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Introduction

Variscan tectonics during the Late Devonian-Early Carbonif-
erous is classically viewed as the result of a continental col-
lision following oceanic subduction (e.g., Dewey and Burke 
1973). The close association of strongly deformed high-pres-
sure/high-temperature (HP/HT) metamorphic mafic and fel-
sic rocks within the so-called leptyno-amphibolitic complex 
(LAC; Forestier 1961; Lasnier 1968; Forestier et al. 1973; 
Santallier et al. 1988) is considered to be a tectonic mélange 
s.l. that formed during the closure of one or several oceans 
previously separating the continental blocks (e.g., Bard et al. 
1980; Matte and Burg 1981; Pin and Vielzeuf 1983; Matte 
1986). Different geodynamic interpretations have been pro-
posed that commonly involve two major continents sepa-
rated by magmatic arcs or several micro-blocks that resulted 
from the extreme stretching of the continental margins prior 
to oceanic subduction (e.g., Bard et al. 1980; Matte and Burg 
1981; Matte 1986, 1991; Pin 1990; Franke 2006; Ribeiro 
et al. 2007; Martínez Catalán et al. 2009; Lardeaux 2014; 
Schulmann et al. 2014). All these interpretations agree, 
however, on the fact that the Variscan belt resulted from the 
final collage of two supercontinents, Laurussia to the north 
and Gondwana to the south (Fig. 1). The Early Paleozoic 
pre-orogenic extensional event is recorded across the entire 
Variscan belt by the formation of large Cambro-Ordovician 
sedimentary basins (e.g., Young 1990; Linnemann et al. 
2004) and massive bimodal magmatism (e.g., Pin 1990; Pin 
and Marini 1993; Abati et al. 1999; Crowley et al. 2000; 
Sánchez-García et al. 2003, 2008). Among the most typical 
examples are the porphyritic granitic and rhyolitic orthog-
neisses with emplacement ages clustering between 490 and 
450 Ma (e.g., Helbing and Tiepolo 2005; Solá et al. 2008; 
Montero et al. 2009; Ballèvre et al. 2012; Talavera et al. 
2013; Del Greco et al. 2016 and references therein).
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In the southern French Massif Central, the Lévézou is 
a dome-shaped massif that comprises migmatitic parag-
neisses and orthogneisses in the core, surrounded by the 
eclogite-bearing LAC, itself surrounded by lower-grade 
orthogneiss and micaschists (Fig. 2). The occurrence of 
the LAC separating two gneissic units makes it a key area, 

because it typifies the Variscan architecture, in particular 
in the Massif Central. The external (Pinet) orthogneiss has 
been interpreted as a syn-kinematic intrusion, emplaced 
and deformed during the Late Devonian-Early Carbonif-
erous thrusting event (Pin 1981; Burg and Teyssier 1983; 
Burg 1987; Dutruge and Burg 1997; Duguet and Faure 

Fig. 1  Tectonic sketch of the 
Variscan belt (after Ballèvre 
et al. 2009). The study area in 
the French Massif Central is 
indicated

Fig. 2  Simplified geological 
map of the Lévézou Massif 
(modified from Delor et al. 
1989; Guérangé-Lozes et al. 
1995; Duguet and Faure 2004). 
Black stars indicate sample 
locations
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2004). The petrology and the deformation patterns of this 
orthogneiss, however, strongly remind those of the Caroux 
and Espinouse massifs (Montagne Noire) located ~50 km 
farther to the south, and whose protoliths were recently 
dated at 450–455 Ma (Roger et al. 2004; Pitra et al. 2012). 
This leads us to re-examine the Lévézou orthogneisses 
from a petrological, geochemical, geochronological and 
finally tectonic point of view.

