as the 

maturation of a thickened continental crust. We propose that the initiation of metamorphism and 

bimodal magmatism at ca. 305 Ma in the Pyrenees is the expression of the delamination of the 

Gondwanan lithospheric mantle at a global scale in the Variscan belt. 

 

Keywords: Variscan belt, Pyrenees, granitoid petrogenesis, U-Pb geochronology, HT-LP metamorphism 
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1. Introduction 

Late stages of orogenic cycles are mostly characterized by abundant magmatism associated with high 

temperature – low pressure (HT–LP) metamorphism (Bonin, 2004; Vanderhaeghe, 2012). The origin of 

magmas and the duration of magmatism are therefore critical parameters for the understanding of the 

geodynamical context of late orogenic stages. Late orogenic evolution is well expressed in the Variscan 

orogeny, which ended by a widespread magmatism and a HT-LP metamorphism occurring throughout 

the belt  (e.g. Henk et al., 2000; O’Brien, 2000). The Pyrenean segment of the belt is characterized by a 

diversified late Carboniferous to early Permian magmatism (mafic to felsic; peraluminous and 

metaluminous; calc-alkaline to alkaline magmas), synchronous with HT–LP metamorphism and with a 

major deformation event ( Carreras and Debat, 1996; Debon et al., 1996; Guitard et al., 1996; Olivier et 

al., 2008; Aguilar et al., 2014;  Denèle et al., 2014; Pereira et al., 2014; Cochelin et al., 2017). While 

moderate crustal thickening has been recognized in the Pyrenees (Azambre and Guitard, 2001), there is 

no evidence for a HP-LT metamorphism indicative of the Devonian subduction phase documented 

elsewhere in the Variscan realm (figure 1a, Matte, 1991, 2001). The presence of Carboniferous flysh 

deposits (Delvolve, 1996) further suggests that the Pyrenees constituted part of the southern foreland of 

the Variscan belt before the late HT-LP orogenic stage (Franke et al., 2011; Denèle et al., 2014; Franke, 

2014; Cochelin et al., 2017). It is therefore of prime importance to study and understand the origin and 

the establishment of the late Variscan HT-LP thermal regime. Up to now, only few geochronological 

constraints are available on migmatites, anatectic granites and mafic to intermediate magmatic bodies in 

the Pyrenees. Recent works suggest that magmatic activity lasted until the middle Permian (Aguilar et 

al., 2014; Esteban et al., 2015; Kilzi et al., 2016). We present new geochronological data on migmatites 

and magmatic rocks from the Lesponne and Chiroulet gneiss domes and the Neouvielle pluton, in the 

western Axial Zone (figure 1b).  These results are interpreted together with isotopic analysis and 

temperature estimates of the surrounding crustal metamorphic rocks in order to propose a chronology 
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for the late Variscan evolution in the Pyrenees and to discuss the relative contribution of the mantle and 

crustal sources for the generation of the magmas as well as at the heat sources responsible for the HT-LP 

metamorphism. 

 

2. Geological setting 

The Variscan belt is an Upper Paleozoic orogeny resulting from the convergence between the Gondwana 

and Laurentia continents and the Avalonia and Armorica microcontinents (e.g. Matte, 1991, 2001; 

Martínez Catalán, 2011). The succession of subduction and collision led to high pressure – low 

temperature metamorphism during Devonian (Pin and Vielzeuf, 1983; Bosse et al., 2000; Roger and 

Matte, 2005; Giacomini et al., 2006; Paquette et al., 2017; Lotout et al., 2018). Then, the Variscan 

orogeny ended by a late high temperature event during Carboniferous to early Permian which led to 

widespread partial melting and magmatism throughout the belt (e.g. Burg et al., 1994; Gutiérrez-Alonso 

et al., 2011; Lardeaux, 2014; Schulmann et al., 2014; Gapais et al., 2015; Ballouard et al., 2015, 2017; 

Laurent et al., 2017; Poujol et al., 2017). 

The Pyrenean segment of the Variscan belt is mainly composed of Precambrian to Permian sediments 

(Padel et al., 2018) affected by the late HT-LP event responsible for the emplacement of several gneiss 

domes and intruded by plutons between 310 Ma and 295 Ma under transpressional settings (Debon et 

al., 1996; Guitard et al., 1996; Roberts et al., 2000; Mezger et al., 2004; Mezger and Wissenschaften, 

2005; Olivier et al., 2008; Aguilar et al., 2014; Denèle et al., 2014; Pereira et al., 2014; Cochelin et al., 

2017; 2018). Gneiss domes are longitudinally elongated and were emplaced within the upper crust by 

horizontal E-W flow of the mid-lower crust at peak metamorphism (e.g. Denèle et al., 2014; Cochelin et 

al., 2017). The studied area is located in the western Axial Zone of the Pyrenees (figure 1b) where the 

great diversity of metamorphic and magmatic rocks is well exposed within the Lesponne and Chiroulet 
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metamorphic domes and the Neouvielle pluton. The Lesponne and Chiroulet magmatic rocks and the 

Neouvielle pluton were emplaced respectively in Cambrian to Devonian series and in Devonian to 

Carboniferous metasediments (figure 2). The Neouvielle massif is a late-Carboniferous granodioritic 

pluton with a high-K calc-alkaline signature characteristic of all the main plutons emplaced in the upper 

crust during the late Variscan HT-LP event (Debon et al., 1996; Roberts et al., 2000). The pluton is 

composed of two petrographic facies (Ternet et al., 1995): a light granodiorite in the center of the pluton 

and a dark granodiorite in its external part. The Chiroulet and Lesponne domes are both made of a 

metasedimentary series. In the core of the domes, partial melting of the metasediments is recorded by 

the occurrence of migmatites. Dioritic and granitic bodies appear as intrusions in those migmatites 

(Pouget, 1984, 1987; Soula et al., 1986; Ternet et al., 1995, 1996). On one hand, the Lesponne dome is 

divided into two magmatic massifs: the Lesponne sensu strico in the west and the Aygue-Rouye massif in 

the east. However, the continuity of the structures and the petrography shows that they represent the 

same dome. François (1983) and Pouget (1984) distinguished two different magmatic units. The first 

magmatic unit is composed of dark granitoids varying in composition from gabbro to granodiorite but 

mainly consisting of  diorite. The second magmatic unit corresponds to light granitoids with a porphyritic 

granite as the main constituent. While François (1983) proposed that the dark unit is intruded by the 

light one, Pouget (1984) argued for the opposite. The latter described also an “intermediate facies” 

between the two units that he interpreted as the result of a mixing between the two magmas. The two 

units are surrounded by migmatites and by sillimanite bearing schists. On the other hand, the Chiroulet 

dome is mainly composed of a migmatitic core showing progressive evolution from metatexite to 

diatexite and anatectic granites from the limbs to the core (Ternet et al., 1996).  

 

3. Methods 

3.1.  Geochemistry 
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Bulk-rock composition has been determined by X-ray fluorescence in the Center for Analytical Facility 

(CAF), Stellenbosch University (South Africa). Analytical method is described in supplementary material 

appendix A. Major and trace elements and isotopic analyses were obtained in the Service d’Analyse des 

Roches et des Minéraux (SARM), Nancy (France).  Major elements and trace elements were analyzed by 

ICP-OES and ICP-MS respectively  following the analytical procedures described by Carignan et al. (2001). 

For Sr and Nd isotopic analysis, samples were finely powdered (<50 µm) and digested in a 4:1 HNO3-HF 

mixture on a hot plate at 115°C for 48 hours. Following evaporation, samples were rinsed in 

concentrated HCl and dried. After complete digestion, samples were dissolved in 2 ml 2N HNO3 then 

loaded onto Sr Spec and Tru Spec resins for chromatographic separation, following the procedure 

described in Pin et al. (1994). Sm and Nd fractions were further separated using Ln Spec resin following 

the procedure described in Pin and Zalduegui (1997). Sr isotopic analysis was performed by thermal 

ionisation mass spectrometry on a Triton Plus (Thermo electron) apparatus in multicollection static 

mode. Mass bias was corrected using an exponential law and a 86Sr/88Sr reference value of 0.1194. Nd 

isotopic analysis was performed by MC-ICP-MS on a Neptune Plus (Thermo electron) apparatus. Mass 

bias was corrected using an exponential law and a 146Nd/144Nd reference value of 0.7219.  

3.2.  Geochronology 

A standard mineral separation procedure was applied to concentrate zircon grains using the facilities 

available at the Géosciences Environnement Toulouse laboratory. Samples were crushed using jaw 

crusher and disc mill. The powder fraction <400 µm was selected for mineral separation. Zircon grains 

were concentrated using Wifley table, heavy liquids (tetrabromoethane and diiodomethane) and an 

isodynamic Frantz separator successively. They were then handpicked under a binocular microscope, 

embedded in epoxy mount and polished to an equatorial grain section. About 100 to 150 zircon crystals 

were imaged by cathodoluminescence (CL) using a CAMECA SX-Five at the Centre de 

Microcaractérisation Raimond Castaing, Toulouse. In order to date partial melting, zircon grains from the 
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migmatites presenting overgrowths were selected. U-Pb analyses were conducted by LA-ICP-MS at 

Géosciences Rennes using an ESI NWR193UC Excimer laser coupled to a quadripole Agilent 7700x ICP-

MS. The instrumental conditions and data processing are reported in appendix B and the procedure 

follows Ballouard et al. (2015). 

3.3.  Mineral composition 

Biotite composition was measured at the Raimond Castaing Center of the University Paul Sabatier 

(Toulouse, France), using a CAMECA SX-Five electron microprobe. The operating conditions were as 

follows: accelerating voltage 15 kV, beam current 20 nA, analysed surface 2x2 µm. The following 

standards were used: periclase (Mg), corundum (Al), sanidine (K), wollastonite (Si, Ca), pyrophanite (Ti, 

Mn), hematite (Fe), albite (Na), topaze (F), tugtupite (Cl), BaSO4 (Ba) and Cr2O3 (Cr). 

 

4. Field relationships and petrography 

4.1.  Intrusive magmatic rocks 

A light-type (15MSB20) and a dark-type granodiorite (15MSB22) have been sampled in the center and at 

the margin of the Neouvielle pluton respectively. The light-type granodiorite contains quartz, plagioclase, 

K-feldspar, rare biotite and rare amphibole and shows HT solid-state deformation (Gleizes et al., 1999). 

The dark-type granodiorite is composed of quartz, plagioclase, K-feldspar, biotite, hornblende, rare 

pyroxene and accessory minerals such as zircon and present a poorly defined magmatic fabric.  

In the Lesponne dome, one sample (15BL179) has been collected in the dark dioritic unit of the Lesponne 

sub-dome and one sample (15BL177) has been collected in the light granitic unit of the Aygue Rouye sub-

dome. Sample 15BL179 is composed of plagioclase, K-feldspar, biotite, amphibole and rare quartz. It is 

affected by a foliation (figure 3a) parallel to the regional NW-SE foliation measured in the host 
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micaschists and paragneisses (figure 2c). The mineralogy of sample 15BL177 is quartz, plagioclase, K-

feldspar and biotite. The K-feldspar phenocrysts show a shape-preferred orientation (figure 3a-b) which 

underlines a magmatic foliation related to the emplacement of the granitic body. This magmatic foliation 

is parallel to the regional foliation recorded in the country rocks. The granitic unit is structurally located 

above the dioritic unit at the scale of the dome (figure 2c). Foliation planes observed in both units are 

colinear and parallel to the magmatic contact (figure 3a). The leucogranite and diorite bodies show a 

similar N130°E magmatic mineral lineation underlined by oriented amphiboles, feldspaths and biotite or 

muscovite aggregates. Moreover, we locally notice the presence of porphyritic feldspar xenocrysts from 

the granite inside the dioritic body (figure 3a) at its margin.  These observations suggest coeval 

crystallization for the dioritic and granitic magmas. 

