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Abstract

Variscan granitoids and associated mafic rocks exposed in the External Crystalline Massifs (ECM) of the Western Alps
document the Variscan stages from the early Carboniferous collision to the early Permian post-collisional setting. Our study
focuses on the Central part of the ECM, synthesizing newly acquired and existing geochronological, whole-rock geochemi-
cal and isotopic data. We identified two distinctive magmatic series: (i) high-K calc-alkaline granitoids, which range from
magnesian (MgG) to ferro-magnesian (FeMgG) rocks; (ii) ultra-high-K metaluminous (UHKM) rocks (“durbachites”). These
series were emplaced roughly simultaneously between ca. 350 and 300 Ma, with two main episodes during the Visean (ca.
348-335 Ma) and the late Carboniferous (305-299 Ma), with a more limited activity in between. A younger Permian event at
ca. 280-275 Ma has also been identified in one granitoid pluton. Contemporaneous emplacement of these two series reflects
concomitant crustal anatexis and melting of LILE-LREE-rich metasomatized lithospheric mantle. Trace elements and
Nd-Sr isotopes reveal significant hybridization between these two magmatic end members, by magma mixing, or assimila-
tion of crystallized mafic ultrapotassic enclaves in the high-K calc-alkaline granitoids. Granitoid composition evolves over
time, especially SiO,, Mg#, Sr/Y, La/Yb and Nb/Ta, possibly explained by increasing differentiation of magmas over time,
changes in the crust versus mantle sources mass-balance, and decrease in melting pressure due to the orogenic collapse. The
eNd, values of both high-K calc-alkaline granitoids and durbachites decreases from [—3.8; —2.9] to [—6.4; —5.2] between
345 and 320 Ma, possibly indicating an increasing influence of subducted/relaminated crustal material contaminating the
lithospheric mantle source. eNd; values then rise to [—3.7; —0.5] during the late Carboniferous, possibly due to progressive
exhaustion of the enriched mantle source, or advection of the asthenosphere during the post-collisional stage.
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Introduction

Collisional belts can be the site of intense magmatic
activity, in particular in response to thermal relaxation
and gravitational collapse of the thickened lithosphere.
Large granitoid batholiths and migmatite domes are com-
monly formed during syn- to late-collisional stages (Finger
et al. 1997; Moyen et al. 2021; Pitcher 1987; Teyssier and
Whitney 2002), by the accumulation of multiple batches
of magma emplaced over millions to tens of million years
(Clemens 2012; Laurent et al. 2017; Schaltegger et al.
2019).

The Paleozoic Variscan Belt of Western and Central
Europe has been for long an important site for studying
magmatic processes in collisional orogens (Didier et al.
1982; Finger et al. 1997; Pitcher 1987). Recent efforts
aimed to build a coherent geodynamic framework inte-
grating tectonic—metamorphic and magmatic evolution,
shedding light on the interplay between crustal and man-
tle processes during the Variscan Orogeny (Hora et al.
2021; Laurent et al. 2017; Martinez Catalan et al. 2021;
Moyen et al. 2017; Vanderhaeghe et al. 2020; 74k et al.
2014). However, many of these studies have been focused
on large Paleozoic massifs like the French Massif Cen-
tral or the Bohemian Massif, where the largest Variscan
batholiths are exposed (Ledru et al. 2001; 74k et al. 2014).
Peripheral and smaller Paleozoic massifs have been com-
paratively overlooked, especially in the eastern domain
due to the Alpine overprint. The Western Alps provide
a well-exposed crustal section from the upper to the par-
tially molten middle-lower crust in the External Crystal-
line Massifs (ECM), which contain numerous granitoid
intrusions emplaced at different structural levels (Fig. 1),
and with little impact of Alpine metamorphism.

Based on scarce geochronological data, Debon and
Lemmet (1999) suggested that the ECM granitoids were
emplaced in two magmatic episodes during the syn- and
post-collisional stages at ca. 340 and 305 Ma. However,
this model has been questioned by a recent geochronologi-
cal study of the Aar Batholith (Ruiz et al. 2022), the north-
ernmost Variscan plutonic formation in the ECM (Fig. 1).
The Aar Batholith study identified multiple episodes of
magmatic emplacement during the Carboniferous, chal-
lenging the previously suggested timing. Consequently,
further investigation is needed to clarify the timing of
magmatic activity and the relationship between granite
emplacement and regional tectono-metamorphic evolution
in the less-studied central ECM of Belledonne, Grande-
Rousses and Pelvoux.

Another interesting feature of the ECM granitoids is
their close association with a set of mafic to intermedi-
ate, Mg-rich (ultra)-potassic monzodiorite to quartz
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syenite and lamprophyres akin to the durbachite suite
(Von Raumer et al. 2014). They are volumetrically minor
but spatially widespread in the ECM basement (Banzet
1987; De Boisset 1986; Debon et al. 1998; Schaltegger
1997). Similar rocks in other Variscan massifs have been
interpreted as markers of the contribution of a metaso-
matized mantle source to the Variscan magmatism (Hora
et al. 2021; JanouSek and Holub 2007; Laurent et al. 2017;
Soder and Romer 2018). Variation in geochemical and iso-
topic compositions of these series over space and time
offer crucial insights into mantle heterogeneities and com-
positional evolution during the Variscan collision.

We compiled existing literature data and collected sam-
ples from various granitoid and mafic/intermediate plutons
representative of the lithological diversity of the ECM in
the Belledonne—Pelvoux area. Our new dataset, including
zircon U-Pb ages, whole-rock major-, trace-element and
Sr—Nd isotopic data on 22 samples, aims to constrain the
timing of syn- to late-collisional magmatism in the ECM,
establish the link between granite emplacement and regional
tectono-metamorphic evolution and examine the geochemi-
cal and isotopic evolution of magmatism over time.

Geological setting

The ECM, representing the exposed portions of the Variscan
basement in the external Western Alps (Fig. 1a), comprise a
heterogeneous metamorphic pile predominantly consisting
of Cambrian—Ordovician mafic to felsic igneous and sedi-
mentary protoliths. These rocks underwent greenschist- to
granulite-facies metamorphism during the Variscan collision
(Bussy et al. 2011; Fréville et al. 2022 2018; Guillot and
Meénot 2009; Jacob et al. 2021a, 2022). This metamorphic
pre-Variscan basement was intruded by numerous Carbon-
iferous granitoid plutons, and the entire complex is over-
lain by late-Carboniferous and Mesozoic sedimentary rocks
(Fig. 1b). Alpine Orogeny affected the Variscan basement,
with localized deformation along brittle—ductile shear zones
associated with low-grade metamorphism (250-350 °C and
0.1-0.5 GPa, Bellanger et al. 2015).

In the Belledonne, Grandes-Rousses and Pelvoux Mas-
sifs, there is a gradual increase of Variscan metamorphic
conditions from West to East. The western units consist of
metasedimentary series forming the "Série Satinée" (Bordet
and Bordet 1963, Fig. 2) metamorphosed at greenschist to
low-T amphibolite-facies conditions (Fréville et al. 2018;
Meénot 1988). Eastward, peak-T metamorphic conditions
increase gradually (Guillot and Menot 1999) and reach
granulite-facies conditions in central and eastern Pelvoux
(> 800 °C; Fréville et al. 2022; Grandjean et al. 1996; Jacob
et al. 2022), where both mafic and felsic protoliths were
intensely migmatized (Barféty and Pécher 1984; Le Fort
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1971; Pecher 1970). These migmatitic series contain relics
of retrogressed eclogites and high-pressure (HP) granulites
marking an early collisional HP stage (ca. 1.4-1.8 GPa,
650-730 °C) during the Visean (ca. 340-330 Ma; Jacob
et al. 2021a, 2022). In southern Belledonne and western Pel-
voux, pre-Variscan bimodal acid-basic magmatic series and
volcano-clastic series, presumably of late Devonian to early
Carboniferous age (ca. 370-350 Ma), are metamorphosed
under the amphibolite-facies conditions (Fréville et al. 2018,
2022; Ménot 1986; Ménot et al. 1987).

Variscan tectonics in the ECM involved three defor-
mation stages. The first event (D1), occurring during the
early Carboniferous (350-330 Ma), involved east-directed
nappe stacking (in present-day reference frame), primar-
ily observed in the SW Belledonne Massif, resulting in a
shallow dipping S1 foliation (Fig. 3a) (Fernandez et al.
2002; Fréville et al. 2018). The D1 event induced crustal
thickening, leading to HP granulitic—eclogitic metamor-
phic conditions at the base of the nappe pile, with local-
ized partial melting at deeper structural levels (Fréville
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Fig.2 Simplified geologi-

cal map of the Pelvoux and
Grandes-Rousses massifs and a
part of the Belledonne Massif
showing the location of the
dated samples. Modified after
Fréville et al. (2018)
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et al. 2018, 2022; Jacob et al. 2021a; Vanardois et al.
2022b).

Following D1, dextral transpression (D2) occurred during
the middle to late Carboniferous (ca. 330-310 Ma), forming
subvertical fabrics S2 associated with dextral shear (Jacob
et al. 2021a; Simonetti et al. 2018 2020; Vanardois et al.
2022c, 2022b; Von Raumer and Bussy 2004), and conju-
gate sinistral shear localized in the Pelvoux Massif (Fréville
et al. 2022; Strzerzynski et al. 2005). Phase D2 was coeval
with horizontal flow of the partially molten crust that started
during crustal thickening and then persisted until the early
stages of exhumation of the deep-seated rocks (Fréville
et al. 2022; Jacob et al. 2022; Vanardois et al. 2022b, ¢). The
phase D2 in the ECM is correlated with a plate-scale dextral
transcurrent regime caused by the anti-clockwise rotation of
Gondwana relative to Laurussia, which affected a large part
of the Variscan Belt (Ball¢vre et al. 2018; Chardon et al.
2020; Edel et al. 2018).

Around 305 Ma, transpression evolved into transtension
(D3), leading to crustal thinning and locally forming S3 flat-
lying foliations (Fernandez et al. 2002; Fréville et al. 2022;
Guillot et al. 2009; Vanardois et al. 2022c) (Fig. 3b, c). Con-
currently, a second low-pressure anatectic event occurred,
forming Crd-bearing migmatites (Barféty and Pécher 1984;
Fréville et al. 2022).