Geological setting

The French Massif Central is traditionally subdivided 
into four Gondwana-derived units, based on their petro-
logical characteristics: the Upper Gneiss Unit (UGU), the 
leptyno-amphibolitic complex (LAC), the Lower Gneiss 
Unit (LGU) and the parautochthon unit (PAU) (e.g., Burg 
and Matte 1978; Matte 1986; Ledru et al. 1989; Figs. 1, 2). 
Some authors refer to the Upper and Lower Gneiss Units as 
the upper and lower allochthon, respectively (e.g., Ballèvre 
et al. 2009, 2014). Classically, the LGU and UGU cor-
respond to two continents separated by an oceanic crust 
(LAC) before the Carboniferous collision (e.g., Burg and 
Matte 1978; Matte and Burg 1981; Matte 1986, 2001). A 
recent study (e.g., Lardeaux 2014) has re-interpreted the 
Upper and Lower Gneiss Unit as an extremely thinned 
margin of Gondwana: UGU corresponding to the more 
distal blocks and LGU to the proximal ones. The LGU 
and the PAU display low-grade metamorphism, while the 
LAC and the UGU have recorded high-pressure (HP) and 
high-temperature (HT) metamorphism, respectively (e.g., 
Ledru et al. 1989). Granitoids close to the tectonic contact 
between the LGU and the LAC were interpreted as syn-
tectonic intrusions (Ledru et al. 1989; Duguet and Faure 
2004). The Lévézou massif comprises all of these units 
and represents therefore a classic example of the Variscan 
architecture (Fig. 2).

The LAC in the Lévézou is dominated by amphibolites 
with tholeiitic and calc-alkaline affinities (Nicollet 1978; 
Piboule 1979). It contains abundant lenses of eclogite and 
locally peridotite. The emplacement of the tholeiitic suite 
was dated at ca. 485 ± 30 Ma (U/Pb on zircon population 
from a trondhjemite; Pin 1979). A gabbro from the calc-
alkaline suite was dated at 367 ± 10 Ma with the same 
method (Pin and Piboule 1988). The upper part of the 
LAC comprises micaschists, leucocratic paragneisses and 
quartzites. For Piboule (1979) and Briand et al. (1988), the 
magmatic signature of the LAC is that of a back-arc basin 
environment rather than that of an oceanic one. Pin and 
Piboule (1988) proposed a collision between two independ-
ent magmatic suites to account for the composite character 
of the LAC. Finally, Lardeaux (2014) reinterpreted the REE 
spectrum of the tholeiitic suite as being compatible with an 

ocean–continent transition zone. The age of the eclogite-
facies HP event in the Lévézou massif is unknown. In the 
whole French Massif Central, this age is considered to be 
Silurian (ca. 430–400 Ma; U/Pb on zircon population, Pin 
and Lancelot 1982; Ducrot et al. 1983; Sm/Nd on garnet, 
Paquette et al. 1995; in situ U/Pb on 2 zircon grains, Berger 
et al. 2010). Because of the oceanic affinity of its rocks and 
the presence of eclogite relics, the LAC is a key unit that has 
been interpreted as marking the orogenic suture between the 
UGU and the LGU (e.g., Bard et al. 1980; Matte 1986). In 
the Lévézou massif, the LAC forms a conspicuous arc that 
separates the inner (UGU) from the outer (LGU) part of the 
massif. It dips steeply to the south (beneath the LGU) in 
the southern part of the massif, and to the east, beneath the 
UGU, in the western part of the massif (Fig. 2). This led to a 
large spectrum of tectonic interpretations (see below).

The UGU forms the core of the Lévézou massif and is 
composed of paragneisses and felsic orthogneisses, migma-
tized to various degrees. The felsic orthogneisses, termed 
“Pinet-type granitoids” (cf. below) in the literature, are 
deformed calc-alkaline S-type granites (Nicollet 1978). 
Mafic enclaves with some relics of HP mineral assem-
blages, interpreted as xenoliths, are locally found within 
the orthogneisses (Delor et al. 1985) whose emplacement 
was considered to be Carboniferous in age (e.g., Pin 1981; 
Burg and Teyssier 1983).

The LGU outcrops in the western part of the massif. It 
is composed of amphibolite-facies metasedimentary rocks, 
mainly micaschists, metapelitic paragneisses, and meta-
greywackes, intruded by several granitoid bodies. The pro-
tolith ages of the Rodez alkaline orthogneiss and the Cap-
longue metagranodiorite are considered to be Cambrian  
(U/Pb on zircon population, Lafon 1984). The granitic 
Pinet orthogneiss s.s. forms an elongated body mostly par-
allel to the contact between the LAC and the LGU (Fig. 2). 
Based on the analysis of the deformation patterns, Burg 
and Teyssier (1983) and Dutruge and Burg (1997) argued 
that this granite emplaced as a syntectonic laccolith. The 
emplacement of the granitic protolith of the Pinet orthog-
neiss was dated at ca. 360 Ma (Pin 1981). The combination 
of these two interpretations, if correct, is crucial since it 
linked the main episode of thrusting to the Variscan history 
of the Massif Central.