In the Chiroulet dome, a granite sample was collected (15BL168) in the core of the structure. It is 

composed of quartz, plagioclase, K-feldspar, muscovite. We also notice the presence of small 

amphibolitic enclaves (figure 3c) in the diatexite. One of these enclaves corresponds to sample 15BL166. 

While some granitic bodies are underformed, others display C/S fabrics (figure 3d) which suggest sub-

solidus deformation during or after their emplacement (Gapais, 1989). When observed, the foliation 

affecting the granitic bodies is parallel to the regional foliation recorded in the migmatites.  

4.2.  Migmatites  

The sedimentary rocks of the Lesponne and the Chiroulet domes are both affected by partial melting in 

the core of the dome. In the Lesponne dome, the migmatites, corresponding to sample 15BL176, are 

metatexites localized around the magmatic bodies of the Aygue-Rouye dome (figures 2 & 3b). The 

mineralogy comprises K-feldspar, plagioclase, biotite, sillimanite and biotite. The foliation in the 

migmatite, underlined by the melanosome-leucosome alternance as well as by the biotite-sillimanite 

alignment is parallel to the regional foliation. The protolith of these metatexites is supposed to be the 
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Cambrian metasedimentary unit (Pouget, 1984; Ternet et al., 1995, 1996). Field observations show 

interconnexion features between migmatite leucosomes and the porphyritic granite (figure 3b). Thus, 

the porphyritic granite is interpreted as a product of the partial melting of the sediments. In the 

Chiroulet dome, we sampled the main facies, i.e. migmatitic paragneiss (15BL169) and diatexite 

(15BL164) close to the anatectic granite (figure 3c-d). The mineralogy of the migmatites is similar to that 

of the Lesponne migmatites. Similarly to the Lesponne massif, migmatites from the Chiroulet show a 

well-defined shallowly dipping foliation (figure 3b). 

4.3.  Metasedimentary sequence 

The Lesponne and Chiroulet domes are mantled by Cambrian to Carboniferous metasedimentary rocks. 

The Cambrian to Ordovician sequence, outcropping in the Lesponne dome, corresponds to andalusite to 

sillimanite-bearing micaschists (sample 15BL180) and reached partial melting near the Aygue-Rouye 

granite. The isogrades (figure 2) underline the dome shape and crosscut both the lithologic and the main 

structural contacts. Dark Silurian schists contain abundant quartz veins in the Lesponne dome. In the 

northern flank of the Chiroulet dome, the Silurian series is reduced along a detachment level marked by 

a temperature step from the andalusite bearing Devonian schist to the migmatite (figures 2 and 3; 

Cochelin, 2016). Devonian rocks are well represented in the studied area and are mainly composed of 

schists with intercalations of marble. In the Devonian schists from the Lac Bleu area, we noticed the 

abundance of tourmaline that crystallized within the foliation underlined by quartz ribbons and biotites 

(figure 3e). The southern flank of the Chiroulet dome is characterized by a northward progressive 

temperature increase from the biotite to the sillimanite zone. The Carboniferous sediments outcropping 

in the north of the Neouvielle pluton are limestones and schists. At the contact of the pluton, a 

metamorphic aureole is superimposed to the epizonal regional metamorphism. 
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5. Geochemistry 

5.1.  Major and trace elements chemistry 

Results are presented in table 1 and figure 4. In the K2O vs. SiO2 diagram (figure 4a), the samples plot in 

the gabbro-dioritic to granitic fields and all the magmatic rocks from the metamorphic domes and the 

Neouvielle pluton present the high-K calc-alkaline signature that characterize all the late Variscan 

plutons in the Pyrenees. Based on the Shand diagram (figure 4b), two rock types are distinguished. The 

light magmatic rocks, corresponding to the Chiroulet and Lesponne granites and the light granodiorite of 

the Neouvielle pluton, have a peraluminous signature with A/CNK ratios higher than 1. The Lesponne 

gabbroic-diorite and the Neouvielle dark granodiorite have a metaluminous signature with A/CNK ratios 

lower than 1 and higher A/NK ratios than the previous rock type. We note the peculiar position of the 

Chiroulet amphibolite (15BL166) which has an A/CNK ratio higher than 1 but also a A/NK ratio higher 

than the light magmatic rocks.  

The REE patterns normalized to chondrites (Boynton, 1984) are similar to those measured for other 

Variscan magmatic rocks in the pyrenean segment with an enrichment in LREE, a slight negative Eu 

anomaly and a La/Yb ratio in the range of 32 to 7 (figure 4c). The leucogranite and the leucosome of the 

diatexite of the Chiroulet show distinct patterns characterized by a more depleted spectra when 

compared to the other samples and La/Yb ratio of 10 and 2 respectively. Extended trace element 

patterns (figure 4d) normalized to Primitive Mantle (McDonough and Sun, 1995) are characterized by 

negative anomalies in HFSE (Nb, Ta, Ti) and positive anomalies in LILE (e.g. U, Pb).  

5.2.  Isotope chemistry 

Nd and Sr isotopes analyses have been performed on both magmatic and metasedimentary rocks in 

order to compare the magmatic signatures with the host rocks and the protoliths of the anatectic 

granites. The ɛNd(t) and 87Sr/86Sr(t) ratios are recalculated at 300 Ma (mean age obtained by U-Pb dating 
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on zircon - this study) with decay constants from Böhlke et al. (2005) and Steiger and Jäger (1977) 

respectively and with the chondritic reference value of Bouvier et al. (2008). Results are presented in 

figure 5. ɛNd(t) are negative, varying from -2 to -13 and 87Sr/86Sr(t) ratios range between 0.702 and 0.720. 

An evolution from lower ɛNd(t)—higher 87Sr/86Sr(t) to higher ɛNd(t) —lower 87Sr/86Sr(t) is observed. While 

metasedimentary rocks present the most crustal signature (low ɛNd(t)  and high 87Sr/86Sr(t)), mafic rocks 

show a signature close to the mantle domain (high ɛNd(t)  and low 87Sr/86Sr(t)). The granitic rocks of the 

Lesponne-Chiroulet domes and the Neouvielle granodiorite yield intermediate values between those 

found for the mafic and metasedimentary rocks. 

 

6. Geochronology 

Results and CL images are presented in table 2 and figure 6 respectively.  Data have been plotted in Tera 

Wasserburg Concordia diagrams (figure 7). Concordia ages have been calculated using Isoplot 3.75 

(Ludwig, 2012). Uncertainties were propagated following the recommendation from Horstwood et al. 

(2016) (appendix B).  

Zircon grains from the two facies of the Neouvielle granodiorite are colorless and euhedral with sharp 

concentric zoning (figure 6a and 6b). The analyses of sixteen crystals from the dark facies yield a 

Concordia age (as of Ludwig, 1998) of 302 ± 2 Ma (MSWD = 0.32; black ellipses in figure 7a) while the 

Concordia age for the light granodiorite obtained on 17 zircon grains is 305 ± 2 Ma (MSWD = 0.18; grey 

ellipses in figure 7a). 

The zircon crystals from the Lesponne dioritic series are pinkish and elongated. They often present two 

oscillatory zoned domains separated by a resorption horizon (figure 6c, d, e and f). Two groups of 

concordant ages are obtained (figure 7b) at 303 ± 3 Ma (MSWD = 0.27; blue ellipses) and 292 ± 2 Ma 

(MSWD = 0.37; orange ellipses), corresponding to data obtained on internal and external domains 
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respectively in the crystals that present a dissolution horizon. Homogeneous crystals yield either of the 

two dates. A few analyses (grey ellipses in figure 7b) plot along a horizontal line in the Tera-Wasserburg 

diagram and return younger 206Pb/238U apparent ages.  There is no correlation between these younger 

dates and the position of the laser spot in the corresponding grains. Furthermore, there is no evidence 

for the presence of outer-rim or overgrowth apart for the ca. 290 Ma ones. Therefore, we interpret 

these younger dates as meaningless and could be linked to a very slight Pb-loss caused by post-variscan 

event(s). It is interesting to note that no pre-variscan (i.e. older than 300 Ma) inherited core has been 

found among the 102 zircon grains imaged by CL for the Lesponne diorite.  

In the Lesponne porphyritic granite, two types of zircon grains were found. Type 1 (figure 6g), which is 

the most abundant, is colorless and elongated with oscillatory zoning in CL images. Type 2 (figure 6h) is 

brownish and rounded. Type 2 grains present a distinct core surrounded by a narrow rim that could not 

be analyzed given its small size. The 206Pb/238U apparent ages for type 2 zircon cores vary from 650 to 420 

Ma (black ellipses in figure 7c). Type 1 zircon analyses plot in a concordant to discordant position (orange 

and grey ellipses on figure 7c). The oldest group of 15 concordant analyses (orange ellipses) yields a 

Concordia age of 290 ± 1 Ma (MSWD=0.64; figure 7c). The remaining data (grey ellipses) are sub-

concordant to discordant (figure 7c). There is no evidence for recrystallization or overgrowth on the rims 

of type 1 zircon (figure 6d). Furthermore, there is no specific relationship between the 206Pb/238U dates 

and the position of the analytical laser spot in the grains for the discordant analyses. It is interesting to 

note that all the analyses younger than 290 Ma plot along a horizontal line in the Tera-Wasserburg 

diagram. It seems therefore difficult to interpret these younger (i.e < 290 Ma) apparent ages as 

meaningful, and we rather suggest that they are the consequence of Pb loss. We interpret the data that 

plot above the Concordia as the consequence of a slight amount of common lead in the crystal lattices. 

Thus, the scattering of data points might be explained by a combination of common Pb incorporation 

and slight Pb loss in the 290 Ma old zircon grains that crystallized in the granitic magma.  
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Zircon crystals in the Lesponne migmatite are euhedral and present distinct cores (figure 6i) yielding 

apparent 206Pb/238 ages ranging from 689 to 550 Ma (figure 7d). The cores are resorbed and surrounded 

by an overgrowth with oscillatory zoning. The concordant analyses from the oldest 11 overgrowths yield 

a Concordia age of 302 ± 3 Ma (MSWD = 0.72; figure 7d). The analyses obtained on other zircon 

overgrowths plot in a sub-concordant to discordant position (grey ellipses, figure 7d). Here again, the 

least discordant analyses present a wide range of apparent 206Pb/238U ages as young as 263 Ma (Table 2) 

and plot along a horizontal line in the Tera-Wasserburg diagram. No evidence for outer rim or 

overgrowth can be observed on the grains presenting these young 206Pb/238U dates. We therefore 

interpret them as linked to (post carboniferous) Pb loss. The remaining data can be explained by a 

combination of Pb loss and the presence of variable amount of common Pb in the zircon (Figure 7d).   

In the Chiroulet leucogranite, zircon grains are elongated and euhedral, colorless to pinkish, with distinct 

cores and overgrowth (figure 6j). Cores yield apparent ages ranging from 958 to 470 Ma (Table 2). 

Analyses performed on the overgrowths plot in concordant to discordant positions (Figure 7e, orange 

and grey ellipses). The oldest concordant analyses (N=11) yield a Concordia age of 290 ± 3 Ma (MSWD = 

1.6; figure 7e, orange ellipses). The remaining data plot either to the right of  or above the group of the 

concordant data. Again, there is no textural evidence to explain the youngest 206Pb/238U apparent ages 

(<290 Ma). We therefore explain the position of those analyses by a combination of Pb loss and the 

presence of variable amount of common Pb in the zircon (Figure 7e).  