The Variscan tectono-metamorphic evolution was also
characterized by intense magmatic activity, recorded from
the convergence onset (late Devonian—early Carboniferous)
to the late-collisional stages (late Carboniferous—early Per-
mian). Geochemical and petrological investigation of these
magmatic series occurred predominantly during the 1980s to
the late 1990s (Banzet 1987; Debon et al. 1998; Debon and
Lemmet 1999; Ménot 1987; Vivier et al. 1987). However,
the classification scheme outlined in these studies appears
somewhat outdated and requires revisions to align with
the latest research on magmatism in other regions of the
European Variscides. Thus, a detailed description of these
series with an updated classification, incorporating our lat-
est geochronological, petrological, and geochemical data, is
presented further down in the Result section.

Analytical methods

U-Pb dating

Twenty-two samples of the different Variscan magmatic
series and older igneous protoliths (orthogneiss) (Fig. 2)
have been dated using U-Pb geochronology on zircon

performed by in situ Laser Ablation Inductively Coupled
Plasma Mass Spectrometry (LA-ICP-MS) at the GeOHeLiS

@ Springer
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analytical Platform (Rennes), Géosciences Montpellier and
BRGM (Orléans). Locations of samples are given in Table 1
and detailed descriptions for each sample are available in the
supplementary materials. Zircon grains have been separated
using classical dense liquor separation at the Department
of Mineralogy and Mineral Raw Materials of the Bulgar-
ian Academy of Sciences (Sofia, Bulgaria) and at BRGM
(Orléans, France). Zircon grains have been carefully hand-
picked under a binocular microscope to represent all varia-
tions of size, shape and color, placed in epoxy mounts and
polished to expose the center of the grains. Zircon grains
were imaged by cathodoluminescence (CL) at Besancon in
the Femto-st laboratory, Franche-Comté University, using a
FEI Quanta 450 W scanning electron microscope (SEM), at
BRGM using a TESCAN Mira 3 XMU SEM and at ISTerre
Grenoble using a TESCAN Vega 3 SEM.

In-situ U-Pb isotopic analyses have been performed by
LA-ICPMS, with spot sizes of 25-26 um, using an ESI
NWR193 UC excimer laser coupled to a 7700 x Agilent
quadrupole ICP-MS at GeOHeLiS (Rennes), a Compex
102 Lambda-Physik excimer laser coupled to a Plasmaquad
I quadrupole ICP-MS at Géosciences Montpellier and a
Cetac Excite 193 nm excimer laser coupled to X series II
quadrupole ICP-MS at BRGM.

Details of the analytical protocol are available in the
online supplementary materials and were described by
Manzotti et al. (2016) for Rennes and Bosch et al. (2016)
for Montpellier. Isotopic data were corrected by using zir-
con standard 91,500 (Wiedenbeck et al. 1995; Montpellier
Géosciences and BRGM analyses) and zircon GJ-1 (Jackson
et al. 2004; GeOHeLiS Rennes analyses). For analyses at
Géosciences Montpellier, the quality check was done with
the GJ-1 standard (608.5+ 1.5 Ma, Jackson et al. 2004),
which returned an age at 604.5+2.0 Ma (MSWD(C B 041,
n=14). For the other analyses, the PleSovice standard was
used (338 +1 Ma, Slama et al. 2008), which gave ages of
340.2+ 1.4 Ma MSWD(C+E)=0.63, n=58, BRGM),
337.4+ 1.1 Ma (MSWD(C+E)=1.2, n=46, GeOHeLis
Rennes session 1) and 335.4+1.9 Ma MSWD(C+E)=1.
4, n=15, GeOHeLis Rennes session 2). All these ages over-
lap with the Plesovice standard age at 338 + 1 Ma (Slama
et al. 2008) and all together, the data yield a concordia age
at 338.0+0.83 Ma (MSWD(C+E)=1, n=119) (Fig. S1).
It is possible that the data acquired at BRGM yield slightly
older dates than data from the second session at Rennes, but
it will not affect the main results of our study. Data reduction
has been performed with the GLITTER® software package
developed by Macquarie Research Ltd. (Griffin 2008) and
by the Iolite data-reduction scheme (Paton et al. 2011) for
the second session at GeOHeLis Rennes. Concordia ages
and diagrams have been generated either with Isoplot/Ex
(Ludwig 2003) or the IsoplotR package (Vermeesch 2018).
Individual uncertainties are quoted at 2c level and the

Geo-
chemical
analysis
Yes

Yes

Yes

Yes

No

Ni

7  Posterior thermal
event

Interpretation
18 Magmatic age
13 Magmatic age
29 Magmatic age
28 Magmatic age
10 Magmatic age
7  Magmatic age

Inherited age

N
6

MSWD
1.5

1.4
0.48
0.42
0.62
0.48
1.8

3.8

(LD

318+3 Ma (CA)
307+3 Ma (CA)
328+2 Ma (CA)
32442 Ma (CA)
279+3 Ma (CA)
331+4 Ma (CA)

468+4 Ma
592+ 15 Ma (LI)

Long® (WGS84) U-Pb age (+20)

E06° 13" 37.6"
E06° 10" 1.89"
E06° 14’ 57.09"
E06°24'38.96"
E06°11'42.33

N44° 50" 19.02" E06° 14’ 13.92"

N44° 49" 32.57"
N44° 45" 45.81"
N44° 50" 39.25"
N44°55'56.40"
N44°49'16.19"

MME Lat® (WGS84)

yes
yes
yes
yes
no
no

Chl+Ap+Ttn
Kfs +Bt+Cpx+Qtz+Pl+
+Ttn

Amph
Amph + Kfs + Qtz + Bt + Pl

Mineral assemblage

Qtz + P14+ Kfs +Bt+ Amph
Pl+Qtz+ Kfs+ Amph +Bt+
Qtz+ Pl +Kfs + Bt+ Amph
Qtz+Pl+Kfs+ Ms+ Bt

monzonite

JB-19-30 UHKG Olan qtz-syenite
neiss

Glacier Blanc orthog-
neiss

Crupillouse orthog-

Group  Pluton/locality
UHKG Colle-Blanche qtz-

OG

MME, microgranular mafic enclaves; RNLF, Roche-Noire—La Fare; BP, Bérarde—Promontoire

JB-19-58 UHKG Olan qtz-syenite

JB-20-07 FeMgG Bourg granite
MCE281la OG

Table 1 (continued)
MCE324v

Sample
JB-20-11
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confidence level for weighted averages is 95%. Uncertainty
propagation is by quadratic addition according to Horst-
wood et al. (2016), including age uncertainty of reference
material. All data are reported in Table S1 in the electronic
supplement.

Major, trace-element and isotope geochemistry

Whole-rock geochemical analyses were performed at the
Service d'Analyse des Roches et Minéraux (SARM) in
Nancy, using a Thermo Fischer iCap6500 ICP-OES for
major oxides and an iCapQ ICP-MS for minor and trace
elements. Details about the analytical procedures for whole-
rock geochemical analyses are described in Carignan et al.
(2001).

Fifteen samples were analyzed for Sr and Nd radiogenic
isotopes at SEDISOR in Brest (MCE33, MCE39, MCE42,
MCE150, MCE152, MCE181, MCE182, MCE301,
MCE315, MCE342, MCE142, MCE167¢c, MCE168 and
MCE183a). About 200 mg of samples were weighted and
dissolved in Savillex beakers in a mixture of ultrapure Quar-
tex HF (24N, 2 ml), HNOj; (14N, 1 ml) and HCIO, (12N,
0.1 ml) for 4 days at 160 °C on a hot plate. Sr and Nd frac-
tions were chemically separated using the Triskem TRU.
Spec, Sr.Spec and Ln.Spec-specific resins following col-
umn chemistry procedure modified from Pin and Zalduegui
(1997). Strontium and Nd isotope compositions were meas-
ured by 9 collectors in static mode on a Thermo TRITON
TIMS (Thermal Ionization Mass Spectrometer) at the PSO
(Pole de Spectrométrie Océan) in Brest, France. All meas-
ured Sr and Nd ratios were normalized to %6Sr/%8Sr=0.1194
and "6Nd/"**Nd =0.7219, respectively. During the course
of analysis, Sr isotope compositions of the NBS987 stand-
ard solution yielded ¥’Sr/%°Sr=0.710267 +4 (n=4, rec-
ommended value 0.710250); Nd standard solution JNdi
(Tanaka et al. 2000) analyses gave a '**Nd/!**Nd value of
0.512108 +6 (n=2, recommended value 0.512100).

Isotopic measurements were also carried out at the
SARM in Nancy for samples JB-19-30, JB-19-58, JB-20-07
and JB-20-11. 100-200 mg of powdered samples were dis-
solved into a mixture of concentrated HNO; and HF heated
to 115 °C for 24 to 48 h, followed by concentrated HCI at
125 °C for 24 h. Sr and Nd were isolated via ion-exchange
chromatography using Sr.Spec, Tru.Spec and Ln.spec resins,
following the procedure described in Pin et al. (1994) and
Pin and Zalduegui (1997). Sr and Nd isotopes were analyzed
using respectively a Triton Plus TIMS and a Neptune Plus
MC ICP-MS both operated in static multi-collection mode.
The ¥'Sr/%®Sr ratios were corrected for mass bias assuming
87Sr/38Sr=0.1194, and '*Nd/'**Nd ratios were corrected to
146N d/'"**Nd =0.7219 (Luais et al. 1997). Internal standards
NBS 987 and JNdi-1 were used respectively for Sr and Nd.
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87Rb/%Sr and '47Sm/!'**Nd were calculated using Rb, Sr, Sm
and Nd content determined from whole rock analysis.

The decay constants applied for age-correction of isotopic
ratios are from Steiger and Jager (1977) for Sr and Lugmair
and Marti (1978) for Nd. The eNd; values were obtained
using the chondritic uniform reservoir (CHUR) composition
of Bouvier et al. (2008).