The PAU is the most external and less metamor-
phosed unit (Fig. 2). It is composed of the so-called 
Saint-Sernin-sur-Rance nappe, including quartzo-pelitic 
rocks, micaschists and quartzites with intercalated Cam-
brian metarhyolites (Collomb 1970; Delbos et al. 1964). 
The presence of a contact metamorphism was described 
within the PAU along the contact with the Pinet orthogneiss 
(Nicollet 1978).

The different tectonic interpretations of the Lévé-
zou massif all involve a first major thrusting event, 
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responsible for the parallelism between foliations, litho-
logical boundaries or major contacts, and are related to 
the Late Devonian-Early Carboniferous Variscan col-
lision that followed subduction of an oceanic crust and 
the related eclogite-facies metamorphism. Interpretations 
differ on the origin of the final dome-like shape of the 
massif, ranging from diapirism (Burg and Teyssier 1983; 
Burg 1987), recumbent fold nappe (Burg et al. 1986; 
Duguet and Faure 2004) or extensional gneiss dome 
(Burg et al. 1994).

Analytical procedures

Chemical and isotopic analyses

The samples were first cleaned from any weathered mate-
rial and then crushed in a jaw crusher and in an agate mortar 
in order to obtain a fine powder. Major and trace elements 
analysis were performed by inductively coupled plasma 
atomic emission spectrometry (ICP-AES) and inductively 
coupled plasma mass spectrometer (ICP-MS), respectively, 
at the Geochemical and Petrographical Research Center 
(SARM Laboratory, CNRS-CRPG) in Nancy, following the 
procedure described in Carignan et al. (2001).

Whole-rock Sm–Nd and Sr isotope analyses were car-
ried out at the Geosciences Rennes Laboratory using a 7 
collectors Finnigan MAT-262 mass spectrometer. For a 
complete procedure see Ballouard et al. (2015). The sam-
ples were analyzed together with the AMES Nd standard 
that yielded a mean 143Nd/144Nd ratio of 0.511973 (±4) and 
with the Sr standard NBS 987 with a mean 87Sr/86Sr ratio 
of 0.710222 (±9). Blank analyses yield values of 160 pg 
for Sr and 25 pg for Nd and were therefore considered to 
be negligible. Data are plotted using the software GCDkit 
(Janoušek et al. 2006).

U–Th–Pb dating

A classic mineral separation procedure has been applied 
to concentrate the zircon grains for U–Pb dating using 
the facilities available at the University of Rennes. Rocks 
were crushed and only the powder fraction with a diam-
eter <250 µm has been kept. Heavy minerals were suc-
cessively concentrated by Wilfley table and heavy liquids. 
Magnetic minerals were then removed with an isodynamic 
Frantz separator. Zircon grains were then handpicked under 
a binocular microscope. The selected grains were then 
embedded in epoxy mounts. The mounts were grounded 
and polished on a lap wheel. Zircon grains were imaged 
by cathodoluminescence (CL) using a Reliotron CL sys-
tem equipped with a digital color camera available in Géo-
sciences Rennes.

U–Pb geochronology of zircon grains was conducted by 
in situ laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS) at Géosciences Rennes using a ESI 
NWR193UC Excimer laser coupled to an Agilent quadri-
pole 7700× ICP-MS equipped with a dual pumping sys-
tem to enhance sensitivity. The instrumental conditions are 
reported in the Supplementary Table 1.