Zircon grains of the Chiroulet diatexite are brownish and euhedral. On the CL images, they appear as 

dark and heterogeneous with the presence of oscillatory zoning at the rim (figure 6k). Uranium content is 

extremely high (2000 < U(ppm) < 17000).  In a Tera Wasserburg diagram (figure 7f), the data plot in a 

concordant to slightly discordant position with apparent 206Pb/238U ages ranging from 297 to 256 Ma. 

This spread of apparent ages can be best explained by heterogeneous lead loss probably linked to the 

high uranium contents in the grains (Geisler et al., 2001). The two oldest concordant analyses 
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(32180117a and 6180117d, table 2) return a Concordia age of 297 ± 6 Ma (MSWD = 0.31) interpreted as 

the minimum age for the crystallization of these zircon crystals. In that scenario, all the analyses that 

return younger apparent ages are interpreted as the result of Pb loss. If all the data are taken into 

account, they yield a poorly defined upper intercept date of 319 +84/- 22 Ma (MSWD = 0.27), which is 

comparable within error with the date of 297 ± 6 Ma calculated with the two oldest concordant grains. It 

is interesting to note that none of the imaged grains from this sample presents inherited core. 

 

7. Pressure-temperature estimates 

The metamorphic conditions of the host-rock during emplacement of magmatic bodies have been 

estimated from a sillimanite bearing migmatitic micaschist of the Lesponne dome (sample 15BL176, 

figure 2). The stable assemblage is Bt-melt-Pl-Sil-Kfs-Qtz (abbreviations from (Kretz, 1983), figure 3f). The 

Fe/Fe+Mg ratio of biotite is about 0.74. The H20 content used for phase petrology modelling has been 

estimated from the loss of ignition. Pseudosections have been drawn in the NCKFMASH system using 

Perple_X software (Connolly, 2009) with the thermodynamic dataset of Holland and Powell (2004) and 

solid solution models as detailed in appendix C. Results are presented in figure 8a. The metamorphic 

assemblage of sample 15BL176 is stable in the range 3.5-6 kbar for a temperature of 650-725 °C, which 

corresponds to muscovite dehydration melting (figure 8a). The pressure-temperature conditions 

estimated from the biotite composition are 700 ± 25 °C and 4.2 ± 0.5 kbar. 

Chiroulet and Lesponne domes show similarities as they both present a migmatitic core attributed to the 

late-variscan HT-LP metamorphism, synchronous with magmatism and deformation. It is difficult to 

estimate pressure and temperature for the Chiroulet dome due to i) late pervasive fluid circulation and 

ii)  inappropriate mineralogy (limited to K-feldspar – biotite - quartz) of the metamorphic rocks which 

hampers the use of geothermetry. However, the greater abundance of diatexite in the Chiroulet dome 
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suggests that melt fraction was higher than in the Lesponne dome. Thus, the maximal temperature 

reached in the Chiroulet dome may have been higher than in the Lesponne dome. The core of the 

Chiroulet dome is interpreted as a relic of the middle crust. 

The crystallization temperature of a dioritic magma from the Lesponne dome (15BL179) has been 

estimated using p-Melts software (Ghiorso et al., 2002). As the emplacement depth of the Lesponne 

diorite and the H2O content are not well constrained, models have been performed at variable pressure 

(in the range 3 to 6 kbar corresponding to pressure estimates on the host metamorphic rocks) and 

variable H2O content (4 to 8 wt%; Hamilton et al., 1964; Wallace and Anderson, 1999). The aim of these 

models is to estimate the temperature of crystallization of the last melt and compare it with the 

temperature of the host-rock. The evolution of the melt fraction as a function of the temperature is 

represented in figure 8b. The solidus temperature varies from 575 °C (6 kbar, 4 wt% H2O) to 725 °C (3 

kbar, 4 wt% H2O). The metamorphic temperature recorded in the host-rock (700°C, 4.2 kbar) therefore 

broadly corresponds to the solidus of the dioritic intrusion. It is thus suggested that the dioritic magmas 

crystallized in equilibrium with the surrounding metamorphic dome at low depth.  

The Neouvielle pluton intruded the low-grade Carboniferous to Devonian metasedimentary series, i.e. 

within the chlorite zone. Thus, it is advocated that it was emplaced in the upper part of the crust. 

8. Discussion 

8.1.  Petrogenesis of the magmatic rocks 

The diversity of the chemical (e.g. metaluminous versus peraluminous) and the isotopic characteristics of 

the magmas (0.702 < 87Sr/86Sr(t) < 0.716 and -13 <Nd(t) < -2) advocate for the existence of several 

sources, which could be either (i) mantle peridotites, (ii) magmatic crustal rocks and (iii) metasediments.  

(i) Previous studies have suggested that the mantle beneath the Pyrenees was heterogeneous 

(Fabriès et al., 1998 and references therein). The occurrence of both depleted and enriched 
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mantle is evidenced by the high variability of the ɛNd for the ultramafic to mafic rocks from 

different locations in the Pyrenees (Pin, 1989; Roberts et al., 2000).  

(ii) The pre-Variscan magmatic rocks outcropping in the Axial Zone are abundant Cambro-Ordovician 

granites intruding the lower Paleozoic metasediments (Debon et al., 1996). The nature of the 

underlying lower crust is unknown and some authors infer the presence of basaltic to andesitic 

lithologies on the basis of petro-geochemical studies of magmatic rocks ( Roberts et al., 2000; Kilzi, 

2014; Kilzi et al., 2016).  

(iii) The Precambrian to Cambro-Ordovician metapelites that constitute the surrounding of the 

Lesponne dome are characterized by a 87Sr/86Sr ratio of 0.718 and a Nd of -10 and are partially 

molten. Thus, they are considered as a possible source for the magmas. By contrast, the Silurian to 

carboniferous series in the Pyrenees were never affected by partial melting.  

The diorite of the Lesponne dome has the most mafic and the least radiogenic signature of all the 

analyzed samples, and can be interpreted either as a primary magma issued from the partial melting of a 

mafic crust or as a mantle derived magma affected by fractional crystallization and crustal 

contamination. The isotopic signature of the dioritic sample from the Lesponne dome is similar to that of 

the gabbroic and dioritic rocks analyzed in the Querigut complex by Roberts et al. (2000; figure 5) and 

interpreted as mantle derived rocks. This signature requires either an enriched mantle source or that the 

primary magmas have been contaminated by a crustal component. These hypotheses are not mutually 

exclusive, and both have already been suggested for late-variscan high-K calc-alkaline magmatism in the 

Pyrenees (Ben Othman et al., 1984; Roberts et al., 2000),in the French Massif Central (Couzinié et al., 

2016) or in Sardinia (e.g. Gaggero et al., 2007; Buzzi and Gaggero, 2008; Franciosi et al., 2019). It has 

been demonstrated elsewhere that the partial melting of a lower crust is responsible for the presence of 

inherited core in zircon grains found in the melt products (e.g. Hansmann and Oberli, 1991; Smyth et al., 

2007; Paquette et al., 2010). By contrast, the lack of inherited cores in the zircon grains of the Lesponne 
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diorite indicates that the source of the diorite was zircon-free and supports the hypothesis of a mantle 

origin. Thus, we propose that the Lesponne diorite results from the emplacement in the 

metasedimentary crust of a mantle derived magma that experienced crustal contamination. In the 

Chiroulet dome, fluid circulation is attested by i) peraluminous granite 15BL168 and diatexite leucosome 

15BL164 having a Nb/Ta ration lower than 5 (table 1), which is distinctive of peraluminous granites that 

underwent sub-solidus hydrothermal alteration (Ballouard et al., 2016) and ii)  abundance of tourmaline 

in the Devonian metasediments of the southern flank which highlight the occurrence of metasomatism 

(Deer et al., 2013). It is well known that fluid circulation combined with metamorphism may induce a 

change in the A/CNK ratio (e.g. Putnis and Austrheim, 2010) and 87Sr/86Sr (e.g. Dash et al., 1973).  

Consequently, amphibolite sample 15BL166 of the Chiroulet dome is interpreted as an equivalent of the 

Lesponne diorite despite its higher A/CNK ratio and lower 87Sr/86Sr values (Figure 5).  

The peraluminous rocks from the Lesponne and Chiroulet dome are interpreted as the melting product 

of the Precambrian to Ordovician metasediments as evidenced by their relationships with the 

migmatites (figure 3f). This hypothesis is further supported by the presence of inherited cores in some of 

the zircon crystals yielding apparent ages between 960 and 470 Ma. Nevertheless, the isotopic 

signatures (0.711 < 87Sr/86Sr(t) < 0.714 and -12 < Nd(t) < -6) lay between the signature of the Precambrian 

to Ordovician metasediments (87Sr/86Sr ≈ 0.718,Nd ≈ -10) and that of the Lesponne diorite. This 

requires either a mixture of sources or a contamination of the mafic magmas by felsic melts, as 

evidenced by the contact between the two types of magma in the Lesponne area (figure 3a). 

The Neouvielle pluton, emplaced in the Devonian to Carboniferous upper crust, has an isotopic signature 

intermediate between the Lesponne diorite and the Lesponne metasediments, which suggests a mixed 

mantle-metasedimentary source.  The granodioritic composition, the metaluminous signature of the 

dark facies and the absence of inherited cores in zircon underlines the mantle contribution. The 

peraluminous signature of the light facies and its enriched isotopic signatures evidence the sediment 
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contribution, but it remains unclear if these represent sediment assimilation or magma mixing with the 

products of partial melting in the deep crust. 

8.2.  Chronology of the HT-LP event 

U-Pb dating reveal two distinct groups of Concordia ages with weighted averages of 303 ± 1 Ma and 290 

± 3 Ma respectively. The ca. 303 event is recorded in the Neouvielle granodiorite, the Lesponne diorite 

and the Lesponne—Chiroulet migmatites while the ca. 290 Ma event is recorded in the Lesponne—

Chiroulet granites as well as in the Lesponne diorite. The geochronological results show that 

metamorphic and magmatic activity cover a period of at least 10 My from ca. 303 to 290 Ma. One could 

interpret these two sets of ages as the result of two magmatic events, with first a crystallization phase of 

migmatites, granodiorites and diorites at 303 Ma and a minor event at 290 Ma corresponding to the 

emplacement of leucogranites. However, such an interpretation is in contradiction with some field 

observations such as i) leucosomes of migmatites and leucogranitic sills in the Lesponne dome share the 

same petrographic characteristics (figure 3b), ii) the observed progressive transition from migmatites to 

leucogranites is a feeding contact rather than an intrusive contact, suggesting genetic relationship and 

synchronous emplacement during deformation and iii) the presence of zircon overgrowths at 290 Ma 

and a diffuse contact between the Lesponne diorite and granite suggests the coexistence of these two 

types of magmas (figure 3a). We thus rather suggest a continuous long-lasting magmatic event, 

extending at least from 303 Ma to 290 Ma. In this scenario, the 303 ± 3 Ma concordant age for diorites is 

interpreted as its emplacement age within the partially molten middle part of the crust (figure 9a). 