Variscan magmatism in the ECM

We compiled ca. 482 whole-rock analyses of Carboniferous
granitoids and associated mafic/intermediate rocks, incorpo-
rating our newly acquired analyses and existing data from
published studies, as well as Ph.D. and Master degree works
conducted between 1970 and 1992. The dataset underwent
rigorous filtering to remove spurious analyses, including
those with a bad total of oxides (Total > 102 wt% or <97
wt%) or abnormally high aluminosity. The complete dataset,
including the references, is accessible in Table S2 in the
electronic supplements, together with the R script used for
processing and plotting geochemical diagrams.

Variscan magmatic activity in the ECM spans from the
pre-collisional stages (late Devonian—early Carboniferous, ca.
370-350 Ma) to the post-collisional stages (late Carbonifer-
ous—early Permian, ca. 310-295 Ma). Three discernible series,
characterized by emplacement age and composition, include:
(i) a pre-collisional, tholeiitic to low-K calc-alkaline series
(Carme and Pin 1987; Ménot 1987); (ii) syn/post-collisional
high-K calc-alkaline, peraluminous granitoids (Banzet 1987;
Debon et al. 1998; Debon and Lemmet 1999); (iii) a syn/
post-collisional (ultra)-high-K, Mg-rich metaluminous series
(Debon et al. 1998) akin to the durbachites and vaugnerites
found in neighboring Variscan massifs (Couzinié et al. 2016;
Rossi and Cocherie 1991; Tabaud et al. 2015; Von Raumer
et al. 2014). While the first series is not the primary focus of
the present study, it is briefly described here for completeness.

Pre-collisional, tholeiitic to low-K calc-alkaline
bimodal series

Plutonic and volcano-sedimentary rocks of this group are
exposed in the southern part of Belledonne and western
part of Pelvoux Massifs (VSU, Figs. 1, 2) (Ménot 1987),
and underwent greenschist to amphibolite-facies meta-
morphism during the Visean. The igneous part mainly
consists of highly-deformed, alternating layers of leuco-
cratic plagioclase-rich gneisses and amphibolites, cross-cut
by less-deformed sills and stocks of meta-trondhjemites,
meta-basalts and meta-diorites (Ménot 1987). These rocks
exhibit low-K, sodic, metaluminous compositions, display-
ing affinities either to enriched tholeiites or to low-K calc-
alkaline series (Carme and Pin 1987; Ménot 1987; Ménot
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and Paquette 1993). In the ECM, the emplacement age is
constrained between ca. 370 and 350 Ma by U-Pb dating of
trondhjemitic sills and K—Ar dating on amphibole (Fréville
et al. 2018; Guillot and Ménot 2009; Ménot et al. 1987).
A similar pre-collisional magmatism was also described in
the southern part of the Aiguilles-Rouges Massif (Dobmeier
et al. 1999). Its tectonic significance remains debated (part
of this series might actually be of Cambrian—Ordovician
age), but the most common interpretation invokes a late
Devonian back-arc environment (Guillot and Ménot 2009;
Vanardois et al. 2022a), similar to the Brévenne Unit in
the northeastern Massif Central (Faure et al. 2009; Pin and
Paquette 1997)), the Klippen Belt in the Southern Vosges
Massif (Skrzypek et al. 2012) or the Moldanubian zone in
the Bohemian Massif (Janousek et al. 2014; Schulmann et al.
2009).

Syn- to post-collisional, high-K calc-alkaline
granitoids

This suite consists of large granitoid intrusions (up to ca. 100
km? for the Sept-Laux Pluton) and smaller satellite intrusions
emplaced at the middle and lower crustal levels during the
middle to late-Carboniferous. Most of these plutons show
magmatic and/or high-T subsolidus fabrics oriented parallel
to the regional vertical S2 foliation (Fig. 3), suggesting a syn-
kinematic D2 emplacement (Fréville et al. 2022; Strzerzynski
et al. 2005; Vanardois et al. 2022c). These granitoids contain
variable amounts of mafic enclaves, which form either decam-
eter to hectometer-size bodies, especially in the Rochail gran-
ite (De Boisset 1986), or swarms of decimeter to meter-size
enclaves elongated parallel to the granite foliation (Fig. 4a).

Geochronological data for the granitoids of Belledonne,
Grandes Rousses and Pelvoux Massifs are relatively scarce.
Several intrusions were dated by single-zircon evaporation
(Cannic et al. 1998; Debon et al. 1998; Guerrot and Debon
2000) at 343 +11/-10 Ma (Rochail), 302 +5 Ma (Turbat-
Lauranoure), 335 + 13 Ma (Sept-Laux), 343 + 16 Ma (St
Colomban) and 341 + 13 Ma (Lauzieére monzogranite). This
lack of precise and accurate geochronogical data contrast
with the northern part of ECM (Aar Massif, Mont-Blanc),
where the timing of Variscan and pre-Variscan magmatism
is better constrained (Bussien-Grosjean et al. 2018; Bussy
et al. 2000; Ruiz et al. 2022; Vanardois et al. 2022c). In
particular, in the Aar Massif, a recent study by Ruiz et al.
(2022) has identified four Variscan magmatic events at ca.
348, 333, 309 and 298 Ma.

Compositions range from Bt—Amp granodiorite to ordi-
nary peraluminous Bt—Ms granite (Fig. 5a, Debon and Le
Fort 1983), with SiO, between 65.8 and 77.0 wt% (exclud-
ing the top and bottom 5% to account for possible outli-
ers). There is no discernable B—A (maficity—aluminosity)
correlation (Fig. 5b). The granitoids are highly potassic

(K,0=3.3-5.7 wt% and mass ratio K,0/Na,0=0.71-1.91,
Fig. 5c, d) and alkali-calcic to calc-alkalic (Fig. 5e; Frost
et al. 2001), categorizing them as Potassic Calc-alkaline
Granitoids (KCG) in the classification of Barbarin (1999).
These granitoids, common in the internal domains of the
Variscan Belt (eastern Massif Central, Vosges, Black For-
est and Bohemian Massif; (Jacob et al. 2021b; Janousek
et al. 2010; Moyen et al. 2017; Tabaud et al. 2015), reflect
hybridization between crustal and mantle-derived mag-
mas (Couzinié et al. 2016; Jacob et al. 2021b; Moyen
et al. 2017). Debon and Lemmet (1999) subdivided these
granitoids into two sub-series based on Mg# (molar ratio
Mg/(Fe+Mg)) (Fig. 5f).

The high-Mg# series (MgG) comprises mainly
Amph+ Bt+Ms granodiorites and Bt + Ms + Amph granites,
rich in mafic enclaves (Fig. 4b) and likely emplaced during
the Visean (ca. 340-330 Ma). Some plutons exhibit cross-
cutting relationships between an older, deformed facies
rich in mafic enclaves, and a younger, leucocratic and less
deformed facies (Fig. 4c, d). The MgG suite mainly intruded
the (non-anatectic) Variscan mid—upper crust, except a few
plutons in the Inner Pelvoux Massif (Fig. 2).

The low-Mg# series (FeMgG) consists of
Bt+ Ms + Amph granites, with fewer mafic enclaves
(Fig. 4e), presumably emplaced during the late Carbonif-
erous to earliest Permian (ca. 305-295 Ma). The FeMgG
plutons mostly intruded the migmatitic basement of the
Inner Pelvoux (Fig. 2) and are also found further north
in the Mont-Blanc and Aiguilles Rouges Massifs (Fig. 1).
These were all emplaced between 310 and 300 Ma (Bussy
et al. 2000; Vanardois et al. 2022c¢).

Both sub-series share a similar composition, with intra-
group variation larger than the inter-group difference for
most elements (Figs. 5, 6). However, differences in Mg# are
observed (Fig. 5f), with median Mg# of 0.48 and 0.37 for
the MgG and FeMgG, respectively. The FeMgG also appear
slightly more potassic and siliceous (median mass ratio
K,0/Na,0=1.38, median SiO,=73.7 wt%) than the MgG
(median K,0/Na,0=1.06, median SiO,=71.7 wt%). Minor
and trace element concentrations also differ, with MgG gen-
erally richer in LILE (Ba, Sr, Pb) and some HFSE (Th, U, Zr,
Hf), while FeMgG contains more HREE. Despite these dis-
tinctions, trace-element patterns exhibit substantial overlap,
showcasing enrichment in LILE and LREE relative to HREE,
negative Nb—Ta and Ti anomalies and pronounced positive
anomalies in Pb compared to primitive mantle (Fig. 6a).

The Sr—Nd isotopic compositions are similar between the
FeMgG and MgG. For most samples, initial 8’Sr/%Sr, recal-
culated to their emplacement ages range between 0.7046
and 0.7070 and eNd; between —5.8 and — 1.2 (Table 2,
Fig. 7). Exceptions include the Cray granite (FeMgG), with
a highly radiogenic Sr signature (*’Sr/*°Sr,=0.7126) and
a eNd;=-3.2, and the Bérarde—Promontoire and Roche
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granite (MgG)
= i

Fig.4 Field photos of the different magmatic facies. a Swarm of
elongated durbachitic (mafic ultrapotassic. UHKM) enclaves in a
boulder of the Sept-Laux granite (MgG). b Close-up view of one
enclave, showing digitated borders with a reaction rim enriched in
mafic minerals (Bt, Amp). Clusters of dark minerals in the granite
could represent xenocrysts from the mafic enclaves entrained into
the melt. ¢, d Contact between older and younger intrusions in the
Sept-Laux granite and at the contact between Alpetta (older) and

@ Springer

Roche-Noire (younger) plutons. Older facies are characterized by
a high proportion of mafic to intermediate enclaves (durbachites)
and penetrative ductile deformation, while the younger facies are
more leucocratic and undeformed. e Close-up view on a boulder of
Bérarde-Promontoire granite (FeMgG), showing mingling between
two different facies. f Sample of the Olan quartz syenite, with large
K-feldspar crystals surrounded by Bt+ Amph
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Noire granites (respectively FeMgG and MgG), with sub-
chondritic signatures: ®’St/*Sr; (0.7008-0.7013) and eNd,
between —3.2 and —1.1.