The ablated material is carried into helium and then 
mixed with nitrogen (Paquette et al. 2014) and argon, 
before injection into the plasma source. The alignment of 
the instrument and mass calibration was performed before 
each analytical session using the NIST SRM 612 refer-
ence glass, by inspecting the 238U signal and by minimiz-
ing the ThO+/Th+ ratio (<0.5 %). During the course of 
an analysis, the signals of 204(Pb + Hg), 206Pb, 207Pb, 208Pb 
and 238U masses are acquired. The occurrence of common 
Pb in the sample can be monitored by the evolution of the 
204(Pb + Hg) signal intensity, but no common Pb correction 
was applied owing to the large isobaric interference with 
Hg. The 235U signal is calculated from 238U on the basis 
of the ratio 238U/235U = 137.88. Single analyses consisted 
of 20 s of background integration followed by 60-s integra-
tion with the laser firing and then a 10-s delay to wash out 
the previous sample. Ablation spot diameters of 20 µm with 
repetition rates of 4 Hz were used. Data were corrected 
for U–Pb and Th–Pb fractionation and for the mass bias 
by standard bracketing with repeated measurements of the 
GJ-1 zircon standard (Jackson et al. 2004). Along with the 
unknowns, the zircon standard 91500 (1065 Ma, Wieden-
beck et al. 1995) was measured to monitor precision and 
accuracy of the analyses and produced a concordia age 
of 1063.7 ± 4.8 Ma (N = 27, MSWD = 1.5) during the 
course of the analyses. Data reduction was carried out with 
the GLITTER® software package developed by the Mac-
quarie Research Ltd. (Van Achterbergh et al. 2001). Con-
cordia ages and diagrams were generated using Isoplot/Ex 
(Ludwig 2012). All errors given in Supplementary Table 2 
are listed at one sigma, but where data are combined for 
concordia age or weighted mean calculations, the final 
results are provided with 95 % confidence limits. Further 
information on the protocol can be found in Ballouard et al. 
(2015).

Petrography and geochemistry

Samples with various degrees of deformation were selected, 
in order to check the possible influence of the deformation 
on the geochemical and geochronological data: two macro-
scopically undeformed samples (LV3C, LV23) of the Pinet-
type granitoids from the inner part (UGU) of the Lévézou 
massif, and one undeformed sample (LV2A), one augen 
orthogneisses (LV2B) and one mylonite (LV15) from the 
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Pinet orthogneiss in the outer part (LGU) of the massif 
(Fig. 2).

Inner undeformed porphyritic facies

Two rock samples from the core of the Lévézou massif 
(LV3C, LV23, Fig. 2), although sampled at geographi-
cally distant locations (some 12 km apart), are petrographi-
cally almost identical. They represent a macroscopically 
undeformed isotropic coarse-grained porphyritic granite 
(Fig. 3a) dominated by quartz, plagioclase, K-feldspar, 
biotite, and muscovite. The rocks appear undeformed, but 
thin-section observations reveal abundant metamorphic 
textures. Quartz (up to 3 mm) forms recrystallized poly-
crystalline aggregates. Plagioclase forms polygonal to rec-
tangular aggregates with straight outer limits, composed 

of a mosaic of granoblastic plagioclase interspersed with 
interstitial muscovite flakes (both ~0.1 mm). Subhedral 
K-feldspar phenocrysts (up to 3 cm) include crystals of bio-
tite, and recrystallized quartz and plagioclase. K-feldspar 
is commonly surrounded by a rim of myrmekite. Biotite is 
present in two textural positions. Red-brown biotite (bio-
tite 1) forms large thick flakes (up to 3 mm) and is locally 
surrounded by thin coronae of garnet (Fig. 3e). Pale green 
biotite (biotite 2, up to 0.2 mm) is present in decussate sub-
rectangular aggregates (up to 5 mm in size) with musco-
vite, garnet, kyanite, ±dravite, ±plagioclase, ±chlorite, 
and ±hematite. These clusters are interpreted as pseudo-
morphs after cordierite (Fig. 3f). In places, rutile (0.1 mm) 
builds up sub-rectangular aggregates (up to 0.5 mm) inter-
preted as pseudomorphs after ilmenite. Monazite, apatite, 
and zircon are found as accessory minerals.