Indeed, zircon in the migmatites from both the Chiroulet and the Lesponne domes started to crystallize 

at that time. In detail, in the Lesponne, 11 overgrowths of zircon grains yield a concordant age at 302 ± 3 

Ma. In the Chiroulet diatexite, zircon analyses yield a minimum age of 297 ± 6 Ma. Within uncertainty, 

this minimum age matches the ca. 303 Ma age of the Neouvielle granodiorite and the Lesponne 

migmatite. It is therefore suggested that the anataxis was initiated at ca. 303 Ma in the middle part of 
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the crust (figure 9a) for both the Lesponne and the Chiroulet domes. At the same time, the Neouvielle 

granodioritic pluton crystallized in the upper crust at ca. 303 Ma (figure 9a; 305 ± 2 Ma and 302 ± 2 Ma 

for the light and dark facies respectively). In agreement with structural and petrographic observations, 

we propose that the deep and middle parts of the crust remained hot and partially molten within the 

gneiss domes for about at least 10 My from ca. 303 Ma to 290 Ma (figure 9b). Crustal anatexis at 290 Ma 

is attested by the two well defined groups of concordant ages in the Lesponne porphyritic granite (290 ± 

1 Ma) and in the Chiroulet leucogranite (290 ± 3 Ma) that are interpreted as products of the partial 

melting of the host metasediments. The depleted REE pattern of the Chiroulet leucogranite suggests that 

it results from multi-stage melt extraction between the onset of the partial melting at ca. 303 Ma and its 

emplacement at ca. 290 Ma (figure 9b). Dioritic magmatism ended at the same time, as recorded by the 

youngest concordant age of the Lesponne diorite (292 ± 2 Ma). Phase equilibria modelling (figure 8a) 

shows that the temperature peak during the late Variscan HT–LP metamorphic event is about 700 °C in 

the Lesponne—Chiroulet domes, which matches the solidus temperature of the dioritic magmas (figure 

8b). It is thus suggested that the Lesponne diorite, emplaced at depth, had remained at a temperature 

close to its solidus temperature from 303 to 290 Ma. New zircon growth in the partially crystallized 

magma may have been triggered at 290 Ma by either slight reheating followed by cooling due to a 

thermal pulse or by a change in magma chemistry, possibly due to magma mixing with the granitic melts.   

We thus interpret the ca. 290 Ma date recorded in the Lesponne diorite as the crystallization age of the 

last liquids in the dioritic magma emplaced in the middle part of the crust at ca. 303 Ma (figure 9a and b). 

By contrast, the Neouvielle granodiorite emplaced at a shallower depth, in a surrounding characterized 

by a temperature below the solidus and remained fully crystallized since ca. 303 Ma. 

8.3.  Duration and origin of the late Variscan HT-LP event   

The at least 10 My-long HT metamorphic and magmatic activity highlighted by our study in the Chiroulet 

and Lesponne massifs has been widely documented in the rest of the Axial Zone of the Pyrenees (e.g. 
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Denèle et al 2014 and references therein). Similar metamorphic-magmatic event, characterized by 

partially molten metasediments, tonalite and gabbro-diorite intrusions taking place over a timespan of 

about 10 My was proposed in the Roc de Frausa massif (Aguilar et al., 2014). In the Lys-Caillaouas massif 

and Bossost dome, the emplacement of plutons occurred around 300-297 Ma, following earlier 

crystallization of few zircon grains between 320 and 307 Ma possibly due to the initiation of HT-LP 

metamorphism (Esteban et al., 2015, Lopez-Sanchez et al., 2018). Several studies have evidenced the 

presence of partially molten crust during periods longer than 10 My in other high temperature terranes 

(Ashwal et al., 1999; Vanderhaeghe, 2009; Laurent et al., 2018) with multiple stages of zircon 

crystallization (Harley et al., 2007). Such widespread thermal event at the Carboniferous-Permian 

transition is consequently not restricted to the Pyrenean crust of the axial zone. High temperature – low 

pressure metamorphism and associated plutonism also affected the entire southern realm of the 

Variscan belt (Pin and Vielzeuf, 1983), in the North Pyrenean Massifs (Delaperriere et al., 1994; Olivier et 

al., 2008; Guille et al., 2018), the Montagne Noire (Poujol et al., 2017), the French Massif Central (e.g. 

Moyen et al., 2016), the Iberian Massif (Martínez-Catalán et al., 2014), the Alps (e.g. Schuster & Stüwe, 

2008; Klötzli et al., 2014; Petri et al., 2017), Sardinia-Corsica-Maures block (e.g. Corsini & Rolland, 2009; 

Casini et al., 2015; Cocherie et al., 2015; Gaggero et al., 2017), and Calabria (e.g. Graessner et al., 2000; 

Fornelli et al., 2011). In the Ivrea zone (Kötzli et al., 2017) as well as in the Pyrenees (Pereira et al, 2014), 

it is recognized that significant mantle derived magmatism takes place at the end of the high 

temperature metamorphic episode. Because this thermal event affected the foreland of the belt where 

no major thickening of the crust is recognized (Cochelin et al., 2017), the thermal maturation of a 

thickened crust cannot be advocated to explain this late metamorphism and an alternative heat source 

in needed (St Blanquat et al., 1990). Heat advection by intrusion of mafic magma can locally induce 

thermal anomalies (e.g. De Yoreo et al., 1991), but is unlikely to induce a global scale heating of the crust 

leading to anatexis. Moreover, in the absence of recognized water influx that would lower mantle 
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solidus, the initiation of partial melting in the mantle itself requires either mantle upwelling or heating, 

which would correspond in any case to an increase of the thermal mantle flux at the base of the crust. 

Geodynamic processes such as thermal erosion or delamination of lithospheric mantle can be advocated 

here (Denèle et al., 2014, Cochelin et al., 2017). The latter is supposed to have taken place within the 

hinterland of the belt after 340-330 Ma (Armorican Massif, see Gapais et al. 2015, Ballouard et al., 2017; 

Iberian Massif, see Martínez-Catalán et al 2014; French Massif Central, see Laurent et al., 2017). 

Southward propagation of magmatism and metamorphism from the hinterland to the foreland of the 

belt in the French Massif Central until ca. 300 Ma was interpreted as the response to slab rollback 

leading to the delamination of the lithospheric mantle by Laurent et al. (2017). This interpretation is 

challenged by our geochronological data, that shows that the magmatic activity in the Pyrenees is coeval 

with that in the south of the Massif Central, despite its southern foreland position.  We thus propose 

that the initiation of metamorphism and bimodal magmatism at ca. 305 Ma in the Axial Zone is the 

expression of the delamination of the Gondwanan lithospheric mantle at a global scale in the Variscan 

belt. This interpretation is supported by recent structural study showing that the Pyrenees was an 

abnormally hot foreland of the Variscan belt, showing deformation patterns typical of hot orogens in a 

context of missing lithospheric mantle (Cochelin et al., 2017). The continuation of magmatism (e.g. high-

K plutonism and volcanism) in an extensional context during Permian times in the Pyrenees (Lago et al., 

2004; Denèle et al., 2012, Pereira et al., 2014), Alps (Köztli et al., 2014; Petri et al., 2017; Manzotti et al., 

2018), Corsica-Sardinia (Corsini & Rolland, 2009; Casini et al., 2015; Cocherie et al., 2015; Rossi et al., 

2015; Gaggero et al., 2007; 2017) and Iberia (Martínez-Catalán et al., 2014; Casini et al., 2015) illustrates 

the persistence of i) the thermal anomaly and ii) an attenuated lithosphere, which may have favor the 

break-up of Pangea at this period.  

 

9. Conclusion 
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Our results provide new petrological and U-Pb chronological constraints on the late Variscan high-K calc-

alkaline magmatism and HT-LP metamorphism in the Chiroulet-Lesponne-Neouvieille zone in the 

western Axial Zone of the Pyrenees. 

Two magma sources have been recognized, a mantle source that produced metaluminous magmas best 

exemplified by the Lesponne diorite and a metasedimentary source that produced peraluminous 

magmas like the Chiroulet and Lesponne granite and evidenced by the presence of migmatites.  

Magmatism took place over a period of about 10-15 My, with two peaks at 303 Ma and 290 Ma, 

recorded in both magma types. It is therefore shown that there is no time delay between mantle 

magmas intrusion and the beginning of partial melting in the crust.  The coexistence of the two magma 

types induced magma mixing attested by field observations and intermediate chemical and isotopic 

signatures. 

 While the magmas crystallized at ca. 303 Ma in the upper crust, forming the Neouvielle pluton, the 

middle crust remained partially molten with occurrences of both mantle and crustal magmas persisting 

for about 10 My. At ca. 290 Ma, the middle crust cooled down inducing the final crystallization of the 

magmas emplaced in gneiss domes.  

The abundance of high K calc-alkaline magmas associated with crustal partial melting and the presence 

of HT-LP metamorphism are in favor of a geodynamic context 1) without crustal thickening 2) during a 

late orogenic phase. Consequently, the late Variscan HT-LP event necessitates a mantle source and 

cannot be explained by thermal maturation of a thickened crust. This also significates that the late 

Variscan event lasted at least about 10-15 My until the beginning of the Permian time. We propose that 

the initiation of metamorphism and bimodal magmatism at ca. 305 Ma in the Pyrenees is the expression 

of the delamination of the Gondwanan lithospheric mantle at a global scale in the Variscan belt. 
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Figure captions  

Figure 1: (a) Location of the Variscan crust of the Pyrenees and main locations of Variscan granulites in 

Europe modified from Pin and Vielzeuf (1983). (b) Geological sketchmap of the Variscan crust of the 

Pyrenees and location of the studied area, modified from Cochelin et al., 2018. NPF, North Pyrenean 

Fault. 
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Figure 2: (a) Geological map of the Lesponne and the Chiroulet domes, modified from Pouget (1984) and 

Ternet et al (1996), with samples and  cross-section locations. A. R. Aygue-Rouye sub-dome. (b) N-S 

geological cross-section of the Chiroulet dome. (c) NE-SW geological cross-section of the Lesponne 

dome. 

 

Figure 3: Field photographs of the main magmatic rocks in the two metamorphic domes and 

microphotographs of the Lesponne migmatite and Chiroulet Devonian schists. (a) Contact between the 

diorite and the porphyritic granite in the Lesponne dome. The diorite is foliated while the porphyritic 

feldspars of the granite underlies the magmatic foliation.  (b) Veins of porphyritic granite connected to 

the migmatite in the Lesponne dome. (c) Enclaves of amphibolite in the leucosome of a diatexite in the 

Chiroulet dome. (d) Leucogranite in the core of the Chiroulet dome showing C/S fabrics. It suggests sub-

solidus deformation during its emplacement. (e) Abundance of tourmaline crystals in the Devonian 

schists located in the southern flank of the Chiroulet dome. (f) Stable assemblage in the Lesponne 

migmatite 15BL176. 

 

Figure 4: (a) Plot of SiO2 vs. K2O (Middlemost, 1985; Peccerillo and Taylor, 1976). (b) Plot of A/NK vs. 

A/CNK (Shand, 1943). (c) REE patterns normalized to chondrite (Boynton, 1984). (d) Spider diagram of 

trace elements normalized to primitive mantle (McDonough and Sun, 1995). Red color is used for the 

intermediate to felsic peraluminous rocks and green for the mafic to intermediate metaluminous rocks. 

Brown symbols represent the partially molten country rocks. Black symbols are data from Debon et al., 

(1996). Grey diamonds in plot (b) and grey field in plot (c) represent points for a compilation of data 
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(Debon et al., 1996; Denèle et al., 2011; Druguet et al., 2014; Kilzi, 2014; Roberts et al., 2000; Vilà et al., 

2005).   

 

Figure 5: Plot of ɛNd vs. (87Sr/86Sr) ratio both corrected for an age of 300 Ma. Bulk Earth value is 

calculated from Workman and Hart (2005). Data from the Querigut pluton (Roberts et al., 2000) are 

represented by dotted fields i) dark green : mafic samples derived from a mantel source ii) light green :  

mafic samples cogenetic with the intermediate series iii) red :  intermediate to felsic series. 

 

Figure 6: Cathodoluminescence images of representative zircon grains from the dated samples. Blue 

circles and yellow circles correspond to analyses yielding Carboniferous (303 Ma) and Permian (292 Ma) 

ages respectively. Images correspond to sample: (a) and (b) light and dark Neouvielle granodiorites; (c), 

(d), (e) and (f) Lesponne diorite; (g) and (h) Lesponne granite; (i) Lesponne migmatite; (j) Chiroulet 

granite and (k) Chiroulet migmatite. Ages on the figure correspond to apparent 206Pb/238U ages. 