Syn- to post-collisional, (ultra)-high Mg-K
metaluminous series (durbachites)

Subordinate amounts of mafic to intermediate, Mg—K rich
rocks (durbachites) are found in the ECM basement, form-
ing hectometer to kilometer-sized plutonic bodies composed
of K-rich monzodiorite, quartz monzonite and quartz syenite
(Debon et al. 1998). Examples include the Olan quartz syenite
in central Pelvoux (Figs. 2, 4f), or enclaves in high-K calc-
alkaline granitoids (De Boisset 1986; Debon et al. 1998), espe-
cially in the Sept-Laux, Grun and Rochail Plutons (Figs. 2,
4a—d). They also occur as mafic dykes intruding the basement
(Laurent 1992), or as scattered 0.1-1 m-wide lenses within
highly deformed migmatitic domains. Mineral assemblages
are dominated by Kfs + Amph+Bt+ Cpx (either as relics,
or stable with Bt+ feldspars) (Fig. 4f), with subordinate Pl
and Qtz, and Ap+Ttn+Zrc as common accessory miner-
als. These rocks exhibit significant heterogeneity. They range
from (quartz)-syenite to quartz-monzodiorite (Fig. 5a), with
SiO, ranging from 48 to 64 wt% and K,O from 3.3 to 7.3 wt%
(Fig. 5¢). They are alkalic to alkali-calcic (Fig. Se), metalu-
minous to slightly peraluminous and display a clear negative
B—A correlation (Fig. 5b). They are characterized by high
Mgt (0.5-0.72), elevated Cr—Ni contents (Cr=17-600 ppm,
Ni=10-442 ppm) and high K,0/Na,0 ratios (0.89-4.35).
Thus, most of them are highly potassic (K,0/Na,0> 1)
to ultrapotassic (K,0/Na,O > 2). These rocks are notably
enriched in incompatible elements, in particular LILE (Rb,
Ba, Sr), Th, U and LREE, with concentrations exceeding
50 to 100 X that of the primitive mantle, and reaching up to
500 x enrichment for Th and U in extreme samples (Fig. 6).
They are also richer in all REE (except last HREE), LILE and
HFSE than the HK calc-alkaline granitoids, despite being less
differentiated (lower SiO2 content). However, trace-element
patterns show a similar shape as the HK calc-alkaline grani-
toids, with LREE enrichment relative to HREE, negative Nb
and Ti anomalies and strongly positive Pb anomalies (Fig. 6a).

The Sr—Nd isotope data have been acquired for two
plutonic formations, the Colle-Blanche quartz monzonite
(1 sample) and the Olan quartz syenite (4 samples), in an
enclave from the Rochail granite (JB-20-01), and in a bio-
tite-rich mafic enclave (presumably a dismembered lampro-
phyre dyke) sampled in the migmatitic basement of the inner
Pelvoux (JB-19-36), close to the Olan intrusion (Table S3,
Fig. 7). The latter is a clear outlier with very radiogenic Sr
(®7Sr/%6Sr,=0.7163) and low eNd, (- 6.1). The other samples
also present high 8Sr/%Sr, (0.7064-0.7094) and low eNd,
(—5.5 to —3.9), which plot respectively in the upper and

lower ranges of values measured in the high-K calc-alkaline
granitoids (FeMgG and MgG, Fig. 7).

Zircon U-Pb geochronology

New U-Pb data have been acquired on zircon grains from
twenty-two samples of granite and durbachite. A few orthog-
neisses (OG) sampled in the Pelvoux Massif, which presum-
ably corresponds to lower Paleozoic basement lithologies,
have also been dated. Detailed presentation of CL imaging
of zircon textures, U-Th—Pb analyses, U-Pb results and dia-
grams, and statistics for each sample are in the online sup-
plementary materials. We summarize here the most impor-
tant features of each magmatic group (i.e. MgG, FeMgG,
UHKM and OG), with representative concordia diagrams
of a few samples from each group. All the concordia dia-
grams are available in the online supplements (Appendix 1),
together with the complete dataset (Table S1).

Zircon textures and shapes

Zircon grains present a variety of textures and shapes, which
can greatly vary from sample to sample, but a broad gener-
alization can be made within each group.

MgG samples show heterogeneous zircon populations,
having a range of sizes (from 50 to 350 um) and shapes
(aspect ratios between 1 and 4) (Fig. 8a—k). Most of them
show idiomorphic morphologies with concentric oscil-
latory zoning, but some grains show irregular or broken
shapes. A few grains display more complex internal zoning
with core—rim relationships. Typically, these grains show
a CL-bright core with an irregular or slightly rounded
shape, surrounded by a CL-darker rim commonly display-
ing oscillatory zoning. Very scarce grains are CL-dark
without concentric zoning or thin CL-dark rim.

Zircon grains in FeMgG samples typically occur as
elongated, prismatic grains (aspect ratios between 2 and 4)
ranging from 50 to 400 um in length (Fig. 81-q). As for the
MgG samples, most zircon populations from FeMgG sam-
ples show idiomorphic grains with concentric oscillatory
zoning. Several grains display core-rim relationships, both
cores and rims showing oscillatory zoning. Two samples
show different zircon features: (i) zircon grains from sam-
ple MCE142 are elongated, CL-dark and display irregular
or patchy zoning, without oscillatory zoning; (ii) sample
MCE183b displays idiomorphic elongated zircon grains
with or without concentric zoning, and other grains dis-
playing resorbed cores surrounded by thin rims without
concentric zoning.

The UHKM samples come from two different intrusive for-
mations: the Olan quartz syenite and the Colle-Blanche Plutonic
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«Fig.5 Major-element geochemistry of Variscan igneous rocks from
the Belledonne, Pelvoux and Grandes Rousses massifs. a P-Q classi-
fication diagram of Debon and Le Fort (1983). from top left to bottom
right: to—tonalite; gd—granodiorite; gr—granite; dqg—quartz-diorite;
mzdq—quartz-monzodiorite; mzq—quartz monzonite; sq—quartz
syenite; go—gabbro; mzgo—monzogabbro; mz—monzonite; s—
syenite. b Aluminosity versus maficity (A-B) diagram (Debon and
Le Fort 1983). Grey fields are from Jacob et al. (2021b). ¢ K,O versus
SiO, diagram (Peccerillo and Taylor 1976). Separation between low/
medium/high/ultra-high-K domains after Jacob et al. (2021b). NMC:
near-minimum melt compositions close to the granite eutectic. d K,0/
Na,O versus SiO, diagram highlighting the distinction between low-/
medium-K, high-K and ultra-high-K series according to Foley et al.
(1987). e Modified alkali-lime index (MALI: Na,0+K,O — CaO)
versus SiO, (Frost et al. 2001). f Mg# versus B diagram (Debon and
Le Fort 1988). Boxplots on the side of each panel show the distribu-
tion within each group (MgG, FeMgG, UHKM). Data from: this study;
Aumaitre et al. 1985; Costarella 1987; De Boisset 1986; Debon et al.
1998; Debon and Le Fort 1988; Gasquet 1979; Giorgi 1979; Le Fort
1971; Negga 1984; Oliver 1994; Poncerry 1981; Simeon 1979; Verjat
1981. Averaged data from Debon and Lemmet (1999): squares; sam-
ples dated in this study: diamonds

Sample /primitive mantle (McDonough & Sun, 1989) b

Complex, which display very different zircon morphologies. Zir-
con grains from the Olan quartz syenite are remarkably homo-
geneous. They are usually 100-300 pm long, euhedral prisms
with aspect ratios between 1.3 and 2.5, and contain numerous
inclusions of apatite (Fig. 8r, s). The CL imaging reveals com-
mon concentric oscillatory and/or sector zoning with an absence
of core-rim relationships. In contrast, the Colle-Blanche quartz
monzonite (JB-20-11) contains a very heterogeneous population
of zircon. They yield 80-200 um long grains, euhedral to sub-
hedral, prismatic to slightly rounded, with aspect ratios between
1.5 and 3 that commonly display complex, patchy zoning and/
or core—rim relationships (Fig. 8t).

For Orthogneisses, zircon grains from sample MCE281a
(Pelvoux Massif) are heterogeneous, having sizes ranging
between 100 and 250 um and aspect ratios between 1 and
3 (Fig. 8u). Zircon crystals are idiomorphic and show con-
centric, oscillatory zoning and few of them have CL-bright
cores. Zircon grains from sample MCE324v (Crupillouse
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Fig.6 Trace-element geochemistry. a Trace-element patterns nor-
malized to the primitive mantle composition (Sun and McDonough
1989), separated by geochemical groups (MgG, FeMgG, UHKM).
Central patterns (solid lines) correspond to the median composition

for each group, and the shaded envelopes to the interquartile [q25;
q75] range. b Boxplots for a selected subset of trace and minor ele-
ments in ppm

Table 2 Zircon saturation

Pluton Sample B M Zr (ppm) Zrsat T (°C) inh. zrc/
temperatures calculated xenocrysts
for three samples of the
H}Ctalumiﬂous UﬁFra-PotaésiC . Olan qtz-syenite JB-19-30 175.32 1.84 346.5 838 No
Ea‘llitl‘)’r“asﬁ((i“g;al;Ogﬁfl)k’e“z;“aglt ©  Olanquzsyenite  JB-19-58 14893 188 3434 837 No
(2013) Colle Blanche qtz-  JB-20-11 188.76 1.7 207.2 778 Yes

monzonite

B =Fe+ Mg+ Ti (millications)

M =(Na+K+2.Ca)/(AlLSi) (in cation percent)

inh. zrc: inherited zircon
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orthogneiss) are fractured or partially resorbed, with sizes
ranging between 50 and 300 um and aspect ratios between
1 and 4 (Fig. 8v). A concentric zoning is sometimes visible.

Independently of the rock groups (MgG, FeMgG, UHKM,
OG), most zircon grains (>90%) show high Th/U (>0.1) and
high U concentrations (>200 ppm). This is especially true in
the youngest Carboniferous—early Permian populations (Fig. 9a).
However, a few zircon analyses yielded very low Th/U (down to
ca. 0.002), especially in quartz monzonite JB-20-11.