Fig. 3  a Undeformed porphyritic facies of the inner Pinet-type grani-
toid (LV3C), b undeformed porphyritic facies of the Pinet orthog-
neiss (LV2A), c augen orthogneiss facies of the Pinet orthogneiss 
(LV2B), d ultramylonite facies of the Pinet orthogneiss (LV15),  
e garnet corona around primary biotite (bi 1; LV3C), f cordierite 
pseudomorphed by fine-grained garnet + muscovite + kyanite in 
LV3C, g quartz + muscovite + rutile symplectite surrounding a pri-

mary biotite crystal displaying several kink-bands (LV2A), h musco-
vite and secondary biotite aggregate in LV2A, i chlorite, muscovite, 
and biotite foliation surrounding quartz, plagioclase, and K-feldspar 
augen in LV2B, j K-feldspar porphyroclast surrounded by myrme-
kite and muscovite-bearing foliation in LV15. bi biotite, cd cordierite,  
chl chlorite, g garnet, kfs K-feldspar, mu muscovite, myr myrmekite, 
pl plagioclase, q quartz, ru rutile
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Outer undeformed porphyritic facies

Sample LV2A (Fig. 3b) is a coarse-grained (2–10 mm) por-
phyritic granite mainly composed of quartz, plagioclase, por-
phyritic K-feldspar (up to 15 cm), and biotite. It bears some 
resemblance with the undeformed samples from the UGU 
(LV3, LV23), described above. Macroscopically, this sam-
ple appears isotropic, but various deformation and recrystal-
lization features can be observed in thin section. K-feldspar 
forms large subhedral crystals with undulose extinction, 
locally cut by fractures filled with fine-grained quartz. Pla-
gioclase forms subhedral crystals (up to 10 mm) that are 
generally partly altered to a mixture of tiny crystals of mus-
covite. Quartz is present as remnants of large anhedral crys-
tals (up to 10 mm) with undulose extinction systematically 
surrounded by a mosaic of recrystallized grains with irregu-
lar grain boundaries. Large thick red-brown biotite (biotite 1, 
up to 5 mm) displays undulose extinction, and is in general 
affected by numerous kink-bands and locally surrounded 
by fine-grained symplectites containing quartz, rutile and 
muscovite (Fig. 3g). It is interpreted as a primary magmatic 
phase. Smaller light green to pale brown biotite flakes (bio-
tite 2, up to 0.3 mm), interpreted as secondary, are present in 
sub-rectangular cm-sized decussate aggregates with musco-
vite (0.05-2 mm), and locally garnet, quartz and plagioclase 
(Fig. 3h). These aggregates may represent pseudomorphs 
after another “primary” mineral, possibly cordierite. Rutile 
(~0.1 mm) forms polycrystalline sub-rectangular to polygo-
nal aggregates (up to 1 mm), interpreted as pseudomorphs 
after ilmenite. Monazite, zircon, and apatite are also present.

Outer augen orthogneiss (Pinet orthogneiss)

The rock (samples LV29 and LV2B, Fig. 3c) is a well-
foliated felsic augen orthogneiss containing porphyroclasts 
(up to several cm) of K-feldspar and plagioclase. It repre-
sents the most common facies of the Pinet-type granitoids. 
The foliation is defined by alternating layers, up to 2 mm 
thick, dominated by either quartz, feldspar or phyllosilicates 
(biotite, muscovite and chlorite) and by the alignment of 
the latter (Fig. 3i). The foliation wraps augen composed of 
subhedral relics of K-feldspar or plagioclase (up to 3 cm), 
commonly partly recrystallized in strain shadows. The por-
phyroclasts are locally broken with quartz and chlorite crys-
tallizing in the fractures. Biotite is strongly chloritized and 
chlorite in the foliation is interspersed by numerous tiny 
needles of rutile (sagenite) suggesting that it developed at 
the expense of biotite. Muscovite forms either large crystals 
(up to 1 mm) that can be kinked and wrapped by the folia-
tion or small flakes (up to 0.1 mm) recrystallized in the foli-
ation and commonly surrounding chloritized biotite. Allan-
ite, titanite, apatite, zircon and rutile are also locally present.

Outer ultramylonitic facies

This sample (LV15) is a fine-grained ultramylonite with 
rare K-feldspar augen (Fig. 3d). The macroscopic fabric of 
the rock is defined by closely spaced (~5 mm) thin shear 
bands marked by very fine-grained (~0.01 mm) biotite, 
commonly associated with muscovite, quartz and feldspar. 
Thin (up to 0.3 mm) ribbons of strongly elongated quartz 
wrap small (up to 0.5 mm) crystals of K-feldspar and pla-
gioclase. They are oblique to the shear bands and together 
with crystals of muscovite (up to 0.5 mm long) define 
a foliation. K-feldspar forms rare porphyroclasts (up to 
1 cm), commonly rimmed by myrmekite and recrystallized 
in strain shadows (Fig. 3j). Chlorite is locally present in 
fractures in K-feldspar. Titanite, rutile, apatite, zircon and 
allanite are locally present.