Figure 7: Tera-Wasserburg representation of U-Pb analyses on zircon. For the Neouvielle pluton, dark 

and light ellipses represent respectively the dark and the light facies. For the metamorphic domes, 

yellow and blue ellipses represent the Permian and Carboniferous ages respectively. Grey ellipses are for 

the inherited cores and for the analyses with a recent lead loss or common lead. In the diagrams, errors 

ellipses and ages are reported at 2σ. All MSWD (Mean Square of the Weighted Deviates) values reported 

for the Concordia Ages correspond to “Concordance + Equivalence” as defined by Ludwig’s publication 

(1998). 
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Figure 8: (a) Result of phase equilibria modelling for sample 15BL176 (migmatitic micaschit of the 

Lesponne dome) presented as isochemical diagram section. XMg isopleths of biotite are represented. (b) 

Diagram showing melt fraction as a function of temperature during the cooling of a dioritic melt. 

 

Figure 9: Schematic three-dimensional block-diagram of the studied area at 303 and 292 Ma 

representing the evolution of the intermediate and upper Variscan crust during the late high 

temperature event. 
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Table 1: Chemical and isotopic analyses of the samples 

Location Neouvielle Lesponne Chiroulet 

Rock type 

granodior

ite 

granodior

ite diorite granite 

metatexit

e 

micaschis

t 

amphibol

ite granite diatexite 

paragneis

s 

Sample 

name 

15MSB2

0 

15MSB2

2 15BL179 15BL177 15BL176 15BL180 15BL166 15BL168 15BL164 15BL169 

Longitude 

(°) 

42.8443

4 

42.8249

7 

42.9839

0 

42.9751

1 

42.9751

8 

42.9768

0 

42.9363

4 

42.9388

2 

42.9448

8 

42.9469

6 

Latitude (°) 0.16007 0.16706 0.14103 0.18059 0.18054 0.15370 0.12176 0.11877 0.14465 0.10938 

SiO2 / wt% 70.8 61.55 52.52 68.47 65.81 72.55 53.71 73.72 73.88 69.66 

Al2O3 15 15.97 17.89 15.24 18.41 14.34 17.71 14.55 14.6 13.12 

Fe2O3 tot 2.3 5.75 7.6 3.98 6.61 3.57 9.02 1.08 0.89 5.76 

MnO 0.05 0.1 0.15 0.05 

 

  0.26 0.03 0.09 

 MgO 0.73 3.35 5.52 1.02 2.1 0.96 4.88 0.21 0.05 2.04 

CaO 2.25 5.58 7.47 2.11 0.36 1.35 5.93 0.66 0.4 1.7 

Na2O 3.15 2.26 2.81 2.96 0.53 0.47 1.19 3.48 4.16 2.73 

K2O 3.97 2.59 2.29 3.49 3.71 3.71 3.36 4.81 4.73 2.23 

TiO2 0.27 0.68 1 0.61 

 

  0.82 0.08 / 
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Cr2O3 0.01 0.02 0.02 0.01 

 

  0.03 0.01 0.01 

 P2O5 0.1 0.12 0.28 0.36 

 

  0.12 0.4 0.27 

 L.O.I. 1.14 1.96 2.41 1.31 1.36 1.69 2.51 0.94 0.55 1.33 

Total 99.77 99.93 99.96 99.61 99.86 99.74 99.54 99.97 99.63 99.84 

As / ppm 3.1 4.4 0.7 / 0.7 10.3 5.1 1.9 1.1 1.2 

Ba 512.6 539.5 817.2 975.8 677.7 600.4 348.3 224.1 23.1 500.0 

Be 7.1 2.0 2.2 2.0 2.9 2.0 2.3 6.4 1.1 0.8 

Bi 0.2 0.0 0.1 0.1 0.3 / 0.5 1.1 0.4 0.2 

Cd 0.1 0.1 0.1 0.1 0.1 0.1 2.5 0.1 0.2 0.2 

Ce 53.8 45.4 78.7 122.4 91.4 98.1 46.5 11.1 4.3 55.5 

Co 3.7 16.3 22.5 5.5 17.0 6.4 17.6 0.7 0.4 12.9 

Cr 101.6 371.6 149.9 59.5 184.0 387.4 216.1 56.6 88.3 274.6 

Cs 8.0 2.5 2.1 1.4 6.2 8.6 13.1 16.9 4.6 6.5 

Cu / 12.2 6.2 4.5 10.2 / 16.0 / / 15.7 

Dy 3.2 4.4 6.1 5.4 5.9 6.2 5.2 2.0 0.9 4.8 

Er 1.5 2.5 3.3 2.5 3.2 3.7 3.3 0.8 0.6 2.6 

Eu 1.0 1.0 1.9 1.9 1.4 1.3 1.2 0.3 0.1 1.4 
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Ga 19.4 19.2 20.1 18.7 26.8 19.5 22.9 18.0 13.6 17.2 

Gd 3.7 4.4 7.0 7.0 6.5 6.1 4.4 1.4 0.4 4.8 

Ge 1.7 1.4 1.8 1.6 1.8 1.7 2.4 1.7 2.7 1.5 

Hf 3.3 4.8 2.9 6.8 3.8 13.3 3.1 1.7 0.3 6.4 

Ho 0.6 0.9 1.2 1.0 1.2 1.3 1.2 0.4 0.2 1.0 

In 0.0 0.1 0.1 0.0 0.1 0.0 0.2 0.0 / 0.1 

La 26.9 21.4 31.9 67.0 47.9 48.6 22.9 5.3 2.0 25.4 

Lu 0.2 0.4 0.5 0.3 0.4 0.6 0.5 0.1 0.1 0.4 

Mo 4.5 19.6 2.6 2.9 4.6 13.5 9.4 3.3 4.7 8.2 

Nb 9.0 9.9 8.9 12.5 13.6 17.1 7.8 9.7 0.4 10.8 

Nd 21.5 21.5 43.1 50.2 40.5 41.7 20.3 4.6 1.7 25.7 

Ni 11.7 90.2 47.1 7.0 43.5 28.0 21.4 9.4 12.0 34.2 

Pb 40.8 12.8 10.9 38.7 24.4 13.4 306.5 23.6 25.4 13.7 

Pr 5.9 5.4 10.3 13.9 10.9 11.4 5.2 1.2 0.5 6.5 

Rb 163.4 92.0 77.5 83.4 150.5 125.2 284.1 199.2 138.3 96.8 

Sb 0.2 0.3 0.1 / / 0.1 0.3 / / / 

Sm 4.5 4.8 9.1 9.2 7.9 7.8 4.4 1.3 0.5 5.5 
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Sn 6.4 4.1 5.4 2.5 4.8 4.5 22.6 26.1 6.6 3.6 

Sr 163.0 261.9 643.4 268.0 66.3 123.9 329.5 56.6 22.7 213.4 

Ta 1.7 0.9 1.0 1.0 1.4 1.5 0.7 2.7 0.1 1.2 

Tb 0.6 0.7 1.0 1.0 1.0 1.0 0.8 0.3 0.1 0.8 

Th 13.2 9.2 9.9 36.2 14.6 16.8 6.3 1.5 0.7 6.9 

Tm 0.2 0.4 0.5 0.3 0.4 0.6 0.5 0.1 0.1 0.4 

U 3.6 3.5 3.9 3.7 3.4 3.9 2.3 2.4 1.5 2.9 

V 16.9 78.6 184.4 41.3 87.7 99.9 198.1 2.3 1.8 106.6 

W 4.5 7.1 1.7 3.0 6.1 16.6 13.1 5.1 3.9 9.6 

Y 16.8 25.2 33.2 26.1 31.4 35.1 31.1 10.8 6.4 26.0 

Yb 1.5 2.4 3.2 2.1 3.0 3.8 3.4 0.5 0.9 2.5 

Zn 43.5 81.8 74.0 45.9 134.7 62.9 646.7 38.0 9.7 84.7 

Zr 103.9 173.3 96.6 245.3 134.4 500.5 112.9 44.8 4.8 240.5 

La/Yb 18.0 8.9 10.0 31.5 16.0 12.7 6.7 9.8 2.2 10.3 

Nb/Ta 5.3 10.6 9.0 12.7 9.5 11.1 11.9 3.6 3.8 9.2 

87
Rb/

86
Sr 

2.8281496

85 

0.9904607

88 

0.3394888

11 

0.8774643

31 

6.4021381

91 

2.8503072

91 2.4309565 

9.9173659

77 

17.167849

24 

1.2791049

93 

87
Sr/

86
Sr (err. 

2σ) 

0.725613 

(14) 

0.714813 

(20) 

0.707447 

(6) 

0.715559 

(12) 

0.746276 

(14) 

0.729244 

(18) 

0.712902 

(10) 

0.757092 

(14) 

0.784814 

(12) 

0.714694 

(22) 
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(
87

Sr/
86

Sr)300Ma 

0.7135393

84 

0.7105846

37 

0.7059976

93 

0.7118130

29 

0.7189447

17 

0.7170757

91 

0.7025240

36 

0.7147539

05 

0.7115229

63 

0.7092333

9 

147
Sm/

144
Nd 

0.1324306

04 

0.1395486

05 

0.1322224

24 

0.1149211

85 

0.1224830

87 

0.1171328

53 

0.1360620

37 

0.1821484

4 

0.1769006

93 

0.1331725

74 

143
Nd/

144
Nd 

(err.2σ) 

0.512084 

(5) 

0.512101 

(4) 

0.512391 

(6) 

0.512169 

(5) 

0.512012 

(4) 

0.511923 

(4) 

0.512279 

(11) 

0.512248 

(9) 

0.511955 

(15) 

0.512317 

(5) 

ɛNd 300Ma 

-

8.2217367

57 

-

8.1627654

94 

-

2.2205301

39 

-

5.8910709

98 

-

9.2459303

49 

-

10.778254

25 

-

4.5541927

31 

-

6.9263050

49 

-

12.445027

02 

-

3.7015795 
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Table 2: LA-ICPMS data for zircons. % Conc = percentage of concordance calculated as 100 × 

(206Pb/238UAge) / (207Pb/235UAge). 

 
  

Content 

(ppm) 
    Isotope ratios Ages (Ma)   

Zircon Pb  U  Th 
Th/

U 

238U/206

Pb 

1 σ 

(%) 

207Pb/206

Pb 

1 σ 

(%) 

207Pb/23

5U 

1 

σ 

206Pb/23

8U 

1 

σ 

207Pb/206

Pb 

1 

σ 

%Con

c. 