U-Pb dating results

The complete geochronological dataset, plotted in
Fig. 9b, consists of 626 zircon spot analyses, out of which
535 are less than 10% discordant [i.e. having 100 X (1
— age,06pp/233U7 88€207pb2350) < 10]. Most of these concord-
ant or slightly discordant analyses yield late Devonian to
early Permian U-Pb dates (360-280 Ma), with two main
peaks in the distribution centered at ca. 330 Ma and 305 Ma
respectively (Fig. 9c). Older zircon grains are observed,
which yield mainly early Paleozoic (ca. 500-430 Ma) and
Neoproterozoic (ca. 600-550 Ma) U-Pb dates. Finally, sev-
eral spots yielded much older, Paleoproterozoic to Mesoar-
chean U-Pb dates up to ca. 3 Ga (Fig. 9b) with a noticeable
lack of Mesoproterozoic dates.

However, this distribution varies between the different
rock groups. In the MgG, two Carboniferous peaks are cen-
tered at ca. 330 Ma and 305 Ma, while older peaks are vis-
ible around 550 and 450 Ma (Fig. 9b). The zircon spectra
for the FeMgG feature a well-marked peak centered at ca.
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300 Ma, a less pronounced peak at ca. 320 Ma and a younger
Permian peak at ca. 275 Ma, plus some older dates mostly
centered around 450 Ma. The UHKM rocks yield a sharp
peak centered at ca. 325 Ma, with older grains scattered
from ca. 450 Ma to 350 Ma. Finally, the OG contains only
two samples, with too little data (35 analyses which are less
than 10% discordant) to obtain reliable statistics on the age
distribution.

In the MgG group, zircon U-Pb dates follow a complex
distribution, with multiple populations of concordant and
discordant data. A main cluster of concordant Carboniferous
U-Pb dates is generally observed (Fig. 10a—c), which mainly
consists of zircon grains with concentric oscillatory zoning
(Fig. 8a—k). These concordant data allowed us to calculate
concordia dates (as of Ludwig 1998) for each sample of
this group at 326 +3 Ma (MCE33), 348 +3 Ma (MCE39),
308 +3 Ma (MCE42), 339 +2 Ma (MCE151), 305+3 Ma
(MCE152), 337 +3 Ma (MCE181), 346 + 5 Ma (MCE182),
305+2 Ma (MCE301) and 301 +2 Ma (MCE315) (see
Table 1 and Supplementary material for details). Sample
MCE150 yields two Carboniferous clusters at ca. 310 Ma
and 332 Ma (Table 1), and sample MCE342 gives a Variscan
age at ca. 339 Ma in addition to older concordant clusters
(Table 1). Older (> 360 Ma), discordant and a few younger
U-Pb dates were mainly obtained in CL bright cores and
dark grains without oscillatory zoning, respectively.

In the FeMgG group, zircon U-Pb dates also yielded rela-
tively complex populations with several clusters of concord-
ant and discordant dates (Fig. 10d—f). Most FeMgG samples
display one main cluster of late Carboniferous U-Pb dates,
which allows us to calculate ages at 299 +3 Ma (MCE142),
303+2 Ma (MCE167c¢), 301 +3 Ma (MCE168), 317 +4 Ma
(MCE323v) and 318 +3 Ma (JB-20-07) (see Table 1 and
Supplementary material for details). Some samples also dis-
play populations of Permian U-Pb dates, which commonly
form linear trends pointing from one dominant cluster of
concordant dates (Fig. 10e). For sample MCE183b, the
main U-Pb data cluster yields a Permian age of 274 +3 Ma
(MCE183b) (Fig. 10f). The U-Pb dates older than 360 Ma
were obtained on zircon cores and occasionally form small
concordant clusters.

For the Olan quartz syenite (samples JB-19-30 and
JB-19-58), all analyses yield U-Pb dates concordant within
uncertainty (Fig. 10g), and define statistically robust popula-
tions that yield ages at 328 +2 Ma and 324 +2 Ma, respec-
tively (Table 1). In the Colle-Blanche quartz monzonite
(JB-20-11), concordant U-Pb data form several clusters of
Neoproterozoic, Ordovician, Devonian—early Carbonifer-
ous and late Carboniferous age (Fig. 10h). The three old-
est groups do not define statistically consistent U-Pb dates
(large intra-group dispersion characterized by very high
MSWD), but the younger, Carboniferous group yields an
age of 307+ 3 Ma (Fig. 10h; Table 1).
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In orthogneisses, U-Pb analyses from sample MCE281a
form several concordant clusters at 450+9 Ma, 331 +4 Ma
and 279 +3 Ma (Fig. 10i). Several concordant or sub-con-
cordant analyses yielded Mesozoic dates. MCE324v analy-
ses yielded concordant U-Pb dates spreading from Ordovi-
cian to Proterozoic, and numerous discordant data forming
two discordia lines with lower intercepts at 592 + 15 Ma and
468 +4 Ma.

Discussion
Interpretation of U-Pb results

Excluding younger outliers presumably related to Pb-loss
or other types of isotopic perturbations, most U-Pb data
of MgG, FeMgG and UHKM samples yield one or several
clusters of concordant Carboniferous to Permian U-Pb
dates, with low intra-group dispersion (MSWD =0.3-1.8).
These clusters define Carboniferous ages for most sam-
ples, which range from 348 to 299 Ma (Table 1; Fig. 10,
Appendix 1), with two exceptions: sample MCE183b (Cray
Granite) yielded a main cluster of mid-Permian dates at
274 +3 Ma (Fig. 10), and sample MCE281a (orthogneiss)
yielded a Permian cluster at 279 +3 Ma in addition to a
main Carboniferous cluster. These data were obtained on
idiomorphic zircon grains with concentric and oscillatory
zoning, or on rims also showing concentric zoning. More
than 90% of these data are characterized by high Th/U
(>0.1) and high U concentrations (>200 ppm) (Fig. 9a),
suggesting a magmatic origin (Hoskin and Schaltegger
2003; Schaltegger and Davies 2017). Therefore, we inter-
pret the Carboniferous ages as dating the emplacement of
the respective intrusive rocks (Table 1). Permian ages are
more complex to interpret and are discussed below. Con-
sequently, older concordant U-Pb dates, either isolated
or forming clusters, correspond to inherited ages. Some
of these older grains exhibit xenocrystic features, such as
resorbed grain cores overgrown by magmatic zircon rims
(Fig. 8), although there is no clear systematic based on
solely CL textures. These inherited ages may reflect either
host-rock assimilation during magma ascent or emplace-
ment, or they could have been entrained from the source
during crustal melting.

U-Pb analyses on OG samples yield Neoproterozoic and
Ordovician dates in sample MCE324v, and Ordovician, Car-
boniferous and Permian dates in sample MCE281a. Ordovi-
cian ages for the orthogneisses in the ECM are widely docu-
mented (e.g. Bussy et al. 2011; Vanardois et al. 2022c¢), and
the two OG samples contain large K-feldspar porphyroclasts,
which are typical of the Ordovician orthogneisses (see refer-
ences above). It is quite likely that the two ordovician ages at
45049 Ma and 468 +4 Ma represent the emplacement age
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of the magmatic protoliths. Therefore, the Neoproterozoic
date is an inherited age, and the younger dates are related to
posterior (post)-Variscan events.

Pre-Variscan history

Besides the Ordovician zircons, recording the likely pro-
tolith age of the Crupillouse and Glacier Blanc orthog-
neisses, most of the dated samples contain one or several
inherited zircon populations. Figure 11 shows the distri-
bution of inherited U-Pb dates with less than 10% dis-
cordance from all dated plutonic bodies. This inheritance
spectrum is continuous from the Carboniferous to the Neo-
proterozoic with a main peak at ca. 440 Ma (Fig. 11, KDE
area). Several clusters can be recognized at ca. 330 Ma,
370 Ma, 420 Ma, 445 Ma, 505 Ma and 565 Ma (Fig. 11,
PDP area).

Early Carboniferous inherited ages observed in the
youngest—Ilate Carboniferous—intrusions are inherited
from earlier magmatic pulses associated with the emplace-
ment of the older high-K calc-alkaline intrusions, such as
the Sept-Laux or Rochail granites. Late Devonian ages are
presumably related to the low-K calc-alkaline and tholeitic
magmatic activity observed in the southwestern Belledonne
and western Pelvoux Massifs (Fréville et al. 2018, 2022).

The main inherited component is Ordovician. It corre-
sponds to prolonged magmatic activity widely documented
in the ECM, with numerous intrusions of mafic and fel-
sic magmas dated between ca. 480 and 450 Ma (Bussy
et al. 2011; Jacob et al. 2021a, 2022; Rubatto et al. 2010;
Schaltegger et al. 2003; Vanardois et al. 2022b, 2022c¢). It is
also consistent with the new dates obtained on the Crupil-
louse and Glacier Blanc orthogneisses (MCE324v and
MCE281a) (Table 1). This magmatic event is extensively
documented across the Variscan metamorphic allochthons
(Chelle-Michou et al. 2017; Couzinié et al. 2022; Garcia-
Arias et al. 2018; Melleton et al. 2010; Soejono et al. 2020;
Von Raumer et al. 2015), characterized by the injection of
large volumes of felsic and mafic magmas into an extending
continental crust, concurrently with the stretching and thin-
ning of the northern Gondwana margin (Von Raumer and
Stampfli 2008).

Older clusters can be linked to Pan-African (750-600 Ma)
and Cadomian (660-540 Ma) orogenies (Ballevre et al. 2001;
Linnemann et al. 2014). A small number of inherited zircons
exhibit pre-Neoproterozoic ages, suggesting potential source
regions within internal Gondwana cratons (e.g. Linnemann
et al. 2014; Melleton et al. 2010; Stephan et al. 2019). How-
ever, considering their scarcity, it is difficult to constrain
more precisely the origin of these ancient zircons, whether
from the West African craton, the Sahara Metacraton, the
Amazonian craton, or the Arabian-Nubian Shield.
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Evidence for a Permian magmatic event

Permian U-Pb dates are observed in many samples, form-
ing a peak in the distribution of U-Pb dates (Fig. 9c), and
thus raise the question of a possible post-Variscan magmatic
or metamorphic event during the Permian. However, spe-
cial care must be taken regarding the interpretation of these
younger dates, because perturbations related to the Alpine
Orogeny are widespread in zircon from the ECM (Gaynor
et al. 2022; Ruiz et al. 2022). In several samples, in particu-
lar from the Bourg, Bérarde-Promontoire and Etages gran-
ites, the younger U-Pb dates typically form linear arrays
pointing from one dominant cluster of concordant Variscan
U-Pb dates (Fig. 10d, e). This suggests that either Pb-loss
or two-component mixing between Variscan and younger—
presumably Alpine—rzircon has occurred (Gaynor et al.
2022).

However, in the Cray Granite (MCE183b, Fig. 10f) and
Glacier Blanc orthogneiss (MCE281a, Fig. 10i), Permian
U-Pb dates form concordant clusters clearly separated from
older zircon populations, which yield respectively ages of
27443 Ma MSWD=1.2) and 279 +3 Ma (MSWD =0.62).
Alpine perturbations have certainly occurred to some extent
in these samples, but considering the low dispersion of the
zircon populations, it seems very unlikely that the younger
ages resulted only from such perturbations. Thus, these two

ages likely indicate the existence of an early Permian event
in the ECM. For the Cray Granite, the age at 274 +3 Ma is
interpreted to date the emplacement of the pluton. In the
Glacier Blanc orthogneiss, the youngest Permian age of
279+ 3 Ma s very close to the emplacement age of the Cray
granite. However, the emplacement age of this magmatic
body is certainly older, since it features high-T deformation,
which is inconsistent with a late emplacement after the peak
of Variscan tectonic activity and metamorphism. This young
age might correspond to new zircon growth or recrystal-
lization triggered by percolating melts or fluids associated
with the magmatic event during which the Cray granite was
emplaced.

Permian magmatic rocks associated with a HT-LP meta-
morphism are widespread in the Variscan basement of the
Internal Western and Central Alps (Ballevre et al. 2018;
Galli et al. 2011; Kunz et al. 2018), but were so far unknown
in the ECM (Ballevre et al. 2018). This event is generally
attributed to crustal thinning of Pangea, representing the
premises of continental breakup and opening of the Alpine
Tethys (Schuster and Stiiwe 2008). The ECM may have been
marginally affected by this event, which was more wide-
spread further east in the Briangonnais Domain (Ballévre
et al. 2018 2020). However, more comprehensive geochro-
nological data are needed to constrain more precisely the
timing and extent of this HT episode in the ECM.

@ Springer
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Magma genesis and evolution
Two contrasted magmatic sources

The clear gap observed between the high-K calc-alkaline
granitoids and the durbachites, especially in the B—A and
B-Mg# plots (Fig. 5b, f) strongly suggests that two con-
trasted sources were involved: on the one hand, the mafic
to intermediate, ultra-high-K metaluminous durbachites
were likely derived from an enriched mantle source. On the
other hand, high-K calc-alkaline, peraluminous granitoids
(both MgG and FeMgGQG) all plot close to the granite near-
minimum composition (NMC) and were likely generated
dominantly by direct melting of crustal protoliths.

However, both the durbachite and high-K calc-alkaline
series display significant internal scatter, due to additional
petrogenetic processes that operated from the source of
magma to its emplacement. Moreover, zircon U-Pb dating
clearly shows that the two series were emplaced concomi-
tantly, and thus interactions between these two sources are
unavoidable.

The UHKM series (durbachites)

The durbachites display high Ni and Cr content and con-
tain a significant proportion of mafic samples (Figs. 5 and
6), clearly indicating derivation from a mantle source, as
concluded by most studies on similar rocks in other Vari-
scan massifs (e.g. Couzinié et al. 2016; Janousek and Holub
2007; Tabaud et al. 2015). However, the large variability of
Si0, contents indicates significant evolution from a primary
mantle melt, especially in the largest plutonic formations
(Olan, Colle-Blanche, Lauziere), where SiO, content goes
up to ca. 65 wt%. SiO,-enrichment could have resulted either
from direct fractionation of basic mantle melts, re-melting
of previously emplaced mafic durbachites, assimilation of
felsic crust, mixing with crustal magmas, or a combination
of these processes (Annen et al. 2006).

Petrographic differences between plutons suggest that
contrasting petrogenetic processes were involved. This
emerges clearly when comparing the Colle-Blanche and
Olan intrusions. The former is a very heterogeneous plutonic
complex, with a large variety of plutonic facies ranging from
monzonites to leucogranites (Debon and Lemmet 1999), and
contains large amounts of inherited zircon grains of vari-
ous ages (Fig. 10h)—obvious xenocrysts from the crust. In
contrast, the Olan quartz syenites are much more homoge-
neous and are mostly devoid of inherited zircon (Fig. 10g).
Zircon saturation temperatures are close (ca. 780 °C for the
Colle-Blanche sample, ca. 840 °C for the Olan samples,
Table 2), and both plutons emplaced in similar protoliths.
Hence, the observed difference in terms of inherited zircon
content likely reflects the difference in magma temperature.
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The absence of inherited zircon in the Olan quartz-syenite
is indicative of high magma temperature well above zircon
saturation T (ca. 840 °C), and possibly exceeding 1000 °C
considering the presence of stable clinopyroxene in some
samples. This temperature significantly surpasses meta-
morphic conditions locally recorded in the anatectic crust
(<850 °C, Jacob et al. 2022). Consequently, the petrogenesis
of these rocks likely involved direct fractionation from hot
mantle melts, possibly coupled with the assimilation of crus-
tal components (Bohrson and Spera 2001; DePaolo 1981) or
mixing with crustal melts.

Conversely, in the Colle-Blanche Plutonic Complex, the
peak temperature either remained below zircon saturation T
(ca. 780 °C), or was not sustained long enough to achieve the
complete dissolution of zircon in the melt. Such low temper-
ature could be explained by partial melting in the lower crust
at ambient metamorphic conditions, including re-melting of
already solidified, underplated ultrapotassic mafic magmas
together with surrounding crustal lithologies to produce the
observed durbachitic (high Mg-K, LILE-LREE-rich) com-
position. A second option involves mixing or assimilation
of crustal leucogranitic melts in mantle-derived, fraction-
ated melts during a late stage of differentiation when the
mantle-derived magma had already cooled down too much
to dissolve additional zircon. In any case, the combination
of a durbachitic composition and abundance of inherited—
crustally derived—zircon attests to the very hybrid nature of
the Colle-Blanche Plutonic Complex, which contrasts with
the more dominantly mantle-derived Olan quartz-syenite.

Strong enrichment in LILE, LREE, U, and Th, as well as
highly radiogenic Sr and unradiogenic Nd isotopic signa-
tures are unlikely to have resulted from interactions in the
local crust, but reflect instead melting of a LILE-LREE-rich,
isotopically mature mantle source with a “crustal” isotopic
signature, as already established by numerous studies of
durbachites across the Variscan Belt (Couzinié et al. 2016;
Hora et al. 2021; Janousek et al. 2019, 2020; JanouSek and
Holub 2007; Laurent et al. 2017; Soder and Romer 2018).
The durbachites in our dataset display more radiogenic
Sr, and incompatible-element enrichment up to five times
higher than the surrounding high-K calc-alkaline granitoids
(Fig. 6), suggesting that the enriched mantle source is richer
in lithophile elements and more isotopically-mature than the
local anatectic crust in the ECM.

Relationship with mantle metasomatic processes has been
furthermore established by the study of mantle eclogites,
garnet clinopyroxenites and peridotites enclaves incorpo-
rated in the deep orogenic root, which shows clear evidence
of interactions with silicic, LILE-LREE-rich fluids or melts
derived from subducted Variscan continental crust or sedi-
ments (Becker 1996; Borghini et al. 2018, 2023; Medaris
et al. 2015; Scambelluri et al. 2006). In the ECM, similar
processes have been recently documented in peridotite
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enclaves embedded in lower crustal migmatites from the
Pelvoux Massif (Jacob et al. 2023), validating the connection
between the local durbachites and melting of a metasoma-
tized mantle source.

The high-K calc-alkaline granitoids (MgG and FeMgG)

The high-K calc-alkaline granitoids form a relatively homo-
geneous group, of acidic (SiO, > 63 wt%) and peraluminous
rocks (Fig. 5), without mafic or intermediate members, and
containing variable proportions of inherited zircon. All these
characteristics are in line with a predominance of crustal
source(s). However, the crustal protoliths possibly involved
could be very diverse, including felsic orthogneiss, alumi-
nous metasediments, mafic—intermediate low-K volcano-
sediments and low-K tholeiitic metabasalts (Barféty and
Pécher 1984; Guillot and Ménot 2009; Le Fort 1971). Fur-
thermore, considering the close connection with the dur-
bachites in the field, it is almost certain that interaction with
ultra-high-K mantle-derived melts occurred. This complex
petrogenesis can be broadly discussed within a simplified
framework involving three main magma sources: felsic high-
K crustal rocks, mafic low-K crustal rocks, and enriched
mantle. The compositional variability observed between
different intrusions would thus result primarily from inter-
action, in variable proportions, between magmas derived
from these three sources (magma mixing, assimilation of
host rocks and/or mafic enclaves, etc.), in addition to closed-
system fractional crystallization. Source contributions can
be assessed in the ternary diagram A/CNK—Na,O/K,0—
FMSB ([FeO +MgO] x [Ba+ Sr]) of Laurent et al. (2014a,
b) (Fig. 12). It was originally designed to discriminate
Archean sodic TTG series from Mg—K-rich mantle-derived
magmas (sanukitoids), but it also performs relatively well to
discriminate Variscan igneous suites (Laurent et al. 2017).
A clear gap is observed with the durbachites, which plot in
the “LILE-rich mantle” field, while the high-K calc-alkaline
granitoids predominantly require a high-K felsic and low-K
mafic crustal parentage. Small variations in Na,O/K,O are
observed (Figs. 5d and 12), which may reflect variable con-
tributions of low-K mafic and high-K felsic sources. In par-
ticular, this could explain the slightly more sodic composi-
tion of the MgG compared to the FeMgG (Fig. 5d). Indeed,
the former are predominantly located in the western part
of the ECM, where the metamorphic pile contains a large
proportion of low-K mafic protoliths, while the latter are
more concentrated in the eastern part, where high-K felsic
protoliths dominate (Fig. 2). However, the low-K mafic pole
always remains a subordinate component in the source of the
high K calc-alkaline granitoids. They nearly all plot in the
field corresponding to dominant high-K felsic sources, with
very few compositions in the “low-K mafic” field.