15MSB20 (Neouvielle 

granodiorite) 
                    

  

6160117

a 
43 938 113 

0.1

2 
20.5 1.5 0.0519 1.2 303 4 307 4 280 24 

101 

7160117

a 
12 244 90 

0.3

7 
20.6 1.5 0.0528 1.3 307 4 305 4 320 26 

99 

8160117

a 
29 605 133 

0.2

2 
20.6 1.5 0.0528 1.2 307 4 305 4 321 24 

99 

9160117

a 
12 250 85 

0.3

4 
20.4 1.5 0.0521 1.3 306 4 308 4 290 25 

101 

1016011

7a 
41 816 367 

0.4

5 
20.5 1.5 0.0521 1.2 305 4 307 4 291 24 

101 

1116011 13 260 81 0.3 20.6 1.5 0.0520 1.3 304 4 306 4 287 26 101 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

7a 1 

1216011

7a 
14 289 98 

0.3

4 
20.6 1.5 0.0524 1.3 306 4 306 4 304 25 

100 

2316011

7a 
12 234 80 

0.3

4 
20.7 1.5 0.0523 1.3 303 4 304 4 297 26 

100 

2716011

7a 
47 981 284 

0.2

9 
20.9 1.5 0.0523 1.2 301 4 302 4 300 24 

100 

2816011

7a 
50 1065 213 0.2 20.7 1.5 0.0523 1.2 303 4 304 4 298 24 

100 

3116011

7a 
15 299 135 

0.4

5 
20.7 1.5 0.0528 1.3 306 4 305 4 318 27 

100 

3316011

7a 
47 949 332 

0.3

5 
20.7 1.5 0.0527 1.2 306 4 305 4 318 24 

100 

3416011

7a 
17 334 134 0.4 20.8 1.5 0.0526 1.3 304 4 303 4 313 26 

100 

2220011

7c 
65 1394 293 

0.2

1 
20.7 1.4 0.0527 1.5 305 3 304 4 314 25 

100 

2320011

7c 
15 297 119 0.4 20.6 1.4 0.0520 1.6 303 4 305 4 285 28 

101 

3120011 30 624 193 0.3 20.7 1.4 0.0519 1.7 302 4 305 4 282 31 101 
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7c 1 

3420011

7c 
19 380 144 

0.3

8 
20.8 1.4 0.0524 1.6 303 4 303 4 304 28 

100 

15MSB22 (Neouvielle 

granodiorite)  
                    

  

6160117

c 
13 252 83 

0.3

3 
20.7 1.4 0.0520 1.3 302 4 305 4 284 26 

101 

1016011

7c 
11 213 75 

0.3

5 
20.7 1.5 0.0525 1.3 304 4 304 4 306 26 

100 

1116011

7c 
15 304 97 

0.3

2 
20.9 1.5 0.0526 1.3 302 4 301 4 311 25 

100 

1716011

7c 
14 285 80 

0.2

8 
20.8 1.5 0.0526 1.3 304 4 303 4 313 25 

100 

1816011

7c 
16 320 115 

0.3

6 
20.7 1.5 0.0517 1.3 300 4 304 4 270 25 

101 

1916011

7c 
11 223 65 

0.2

9 
20.8 1.5 0.0533 1.3 307 4 303 4 340 26 

99 

3016011

7c 
9 192 63 

0.3

3 
20.7 1.5 0.0530 1.3 308 4 305 4 330 27 

99 

3116011 11 219 79 0.3 20.6 1.5 0.0520 1.3 302 4 305 4 283 27 101 
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7c 6 

3216011

7c 
12 246 81 

0.3

3 
20.9 1.5 0.0521 1.3 299 4 301 4 289 27 

101 

3416011

7c 
14 274 118 

0.4

3 
20.7 1.5 0.0522 1.3 303 4 305 4 292 27 

101 

5200117

d 
28 572 246 

0.4

3 
20.8 1.4 0.0525 1.5 303 3 302 4 305 26 

100 

6200117

d 
16 334 154 

0.4

6 
21.0 1.4 0.0523 1.5 299 3 300 4 296 27 

100 

7200117

d 
14 298 101 

0.3

4 
20.9 1.4 0.0518 1.5 298 4 301 4 276 28 

101 

9200117

d 
20 408 180 

0.4

4 
20.9 1.4 0.0529 1.6 303 4 301 4 323 28 

99 

1020011

7d 
21 428 163 

0.3

8 
20.9 1.4 0.0522 1.5 301 3 301 4 296 27 

100 

1820011

7d 
9 180 58 

0.3

2 
21.1 1.4 0.0521 1.7 297 4 298 4 287 33 

100 

15BL179 (Lesponne diorite)                      

5160117

e 
48 926 556 0.6 20.8 1.5 0.0525 1.2 303 4 303 4 308 24 

100 
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6160117

e 
26 434 486 

1.1

2 
20.9 1.5 0.0530 1.2 304 4 301 4 328 24 

99 

7160117

e 
44 786 676 

0.8

6 
20.7 1.5 0.0525 1.2 304 4 304 4 309 24 

100 

8160117

e 
57 1002 862 

0.8

6 
20.6 1.5 0.0527 1.2 307 3 306 4 315 23 

100 

9160117

e 
16 307 181 

0.5

9 
20.7 1.5 0.0522 1.2 303 4 304 4 292 25 

100 

1016011

7e 
59 1145 641 

0.5

6 
21.0 1.5 0.0528 1.2 303 3 300 4 321 23 

99 

1116011

7e 
50 1007 594 

0.5

9 
21.9 1.5 0.0528 1.2 292 3 288 4 319 23 

99 

1216011

7e 
38 661 641 

0.9

7 
21.0 1.5 0.0525 1.2 301 3 300 4 306 24 

100 

1616011

7e 
39 774 426 

0.5

5 
21.7 1.5 0.0525 1.2 292 3 291 4 307 24 

100 

1716011

7e 
37 612 667 

1.0

9 
20.8 1.5 0.0530 1.2 306 4 303 4 330 24 

99 

1816011

7e 
49 831 897 

1.0

8 
20.9 1.5 0.0523 1.2 300 3 301 4 297 24 

100 
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1916011

7e 
65 1119 

128

7 

1.1

5 
21.7 1.5 0.0522 1.2 291 3 290 4 293 24 

100 

2016011

7e 
30 599 365 

0.6

1 
21.9 1.5 0.0523 1.2 289 3 288 4 300 24 

100 

2116011

7e 
26 591 142 

0.2

4 
22.5 1.5 0.0533 1.2 287 3 281 4 342 24 

98 

2216011

7e 
41 759 486 

0.6

4 
20.8 1.5 0.0528 1.2 305 4 303 4 322 24 

99 

2316011

7e 
33 562 652 

1.1

6 
21.6 1.5 0.0527 1.2 294 3 291 4 315 24 

99 

2716011

7e 
35 579 758 

1.3

1 
21.8 1.5 0.0532 1.3 294 3 289 4 335 25 

98 

2916011

7e 
23 405 409 

1.0

1 
21.1 1.5 0.0530 1.3 302 4 299 4 328 26 

99 

3016011

7e 
18 376 165 

0.4

4 
22.3 1.5 0.0533 1.3 290 3 283 4 340 25 

98 

3116011

7e 
30 626 269 

0.4

3 
21.6 1.5 0.0528 1.2 294 3 291 4 318 25 

99 

3216011

7e 
47 1085 54 

0.0

5 
21.8 1.5 0.0521 1.2 290 3 290 4 291 24 

100 
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3316011

7e 
36 632 689 

1.0

9 
21.7 1.5 0.0523 1.2 292 3 291 4 297 25 

100 

3416011

7e 
24 501 180 

0.3

6 
21.6 1.5 0.0522 1.3 292 3 292 4 292 25 

100 

6200117

b 
28 525 630 1.2 23.5 1.3 0.0519 1.5 270 3 269 3 281 26 

100 

8200117

b 
64 1407 788 

0.5

6 
24.0 1.3 0.0519 1.4 265 3 263 3 283 24 

99 

9200117

b 
71 1601 801 0.5 24.1 1.3 0.0524 1.4 266 3 262 3 303 24 

98 

1120011

7b 
25 506 390 

0.7

7 
23.0 1.3 0.0526 1.5 278 3 274 3 312 25 

99 

1620011

7b 

10

3 
1755 

240

4 

1.3

7 
22.5 1.3 0.0531 1.4 286 3 280 3 331 24 

98 

1720011

7b 
73 1429 

130

0 

0.9

1 
23.6 1.3 0.0532 1.4 275 3 268 3 338 24 

97 

1820011

7b 
43 887 470 

0.5

3 
22.0 1.3 0.0534 1.5 293 3 286 3 345 25 

98 

1920011

7b 
65 1300 

110

5 

0.8

5 
23.4 1.4 0.0526 1.4 274 3 269 3 312 24 

98 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

2020011

7b 
32 613 570 

0.9

3 
22.5 1.3 0.0522 1.5 281 3 280 3 292 25 

100 

2120011

7b 
34 686 370 

0.5

4 
22.0 1.3 0.0537 1.5 294 3 286 3 356 25 

97 

2220011

7b 
74 1459 

126

9 

0.8

7 
23.2 1.3 0.0524 1.5 276 3 273 3 301 24 

99 

2320011

7b 
41 809 720 

0.8

9 
23.2 1.3 0.0524 1.5 275 3 272 3 302 25 

99 

2820011

7b 
19 450 108 

0.2

4 
22.8 1.3 0.0526 1.5 281 3 277 3 313 26 

99 

2920011

7b 
72 1291 

123

9 

0.9

6 
21.4 1.4 0.0521 1.5 294 3 295 3 288 25 

100 

3020011

7b 
19 334 291 

0.8

7 
20.5 1.3 0.0524 1.5 306 4 307 4 303 27 

100 

3120011

7b 
44 866 520 0.6 21.5 1.4 0.0523 1.5 294 3 293 3 297 26 

100 

3220011

7b 
65 1138 

134

3 

1.1

8 
21.6 1.4 0.0523 1.5 293 3 292 3 297 26 

100 

3320011

7b 
56 1020 908 

0.8

9 
21.3 1.4 0.0525 1.5 297 3 296 3 309 26 

100 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

3420011

7b 
53 872 

112

5 

1.2

9 
21.3 1.3 0.0525 1.5 297 3 296 3 305 26 

100 

15BL177 (Lesponne granite)                      

6160117

d 
51 924 942 

1.0

2 
22.0 1.5 0.0527 1.2 290 3 287 4 315 24 

99 

7160117

d 
33 649 441 

0.6

8 
21.9 1.5 0.0534 1.2 294 3 288 4 344 24 

98 

8160117

d 
52 729 350 

0.4

8 
14.8 1.5 0.0566 1.2 430 5 422 5 474 23 

98 

9160117

d 
53 919 

107

5 

1.1

7 
22.0 1.5 0.0527 1.2 290 3 286 4 317 24 

99 

1016011

7d 
59 1296 467 

0.3

6 
22.7 1.5 0.0572 1.2 303 3 278 4 500 23 

92 

1116011

7d 
21 384 388 

1.0

1 
21.9 1.5 0.0531 1.2 292 4 288 4 332 25 

99 

1216011

7d 
57 1286 231 

0.1

8 
21.8 1.5 0.0524 1.2 290 3 289 4 302 24 

100 

1616011

7d 
13 118 65 

0.5

5 
9.4 1.5 0.0616 1.3 653 7 650 8 661 24 

100 

1716011 54 1044 762 0.7 21.9 1.5 0.0523 1.2 289 3 288 4 296 24 100 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

7d 3 

1816011

7d 
49 848 890 

1.0

5 
21.5 1.5 0.0531 1.2 298 3 293 4 334 24 

98 

1916011

7d 
34 735 250 

0.3

4 
21.9 1.5 0.0527 1.2 290 3 287 4 314 24 

99 

2016011

7d 
26 261 204 

0.7

8 
11.5 1.5 0.0592 1.2 543 6 536 7 573 23 

99 

2216011

7d 
26 580 191 

0.3

3 
22.5 1.5 0.0543 1.2 292 3 281 4 384 24 

96 

2716011

7d 
64 725 44 

0.0

6 
10.6 1.5 0.0600 1.2 584 6 579 7 603 23 

99 

2816011

7d 
29 275 85 

0.3

1 
9.5 1.5 0.0615 1.2 649 7 647 8 657 23 

100 

2916011

7d 
17 215 65 0.3 13.2 1.5 0.0577 1.3 479 5 470 6 518 24 

98 

3016011

7d 

13

5 
2283 

303

6 

1.3

3 
22.1 1.5 0.0542 1.2 295 3 285 4 379 24 

97 

3116011

7d 
75 965 154 

0.1

6 
12.3 1.5 0.0581 1.2 507 5 502 6 531 24 

99 

3216011 13 1489 253 0.1 10.4 1.5 0.0602 1.2 594 6 590 7 611 23 99 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

7d 8 7 

5180117

g 
70 1437 374 

0.2

6 
20.2 1.4 0.0543 1.3 319 3 311 4 381 24 

97 

6180117

g 
79 1931 309 

0.1

6 
23.7 1.4 0.0525 1.3 271 3 267 3 308 24 

99 

7180117

g 
34 895 9 

0.0

1 
24.4 1.4 0.0530 1.3 266 3 259 3 330 25 

97 

8180117

g 
70 1282 

112

8 

0.8

8 
21.6 1.4 0.0527 1.3 294 3 292 3 317 25 

99 

9180117

g 
60 1553 47 

0.0

3 
24.1 1.4 0.0537 1.3 272 3 262 3 357 24 

96 

1018011

7g 
30 597 376 

0.6

3 
21.6 1.4 0.0546 1.3 304 3 292 3 396 25 

96 

1118011

7g 
85 1867 411 

0.2

2 
21.6 1.4 0.0559 1.3 310 3 292 3 447 23 

94 

1218011

7g 
81 2062 186 

0.0

9 
24.3 1.4 0.0543 1.3 273 3 261 3 381 24 

96 

1618011

7g 
40 852 588 

0.6

9 
23.3 1.4 0.0528 1.3 276 3 271 3 321 26 

98 

1718011 61 1587 365 0.2 25.4 1.4 0.0534 1.3 259 3 249 3 346 25 96 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

7g 3 

1818011

7g 
43 844 734 

0.8

7 
23.3 1.4 0.0530 1.3 277 3 271 3 328 26 

98 

1918011

7g 
65 1398 979 0.7 23.9 1.4 0.0531 1.3 271 3 264 3 332 25 

97 

2018011

7g 
39 745 738 

0.9

9 
22.9 1.4 0.0543 1.4 287 3 276 3 382 26 

96 

2118011

7g 
54 1230 467 

0.3

8 
23.3 1.4 0.0537 1.4 280 3 271 3 356 27 

97 

2218011

7g 
57 1439 29 

0.0

2 
23.1 1.4 0.0521 1.3 275 3 273 3 290 26 

99 

2318011

7g 
78 1656 

122

5 

0.7

4 
23.8 1.4 0.0526 1.4 270 3 265 3 312 26 

98 

6200117

e 
26 352 67 

0.1

9 
14.0 1.3 0.0612 1.5 478 5 443 5 645 24 

93 

7200117

e 
38 377 102 

0.2

7 
10.1 1.3 0.0625 1.5 624 6 606 7 690 23 

97 

8200117

e 
53 441 578 

1.3

1 
11.1 1.3 0.0614 1.4 576 5 557 6 653 23 

97 

9200117 23 214 158 0.7 10.8 1.3 0.0636 1.5 604 6 571 6 728 24 95 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

e 4 

1020011

7e 
49 944 

103

8 
1.1 24.3 1.3 0.0532 1.5 268 3 260 3 338 24 

97 

1120011

7e 
82 1518 

167

0 
1.1 23.4 1.3 0.0525 1.4 274 3 270 3 308 24 

99 

1220011

7e 
29 577 467 

0.8

1 
23.5 1.3 0.0529 1.5 274 3 269 3 323 25 

98 

1620011

7e 

12

4 
2412 

262

9 

1.0

9 
24.2 1.3 0.0523 1.4 265 3 261 3 299 24 

98 

1720011

7e 
19 343 367 

1.0

7 
22.0 1.3 0.0531 1.6 292 3 287 3 334 28 

98 

1820011

7e 
93 2107 

113

8 

0.5

4 
24.3 1.3 0.0526 1.4 265 3 260 3 313 24 

98 

1920011

7e 

12

3 
2260 

187

6 

0.8

3 
21.6 1.3 0.0523 1.4 293 3 292 3 298 24 

100 

2020011

7e 
62 1384 623 

0.4

5 
23.5 1.3 0.0527 1.5 274 3 269 3 316 25 

98 

2120011

7e 
73 1393 

121

2 

0.8

7 
22.3 1.3 0.0538 1.5 291 3 283 3 363 25 

97 

2220011 24 471 396 0.8 23.0 1.4 0.0536 1.5 282 3 274 3 353 26 97 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

7e 4 

2320011

7e 
38 388 109 

0.2

8 
10.2 1.3 0.0603 1.5 604 6 601 7 615 24 

100 

2720011

7e 
29 554 465 

0.8

4 
21.8 1.4 0.0520 1.6 289 3 290 3 285 28 

100 

2820011

7e 
13 285 83 

0.2

9 
20.8 1.4 0.0540 1.6 310 4 302 3 371 28 

97 

2920011

7e 
76 1652 611 

0.3

7 
21.9 1.4 0.0520 1.5 287 3 288 3 285 26 

100 

3020011

7e 
23 387 395 

1.0

2 
20.4 1.4 0.0595 1.5 343 4 308 4 587 25 

90 

3120011

7e 
38 816 318 

0.3

9 
21.7 1.3 0.0524 1.5 292 3 290 3 301 26 

99 

3220011

7e 
43 984 384 

0.3

9 
23.4 1.4 0.0560 1.5 289 3 270 3 450 25 

93 

3320011

7e 
33 587 628 

1.0

7 
21.5 1.4 0.0519 1.5 291 3 293 3 280 27 

101 

3420011

7e 
84 1777 

156

4 

0.8

8 
23.7 1.4 0.0526 1.5 271 3 267 3 311 26 

99 

15BL176 (Lesponne migmatite)                     

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

5190117

b 
42 900 90 0.1 20.8 1.5 0.0564 1.3 322 4 303 4 467 24 

94 

6190117

b 

10

4 
2391 120 

0.0

5 
21.4 1.5 0.0528 1.3 298 3 295 4 320 24 

99 

7190117

b 
61 1074 967 0.9 20.6 1.5 0.0525 1.3 306 3 306 4 307 24 

100 

8190117

b 
98 2176 370 

0.1

7 
21.6 1.5 0.0548 1.3 305 3 292 3 405 23 

96 

9190117

b 

15

5 
3333 

136

7 

0.4

1 
22.4 1.5 0.0564 1.2 303 3 282 3 466 23 

93 

1019011

7b 
73 1069 118 

0.1

1 
14.1 1.5 0.0768 1.3 568 5 441 5 1115 21 

78 

1119011

7b 
92 2104 0 0 20.8 1.5 0.0531 1.3 306 3 303 4 332 24 

99 

1619011

7b 
59 1250 288 

0.2

3 
20.8 1.5 0.0535 1.3 308 3 302 4 350 25 

98 

1719011

7b 
73 1598 176 

0.1

1 
20.8 1.5 0.0533 1.3 307 3 303 4 343 24 

99 

1819011

7b 
57 625 194 

0.3

1 
11.0 1.5 0.0588 1.3 560 6 561 7 558 23 

100 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

1919011

7b 
49 404 473 

1.1

7 
10.7 1.5 0.0597 1.3 580 6 576 7 594 24 

99 

2019011

7b 

11

5 
2744 357 

0.1

3 
22.7 1.5 0.0537 1.3 286 3 278 3 357 24 

97 

2119011

7b 
24 423 372 

0.8

8 
20.9 1.5 0.0527 1.4 303 4 301 4 316 28 

99 

2219011

7b 

10

2 
2000 

104

0 

0.5

2 
21.0 1.5 0.0532 1.3 304 3 300 4 335 25 

99 

2319011

7b 
44 832 83 0.1 18.0 1.5 0.0560 1.3 363 4 349 4 452 24 

96 

2719011

7b 
75 1535 553 

0.3

6 
20.7 1.5 0.0521 1.3 303 3 305 4 290 25 

101 

2819011

7b 
84 1818 218 

0.1

2 
20.7 1.5 0.0521 1.3 303 3 305 4 288 25 

101 

3019011

7b 
16 149 113 

0.7

6 
10.7 1.5 0.0600 1.4 583 6 577 7 604 27 

99 

3119011

7b 
70 1800 90 

0.0

5 
24.0 1.5 0.0541 1.3 275 3 263 3 374 25 

96 

3219011

7b 

11

0 
2641 264 0.1 22.7 1.5 0.0522 1.3 280 3 279 3 293 25 

100 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

3319011

7b 
94 2214 221 0.1 22.4 1.5 0.0528 1.3 286 3 282 3 320 25 

99 

3419011

7b 

10

3 
2200 418 

0.1

9 
20.7 1.5 0.0522 1.3 303 3 304 4 295 26 

100 

5200117

a 
24 448 493 1.1 22.4 1.4 0.0524 1.5 283 3 281 3 303 25 

99 

7200117

a 
20 228 64 

0.2

8 
11.1 1.4 0.0592 1.5 559 6 556 6 574 24 

99 

8200117

a 
60 1496 15 

0.0

1 
22.4 1.4 0.0526 1.4 285 3 282 3 312 24 

99 

1020011

7a 
9 180 112 

0.6

2 
21.3 1.4 0.0529 1.6 299 4 296 4 325 29 

99 

1120011

7a 

11

8 
1025 390 

0.3

8 
8.9 1.4 0.0626 1.4 690 6 689 8 695 22 

100 

1220011

7a 

15

4 
2954 30 

0.0

1 
17.6 1.4 0.0558 1.4 368 4 356 4 444 22 

97 

1620011

7a 

24

5 
2443 366 

0.1

5 
9.6 1.4 0.0640 1.4 662 6 639 7 743 22 

97 

1820011

7a 

10

2 
1897 

208

7 
1.1 23.1 1.4 0.0555 1.4 291 3 274 3 431 23 

94 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

1920011

7a 
20 475 133 

0.2

8 
23.6 1.4 0.0528 1.5 273 3 268 3 321 25 

98 

2020011

7a 
50 577 63 

0.1

1 
11.1 1.4 0.0632 1.4 587 6 554 6 714 23 

94 

2120011

7a 
82 2050 287 

0.1

4 
23.9 1.4 0.0525 1.4 269 3 265 3 308 24 

99 

2220011

7a 

10

3 
2049 

172

1 

0.8

4 
23.4 1.4 0.0524 1.4 273 3 269 3 302 24 

99 

2320011

7a 
36 657 696 

1.0

6 
22.3 1.4 0.0544 1.5 294 3 283 3 389 25 

96 

2720011

7a 
84 1848 869 

0.4

7 
23.1 1.4 0.0538 1.4 282 3 273 3 361 24 

97 

2920011

7a 
16 162 50 

0.3

1 
10.2 1.4 0.0620 1.5 619 6 604 7 673 25 

98 

3120011

7a 
41 1007 40 

0.0

4 
23.3 1.4 0.0566 1.5 294 3 272 3 477 25 

93 

3220011

7a 
16 378 110 

0.2

9 
23.4 1.3 0.0528 1.5 275 3 270 3 321 27 

98 

3420011

7a 
31 281 219 

0.7

8 
10.5 1.4 0.0595 1.5 585 6 586 7 584 25 

100 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

15BL168 (Chiroulet granite)                      

5170117

f 
7 59 65 

1.1

1 
10.1 1.3 0.0615 1.4 620 7 609 7 658 28 

98 

6170117

f 

16

9 
2204 419 

0.1

9 
12.7 1.3 0.0577 1.1 494 5 489 6 517 22 

99 

7170117

f 

44

1 
11248 112 

0.0

1 
23.5 1.3 0.0553 1.1 285 3 269 3 426 23 

94 

8170117

f 
28 301 27 

0.0

9 
10.5 1.3 0.0665 1.2 638 6 587 7 822 23 

92 

9170117

f 
61 383 234 

0.6

1 
7.0 1.3 0.0702 1.2 881 7 860 10 934 22 

98 

1017011

7f 
49 438 337 

0.7

7 
10.2 1.3 0.0602 1.2 603 6 601 7 609 23 

100 

1117011

7f 

22

8 
6340 63 

0.0

1 
25.4 1.3 0.0530 1.1 256 3 249 3 329 23 

97 

1717011

7f 
60 1414 14 

0.0

1 
21.5 1.3 0.0533 1.2 299 3 294 3 341 24 

98 

1817011

7f 

10

7 
1923 77 

0.0

4 
16.8 1.3 0.0575 1.2 393 4 373 4 512 23 

95 

1917011 15 214 19 0.0 13.3 1.3 0.0580 1.3 479 5 468 5 531 27 98 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