Na,O/K,0

° (U)HK Metaluminous
rocks (Durbachites)

HK calc-alkaline granitoids

O FeMgG

® MgG

Low-K mafic

sources

LILE-rich
mantle source

High-K felsic ,
sources

2 A/CNK

2 FMSB

Fig. 12 Ternary discrimination diagram of Laurent et al. (2014a, b),
based on late-Archean granitoid typology (FMSB =[FeOt+MgO]
wt% X [Sr+Ba]wt%). Color and symbol code from Fig. 5

Dispersion toward the “LILE-rich mantle” apex reflects
the high LILE content of some granitoids, especially
in the MgG group (Fig. 6), reflecting interactions with
LILE-LREE-rich mantle-derived magmas and their deriv-
atives. Evidence of these interactions is observed in the
field. Many mafic durbachite enclaves in granitoids show
darker rims enriched in mafic minerals (biotite, amphi-
bole), which suggests a reaction between the enclaves
and the granitic melt (Fig. 4b). Clusters of dark minerals
observed in the granite also indicate mineral entrainment
from these enclaves into the melt. Detailed geochemical
investigations of the enclave—host pairs in the Sept-Laux,
St-Colomban, and Lauziere Plutons by Debon et al. (1998)
also led to the conclusion that intimate interactions have
occurred between the enclaves and the host.

Thus, the high-K calc-alkaline granitoids were prob-
ably derived predominantly from the melting of felsic
crustal sources, with a subordinate role for the mafic crust
and hybridization with LILE-LREE-rich durbachite melts
derived from the enriched mantle. Such hybridization had
limited effect on the major-element chemistry of grani-
toids, as shown by the clear gap between granitoids and
durbachites on compositional diagrams (esp. Figures 5a,
b, f and 12). However, enriched mantle-derived melts may
have represented a much more significant contribution to
the trace-element budget, in particular of LILE, LREE, and
some HFSE (U, Th) (Couzinié et al. 2016).
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Temporal evolution of granitoid compositions
Major and trace elements

Geochemistry of the ECM granitoids evolved with their
emplacement ages. To highlight this correlation, we grouped
geochemical data by plutonic formation and assigned them
an age taken from our U-Pb dating or from literature (Cannic
1998; Debon et al. 1998; Guerrot and Debon 2000). Mafic
enclaves and data from undated plutonic formations were
removed. Median compositions and interquartile ranges in
each dated pluton are shown as a function of emplacement
age. Besides this illustrative set of whole-rock geochemical
parameters (Fig. 13), including Nd isotopes (Fig. 14), a more
comprehensive set of plots is available in the electronic sup-
plements (Fig. S2).

A gradual decrease in median Mg# of high-K calc-alka-
line granitoids over time is observed (Fig. 13a). This trend
was previously noticed by Debon and Lemmet (1999), who
categorized Variscan ECM granitoids into an older (Visean),
high Mg# suite and a younger (Stephanian) low Mg# suite.

However, with our expanded geochronological dataset, it
becomes clear that this transition from high-Mg# to low-
Mg# compositions occurred smoothly, without any clear gap
between the older and younger intrusions. Therefore, varia-
tions in Mg# represent the progressive evolution of a single
magmatic suite rather than two distinct magmatic series.

A notable increase in median SiO,, and a concurrent
decrease in median St/Y and La/Yb over time are observed
(Fig. 13b—d), corresponding to an increase in HREE+Y
correlated with a decrease in Sr. Median Nb and Ta
contents both increase, but Nb/Ta decreases over time,
as well as Th/Nb (Fig. 13e—f). In contrast, no particular
trend is observed for other LILE (Rb, Ba), LREE, nor for
Th and U (Fig. S2). This evolution is consistent with an
increased fractionation of magmas over time, which tends
to decrease Mg# (Debon and Le Fort 1988), Sr/Y and La/
Yb (Moyen 2009) as well as Nb/Ta (Linnen and Keppler
1997) in the residual melt. However, no significant varia-
tions of Rb and Ba are observed, which would be expected
with increasing fractionation of the melt. Moreover,
equally-differentiated compositions with similar maficity
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Fig. 13 Median compositions of plutons versus their age of emplace-
ment for a chosen set of geochemical parameters. Additional plots are
provided in the electronic supplements, or can be computed using the
R-code and the data also provided. Linear regression models (black
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Fig. 14 a Initial Nd isotopic compositions (eNd;) versus U-Pb
emplacement age for samples from the Belledonne—Pelvoux Mas-
sifs (this study). b Zircon eHf; data from Ruiz et al. (2022) on plu-
tonic formations from the Aar Batholith (northern ECM), showing

(B) can display a large range of Mg# (Fig. 5f), which indi-
cates that besides fractionation, additional processes were
involved.

These additional processes might include an evolution
of source composition, crustal versus mantle sources mass-
balance, or melting P-T conditions.

The progressive decrease in Sr/Y, La/Yb and Nb/Ta
ratios is consistent with a progressive decrease of melting
pressure in the crust. In older granitoids (Visean), higher
Sr/Y, La/Yb and Nb/Ta ratios could signify deep melt-
ing or fractionation in equilibrium with garnet-rutile-rich
and plagioclase-poor residues/cumulates (Profeta et al.
2015; Sundell et al. 2021). The progressive decrease of
these ratios over time would reflect destabilization of the
garnet + rutile assemblages, in relation with a progres-
sive decrease in melting pressure. This evolution could
be related either to the propagation of the melting region
toward the shallower crust, or to progressive thinning of
the lithosphere associated with the post-orogenic collapse.
This evolution is consistent with the P-T—t evolution of
metamorphic rocks from the ECM, which record peak-
P conditions (up to ca. 1.5 GPa) during the Visean (ca.
340 Ma), followed by progressive decompression down
to ca. 0.6 GPa during the late Carboniferous associated
with a destabilization of garnet—rutile assemblages and
melting of both mafic and felsic protoliths in the garnet-
absent field (Fréville et al. 2022; Grandjean et al. 1996;
Jacob et al. 2022).

Besides that, the same trends could result from an
evolution of source composition, or from a changing bal-
ance between crustal and mantle sources. In particular, a
decreasing contribution of the LILE-rich mantle source,

U-Pb date (Ma)

the same trends: (1) decreasing eNd; from ca. 345 to 330-320 Ma,
(2) increasing eNd,; from 330-320 to 300-300 Ma. No distinction is
made between the FeMgG and MgG sub-series in the Aar Batholith,
and high-K calc-alkaline granitoids are indistinctively plotted in red

characterized by high Mg# as well as elevated Sr/Y and
La/Yb would be consistent with field observations: older
plutons with high Mg#, Sr/Y and La/Yb are richer in man-
tle-derived durbachite enclaves compared to the younger
granitoids (Fig. 4), which suggests a larger degree of
hybridization with enriched mantle-derived melts in the
former. A progressive decrease of Sr/Y and La/Yb in the
mantle source at constant mantle contribution would also
produce a similar effect, however.

Hence, the observed geochemical variations probably
resulted from a combination of different effects, including
variations of the mantle/crustal source compositions, their
proportions, decreasing melting pressure, and increasing
degree of fractionation of magmas over time (Fig. 15).
However, deciphering the respective contributions of
each mechanism in the general trends observed on Fig. 13
remains a challenge.

Neodymium isotopes

The Nd isotopic compositions recalculated at the time of
emplacement (eNd,) also reveal a significant evolution with
time (Fig. 14a). The eNd; values of dated granitoids and
durbachites decrease from ca. [—3.8; —2.8] to ca. [- 6.4,
—5.2] between 345 and 320 Ma, and then increase back
to ca. [—3.7; —0.5] in the late Carboniferous intrusions
(ca. 300 Ma). This evolution is observed both in the high-
K calc-alkaline granitoids (FeMgG and MgQ) and in the
UHKM series, whose eNd; overlap for the same emplace-
ment age. Nd isotopic composition of the Cray granite
(274 + 3 Ma) is similar to that of the late Carboniferous
group (eNd; =—3.0). Strontium isotopes do not show any
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Fig. 15 Possible geodynamic
scenario along the central-
eastern segment of the Variscan
Belt, which may account for the
temporal evolution of magma-
tism in the External Crystalline
Massifs. a Continental subduc-
tion/collision with crustal
thickening and incorporation of
mature crustal material in the
mantle wedge. b Progressive
orogenic collapse, associated
with lithospheric thinning,
increased anatexis and involve-
ment of a more depleted mantle
in the source of mafic magmas
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Lithosphere thickening, deep crustal anatexis and
hybridization with metasomatized mantle melts

Future ECM

1 GONDWANA g

Hybrid plutons

Metasomatized mantle
(eNd << 0)

100 km

b - Post-collisional collapse (310-295 Ma):
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particular trend. Considering Rb is prone to leaching by
metamorphic fluids (Harlov and Austrheim 2013), the Sr
isotopic composition may have been significantly altered,
and is, therefore, not discussed. The eNd; evolution is very
similar to the trend recorded by zircon Hf isotopes in the
Aar Batholith (Fig. 14b, Ruiz et al. 2022), which shows a
progressive decrease in eHf; from [+ 10; 4 12] at ca. 348 Ma
to [— 10; — 3] at ca. 333 Ma, followed by an increase to
[—3;+ 6] in zircon from late Carboniferous pulses (ca. 309
and 298 Ma), both in high-K calc-alkaline granitoids and
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durbachites. Highly radiogenic values (eNd;> + 10) reported
in lower Carboniferous intrusions (Fig. 14b) correspond
mainly to diorites and tonalites akin to the pre/early col-
lisional low-K calc-alkaline series.