7f 9 

2117011

7f 

15

2 
1207 616 

0.5

1 
8.8 1.3 0.0702 1.2 752 7 692 8 935 22 

92 

2217011

7f 
23 542 11 

0.0

2 
21.6 1.3 0.0531 1.2 297 3 292 3 332 26 

98 

2317011

7f 
82 2085 0 0 23.4 1.3 0.0546 1.2 283 3 270 3 397 24 

95 

2717011

7f 

12

7 
2938 59 

0.0

2 
21.3 1.3 0.0532 1.2 300 3 295 3 337 24 

98 

2817011

7f 

16

1 
3828 38 

0.0

1 
21.6 1.3 0.0526 1.2 294 3 291 3 312 25 

99 

3017011

7f 
54 1177 24 

0.0

2 
20.1 1.3 0.0553 1.2 327 4 313 4 424 25 

96 

3117011

7f 

27

4 
7304 73 

0.0

1 
24.3 1.3 0.0528 1.2 266 3 260 3 321 25 

98 

3217011

7f 

16

0 
3121 250 

0.0

8 
18.7 1.3 0.0568 1.2 355 4 336 4 485 24 

95 

3317011

7f 
90 2078 42 

0.0

2 
21.3 1.3 0.0562 1.2 315 3 295 3 459 25 

94 

3417011 38 905 0 0 21.6 1.3 0.0527 1.3 294 3 291 3 314 27 99 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

7f 

6170117

g 

76

4 
17902 179 

0.0

1 
21.6 1.3 0.0546 1.1 303 3 291 3 397 23 

96 

7170117

g 
43 362 235 

0.6

5 
9.4 1.3 0.0619 1.2 658 6 654 7 672 23 

99 

8170117

g 
60 1401 0 0 21.3 1.3 0.0520 1.2 295 3 296 3 287 24 

100 

9170117

g 

12

1 
926 148 

0.1

6 
7.4 1.3 0.0689 1.1 836 7 814 9 895 21 

97 

1117011

7g 

10

4 
2008 120 

0.0

6 
18.4 1.3 0.0556 1.1 354 4 341 4 435 23 

96 

1617011

7g 
80 962 144 

0.1

5 
11.6 1.3 0.0583 1.2 536 5 535 6 541 24 

100 

1717011

7g 
99 932 550 

0.5

9 
10.3 1.3 0.0611 1.2 605 6 595 7 642 23 

98 

1817011

7g 
44 363 87 

0.2

4 
8.2 1.3 0.0645 1.2 748 7 744 8 759 23 

99 

1917011

7g 
50 546 180 

0.3

3 
11.1 1.3 0.0586 1.2 554 5 554 6 553 24 

100 

2017011 85 2036 0 0 21.8 1.3 0.0529 1.2 293 3 289 3 324 24 99 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

7g 

2117011

7g 

11

2 
1349 13 

0.0

1 
11.0 1.3 0.0614 1.2 578 5 560 6 652 23 

97 

2217011

7g 

14

0 
3546 35 

0.0

1 
23.2 1.3 0.0536 1.2 281 3 272 3 354 24 

97 

2317011

7g 
27 244 273 

1.1

2 
11.2 1.3 0.0585 1.2 550 6 551 6 549 25 

100 

2717011

7g 
85 825 198 

0.2

4 
9.5 1.3 0.0618 1.2 649 6 644 7 667 23 

99 

2817011

7g 
55 1107 33 

0.0

3 
19.5 1.3 0.0657 1.2 388 4 323 4 796 23 

83 

2917011

7g 
22 247 96 

0.3

9 
11.8 1.3 0.0584 1.3 530 6 526 6 545 26 

99 

3017011

7g 
31 285 63 

0.2

2 
9.1 1.3 0.0628 1.2 679 7 673 8 700 24 

99 

3117011

7g 

16

1 
1621 324 0.2 9.9 1.3 0.0644 1.2 651 6 622 7 753 23 

96 

3217011

7g 

12

9 
3172 32 

0.0

1 
22.4 1.3 0.0522 1.2 283 3 282 3 294 25 

100 

3317011 12 2372 24 0.0 17.4 1.3 0.0627 1.2 410 4 361 4 697 24 88 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

7g 6 1 

3417011

7g 

18

3 
4701 47 

0.0

1 
23.4 1.3 0.0561 1.2 290 3 270 3 456 24 

93 

5180117

e 
33 371 100 

0.2

7 
11.1 1.4 0.0598 1.3 563 5 555 6 596 23 

99 

6180117

e 
51 1097 121 

0.1

1 
21.3 1.4 0.0555 1.3 312 3 296 3 431 24 

95 

7180117

e 

14

5 
4088 41 

0.0

1 
25.6 1.4 0.0531 1.3 256 3 247 3 334 24 

96 

8180117

e 
72 870 78 

0.0

9 
11.6 1.4 0.0602 1.3 549 5 534 6 612 23 

97 

9180117

e 
52 735 74 0.1 13.2 1.4 0.0584 1.3 482 5 469 5 544 23 

97 

1018011

7e 
43 199 378 1.9 7.0 1.4 0.0724 1.3 904 7 866 10 997 22 

96 

1118011

7e 
63 1724 0 0 25.3 1.3 0.0561 1.3 271 3 250 3 455 23 

92 

1218011

7e 
58 871 17 

0.0

2 
13.9 1.4 0.0609 1.3 480 5 448 5 637 23 

93 

1618011 83 2017 20 0.0 22.1 1.4 0.0522 1.3 287 3 286 3 296 24 100 
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7e 1 

1818011

7e 

24

7 
6422 64 

0.0

1 
23.9 1.4 0.0548 1.3 279 3 264 3 405 23 

95 

1918011

7e 
23 172 170 

0.9

9 
9.2 1.4 0.0690 1.5 721 7 666 8 897 26 

92 

2018011

7e 
52 289 205 

0.7

1 
6.2 1.4 0.0731 1.3 976 8 958 10 1016 22 

98 

2118011

7e 

12

7 
3395 34 

0.0

1 
24.5 1.4 0.0530 1.3 265 3 258 3 328 24 

97 

2218011

7e 

11

8 
2765 221 

0.0

8 
22.7 1.4 0.0533 1.3 285 3 279 3 341 24 

98 

2318011

7e 

13

4 
3646 36 

0.0

1 
24.9 1.4 0.0520 1.3 258 3 254 3 287 24 

98 

2718011

7e 

17

4 
4552 46 

0.0

1 
24.0 1.4 0.0523 1.3 267 3 264 3 298 25 

99 

2918011

7e 
19 111 92 

0.8

3 
7.0 1.4 0.0701 1.4 882 8 863 9 931 24 

98 

3018011

7e 

13

4 
3668 37 

0.0

1 
25.2 1.3 0.0526 1.3 257 3 251 3 312 25 

98 

3118011 57 448 13 0.0 7.4 1.4 0.0692 1.3 841 7 818 9 904 23 97 
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7e 3 

3218011

7e 
7 66 30 

0.4

6 
9.7 1.4 0.0629 1.6 647 7 631 7 704 30 

98 

3318011

7e 
35 811 24 

0.0

3 
21.8 1.4 0.0533 1.4 295 3 290 3 340 26 

98 

3418011

7e 

15

3 
3731 75 

0.0

2 
22.5 1.4 0.0523 1.3 282 3 280 3 300 25 

99 

15BL164 (Chiroulet migmatite)                      

8180117

a 

23

2 
5530 12 0 21.6 1.4 0.0527 1.3 294 3 292 3 316 24 

99 

1018011

7a 
79 2148 2 0 24.7 1.4 0.0532 1.3 264 3 256 3 336 24 

97 

1218011

7a 

36

6 
9724 9 0 24.1 1.4 0.0528 1.3 268 3 262 3 320 24 

98 

1618011

7a 

19

0 
4690 3 0 22.5 1.4 0.0528 1.3 285 3 280 3 321 24 

98 

1718011

7a 

21

8 
5219 3 0 21.9 1.4 0.0532 1.3 294 3 288 3 338 24 

98 

1818011

7a 

19

6 
4900 4 0 22.7 1.4 0.0527 1.3 282 3 278 3 315 24 

99 
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1918011

7a 

32

6 
7827 10 0 21.9 1.4 0.0527 1.3 291 3 288 3 314 24 

99 

2218011

7a 

35

0 
8187 9 0 21.4 1.4 0.0535 1.3 300 3 294 3 350 24 

98 

2918011

7a 

31

0 
7414 8 0 21.9 1.4 0.0527 1.3 291 3 288 3 318 24 

99 

3018011

7a 

33

0 
8742 74 

0.0

1 
24.4 1.4 0.0529 1.3 266 3 259 3 323 25 

97 

3218011

7a 

46

5 
10744 30 0 21.2 1.4 0.0525 1.3 298 3 297 3 306 25 

100 

3418011

7a 

22

2 
5223 6 0 21.6 1.4 0.0530 1.3 297 3 292 3 331 25 

98 

6180117

d 

15

8 
3748 7 0 21.2 1.4 0.0529 1.3 300 3 297 4 324 24 

99 

7180117

d 

15

7 
3934 4 0 22.5 1.4 0.0531 1.3 286 3 281 3 333 24 

98 

9180117

d 

21

5 
5493 6 0 22.9 1.4 0.0521 1.3 277 3 275 3 292 24 

99 

1218011

7d 

44

2 
11315 6 0 23.1 1.4 0.0523 1.3 276 3 273 3 299 24 

99 
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1718011

7d 

70

5 
17095 413 

0.0

2 
22.2 1.4 0.0521 1.3 285 3 284 3 291 24 

100 

1818011

7d 

18

7 
4785 9 0 23.4 1.4 0.0529 1.3 275 3 270 3 323 25 

98 

1918011

7d 

14

6 
3660 4 0 23.0 1.4 0.0531 1.3 280 3 274 3 331 25 

98 

2018011

7d 

30

6 
8061 7 0 24.2 1.4 0.0529 1.3 268 3 261 3 323 25 

97 

2718011

7d 

49

5 
12114 33 0 22.7 1.3 0.0522 1.3 279 3 278 3 294 26 

100 

3018011

7d 

20

1 
4917 5 0 22.9 1.3 0.0529 1.3 280 3 275 3 325 26 

98 

3118011

7d 

25

0 
6163 11 0 23.1 1.3 0.0530 1.4 279 3 273 3 329 26 

98 

3318011

7d 

19

3 
4848 4 0 23.6 1.3 0.0524 1.4 272 3 268 3 304 27 

99 

3418011

7d 

21

3 
5242 5 0 23.1 1.3 0.0529 1.4 278 3 273 3 325 27 

98 
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Appendix A: Analytical method for XRF measurements. 

 

Appendix B: Operating conditions for the LA-ICPMS equipment and Plesovice analyses for quality control. 

 

Appendix C: Solid solution models used for phase equilibria modelling. 
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Highlights 

 Variscan Pyrenees were affected by a late orogenic high temperature event. 

 Late Variscan magmatism lasted from ca. 303 Ma to ca. 290 Ma in the Pyrenees. 

 The intermediate crust of the Pyrenees remained partially molten for about 10 My. 

 Both mantle and crustal magma sources were evidenced in the Pyrenees. 

 Magmatism acted as an external heat source for crustal heating. 
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