Thus, the observed evolution of Nd-Hf isotopes is consist-
ent throughout the ECM. It may reflect either variations of
the relative contribution of crustal and mantle melts at con-
stant source composition, or variations of the isotopic com-
position of crustal and/or mantle sources at constant mass
balance. Both mechanisms seem plausible, but a scenario
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involving primarily mass-balance shifts seems difficult to
support, mainly because the isotopic evolution of high-K
calc-alkaline granitoids and durbachites are highly corre-
lated (Fig. 14), despite very contrasted contributions of the
crust and the mantle in these two series. Thus, an evolution
of the isotopic composition of either the mantle or crustal
sources, or both, is required to explain the observed trends.

The ECM crust is highly heterogeneous. Isotopic data
on pre-Carboniferous crustal protoliths are scarce, but by
comparison with other Variscan Massifs (e.g., French Mas-
sif Central, Chelle-Michou et al. 2017; Downes et al. 1990;
Simien et al. 1999), variations of bulk rock eNd; from — 10
to+ 8 depending on rock type is realistic and can poten-
tially explain the eNd; variability in the granitoids, if the
distribution of protoliths involved in anatexis evolved over
time. However, this does not explain correlated variations
between the durbachites and the granitoids. Furthermore,
the increase of eéNd; and eHf; observed toward CHUR value
during the late Carboniferous would more probably involve
an increased contribution of low-K mafic protoliths (eNd,
between + 6 and + 8, Paquette et al. 1989). These rocks are
not particularly enriched in Nd compared to the granitoids/
felsic protoliths (Paquette et al. 1989), and thus a significant
amount of this material would be required to shift the iso-
topic composition of the late-Carboniferous granitoids close
to CHUR values. This should be reflected in the bulk rock
composition of the granitoids, in particular in K/Na, which
is not observed (Fig. S5, electronic supplements). Variations
of the isotopic composition of crustal melts over time remain
possible, but it seems unlikely that it is the main driver of
the trends observed on Fig. 14.

In our view, isotopic variations in the mantle source rep-
resent a significant contribution to the observed trends. The
mantle isotopic composition can vary within a broad range,
from depleted mantle values (eNd;~ +9, Salters and Stracke
2004) to isotopically-mature, highly metasomatized mantle
(eNd; from —5 to — 10, Janousek et al. 2022), covering the
full range of observed eNd;, providing a direct explanation
to the variations in the durbachites. Correlation between iso-
topic variations in the mantle and in the high-K calc-alkaline
granitoids is however not straightforward, since the latter are
dominantly crustally derived. However, the Nd mass-balance
in this series is certainly more shifted toward the mantle
pole than the total mass-balance, because mantle-derived
melts are much more enriched in Nd than the crustal melts.
A rough mass-balance calculation assuming Nd content of
90-130 ppm in the primitive mantle melts (Nd-content of
the most mafic durbachites in our dataset), 10-20 ppm in the
crustal protoliths (a realistic value regarding the distribu-
tion of Nd-content of granitoids in our dataset), and 10 to
20% mantle contribution in the high-K calc-alkaline series,
indicates that the mantle contribution to the Nd budget of
the granitoids realistically lies between 35 and 75%. Such a

contribution is large enough to produce a significant shift in
the Nd isotopic composition of the granitoids if the isotopic
composition of the mantle source shifts over time.

In this scenario, the eNd; decrease from 345 to 320 Ma
(Fig. 14) would mark progressive isotopic enrichment of
the mantle source, by incorporation of deeply subducted,
isotopically-mature crustal material (Fig. 15a). possibly
related to sub-lithospheric relamination (Maierova et al.
2021; Schulmann et al. 2014).

The eNd, increase during the late Carboniferous would
mark a return to more radiogenic Nd isotopic composition in
the mantle, either due to depletion of the enriched mantle litho-
sphere by protracted melt extraction during the Carboniferous,
or by advection of isotopically depleted asthenosphere, or both
(Fig. 15b). Asthenospheric upwelling could have resulted, for
instance, from thinning of the lithospheric mantle, lithosphere
delamination or slab breakoff, scenarios that have been com-
monly proposed for the late stages of the Variscan Orogeny (e.g.
Faure et al. 2009; Lardeaux et al. 2014; Vanderhaeghe et al.
2020). Progressive return to less enriched mantle with more
radiogenic Nd-Hf isotopes is also consistent with the broader
magmatic evolution observed in the Paleozoic basement of the
Western Alps. In particular, the geochemistry and isotopic com-
position of younger Permian magmatic series, especially in the
Briangonnais zone (Ballevre et al. 2020) and the Ivrea zone (e.g.
Storck et al. 2021) also indicate a decreasing isotopic enrichment
of the mantle source toward the late Paleozoic.

Timing of magmatism

The new geochronological results show that magmatic activ-
ity was not restrained to two large episodes at ca. 340 Ma
and 300 Ma, as previously stated (Debon and Lemmet
1999). Even though increased magmatic activity occurred
during these two periods, multiple plutonic intrusions were
emplaced in between, such as the Bourg granite at 318+3 Ma
or the Olan quartz syenite at 324 +2 Ma (Fig. 16). Variable
ages obtained within the same pluton (e.g. Sept-Laux gran-
ite: 348 +3 and 326 +3 Ma; Rochail granite: 346 +5 and
337 +3 Ma) indicates incremental growth during several
magmatic episodes separated by several millions of years.
However, deciphering the precise timing of incremental
magmatic events is out of reach with the age resolution of
LA-ICPMS data. Higher resolution ID-TIMS dating with
precision < 1% (Parrish et al. 2003) would be needed for
this purpose. This result is in line with data from Ruiz et al.
(2022), in the Aar Batholith, the largest plutonic complex of
the ECM (Fig. 1), which was built incrementally by several
magmatic episodes at ca. 348, 333, 309 and 298 Ma.

Thus, Variscan magmatism in the ECM was less discon-
tinuous than previously thought. This implies that large por-
tions of the Variscan lower to middle crust and lithospheric
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Fig. 16 Summary of pluton emplacement ages in the central ECM,
using data from this study and from previous dating work (Debon
et al. 1998; Fréville et al. 2018). Plutons are separated between crus-
tal-dominated series (FeMgG and MgG) and mantle-dominated series

mantle were prone to melting for a protracted period, from the
early Visean to the earliest Permian (ca. 350-295 Ma). This is
confirmed by petrochronological data on metamorphic rocks,
which show that metamorphic conditions close to, or higher
than the wet granite solidus (ca. 0.5-1.0 GPa, 550-700 °C)
were reached in the middle crust already from the Visean (ca.
340-335 Ma), and then further increased, reaching locally
granulite-facies conditions (ca. 800-850 °C, 0.6-0.9 GPa)
during the late Carboniferous (Ferrando et al. 2008; Fréville
et al. 2022; Guillot and Menot 1999; Rubatto et al. 2010;
Vanardois et al. 2022b).

This general increase in crustal temperature during the Car-
boniferous was reflected in the magmatic productivity. Indeed,
most of the largest granitoid intrusions in the ECM, such as
the Central Aar granite (ca. 500 km?, ca. 298 Ma, Ruiz et al.
2022), the Mont-Blanc granite (280 km?, ca. 305 Ma, Bussy
et al. 2000, Vanardois et al. 2022c), or the central Pelvoux
granitic complex (Etages, Bérarde-Promontoire and Cray
granites: ca. 115 km?, ca. 301-299 Ma, Fig. 2) were emplaced
during the late Carboniferous to earliest Permian, while older
granitoids (with the notable exception of the Sept-Laux Pluton
in Belledonne) formed generally smaller bodies.
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(UHKM, and the low-K calc-alkaline and tholeiitic pre-collisional
magmas). Data from the Aar Batholith (Ruiz et al. 2022) have been
added for comparison

Conclusions

The available geochronological, geochemical and isotopic
data, both new and compiled from literature, provide new
constraints on the timing and petrogenesis of Variscan mag-
matism of the External Crystalline Massifs (ECM) during
the Carboniferous. Geochronological data highlight a long-
lived magmatic activity consisting of two main magmatic
episodes during the Visean (ca. 348-335 Ma) and the late
Carboniferous (305-299 Ma), with several smaller episodes
in between. Thus, this magmatic activity covers most of the
Variscan Orogeny in the ECM from the early syn-collisional
stages to the post-collisional collapse. An early Permian epi-
sode around 275 Ma has also been identified, which can be
correlated with Permian magmatism recorded further east in
the internal Alpine basement.

Contemporaneous emplacement of two contrasted mag-
matic series, namely ultra-high-K metaluminous rocks
(durbachites) and high-K calc-alkaline peraluminous
granitoids (FeMgG and MgG suites), reflects concomi-
tant crustal and enriched mantle melting. However, these
two series do not represent pure mantle and crust-derived
end-members: significant hybridization occurred, either
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by magma mixing or assimilation of crystallized mafic
enclaves in the granitoids, as revealed by trace-element
compositions and by the presence of inherited zircon
grains in nearly all the dated magmatic bodies.

Long-term variations are observed in the geochemical
compositions of granitoids, especially a temporal decrease
in Mg#, La/Yb and St/Y and increase in SiO,. These varia-
tions probably arise from a combination of several mecha-
nisms, including changes in the balance of felsic crust,
mafic crust, and mantle in the source of granitoids, man-
tle-source variability and progressive decrease in melting
pressure from the early syn-collisional to the post-colli-
sional stages. The eNd; values also show variations with
time, which are similar in the durbachites and the high-K
calc-alkaline granitoids, and partly result from an evolu-
tion of the mantle source isotopic composition during the
orogeny, probably in addition to an increased contribu-
tion of crustal melting over time, in particular from low-K
mafic protoliths with a radiogenic Nd isotopic composi-
tion. The eNd decrease from ca. 345 to 320 Ma might
reflect an increasing influence of deeply subducted/relami-
nated crustal material contaminating the lithospheric man-
tle source. Then, a return to a more depleted Nd isotopic
composition toward the late Carboniferous might be either
due to the progressive depletion of the enriched mantle
by protracted melt extraction, or due to advection of non-
metasomatized asthenosphere with a more radiogenic Nd
composition.
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