Whole‑rock compositions

These samples have the composition of a slightly peralu-
minous granite (A/CNK = 1.12–1.38; Fig. 4a, b; Table 1). 
They bear the general characteristics of the calc-alkaline 
series: (1) high abundances of Th and LREE (LaN ~ 145–
180), (2) moderate fractionation of LREE versus HREE 
(LaN/LuN ~ 6.1–8.7) and a lack of important fractiona-
tion among the HREE (Fig. 4c), and (3) significant nega-
tive (Ta, Nb, Ti) and positive (Pb) anomalies (Fig. 4e). The 
chondrite-normalized REE patterns display the same trend 
for all the samples (including the same Eu anomaly range: 
EuN = 0.022–0.032) regardless of the deformation intensity 
(Fig. 4c). Taken together, the studied granites and granitic 
orthogneisses from the UGU and LGU have the same com-
positions, and deformation was not accompanied by a sig-
nificant element mobility, with respect to the REE (Fig. 4c). 
The homogeneity of the whole-rock compositions of these 
different samples is also highlighted in the triangular Rb–
Hf–Ta discrimination diagram (Harris et al. 1986; Fig. 4d). 
They fall into the “volcanic arc” domain, an expected result 
considering their calc-alkaline character (e.g., Ballèvre 
et al. 2012). Nevertheless, the tectonic setting can be either 
an active continental margin or the reworking of an older 
arc during a rifting event.

Rb–Sr and Sm–Nd radiogenic isotopes

Sr and Sm–Nd isotopic analyses for the 6 samples are listed 
in Table 2 and reported in Fig. 5. The εNd and 87Sr/86Sr (ISr) 
values have been recalculated for an age of 470 Ma (see 
part 6). εNd values are comprised between −5.66 and −5.29 
for the six samples. ISr vary from 0.705635 to 0.714268. 
The TDM (model age, calculated after Liew and Hofmann 
1988) values vary from 1567 to 1596 Ma.
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Fig. 4  Geochemical characteristics of the studied samples. Trian-
gles and crosses correspond to outer (LV2A, LV2B, LV15, LV29) 
and inner (LV3, LV23) samples, respectively. a Shand (1943) dia-
gram (A/CNK = Al2O3/(CaO + Na2O + K2O); A/NK = (Al2O3/
Na2O + K2O)), b P-Q diagram after Debon and LeFort (1983),  

gr granite, ad adamellite, c chondrite-normalized REE distribu-
tion of all samples, values are normalized after Barrat et al. (2012), 
d ternary tectonic discrimination diagram from Harris et al. (1986), 
e N-MORB-normalized spider diagram after Sun and McDonough 
(1989)
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Table 1  Whole-rock chemical 
compositions of the samples 
from outer (LV2A, LV2B, 
LV15, LV29) and inner (LV3, 
LV23) samples

Sample Outer samples Inner samples

LV 2A LV 2B LV 15 LV 29A LV 23 LV 3C

SiO2 wt % 70.43 71.24 71.31 68.63 70.30 68.65

Al2O3 wt % 14.59 14.39 13.64 14.36 14.34 14.61

Fe2O3 wt % 3.55 3.20 3.24 4.34 3.82 3.80

MnO wt % 0.03 0.04 0.03 0.05 0.05 0.05

MgO wt % 1.13 0.95 0.94 1.42 1.20 1.14

CaO wt % 1.20 0.54 1.44 1.39 1.23 0.95

Na2O wt % 2.65 2.51 2.88 2.83 2.58 2.34

K2O wt % 4.73 4.90 4.34 4.29 4.25 4.98

TiO2 wt % 0.51 0.44 0.42 0.63 0.52 0.55

P2O5 wt % 0.21 0.20 0.12 0.18 0.16 0.19

LOI wt % 1.70 2.05 1.29 1.68 1.57 1.73

FeO wt % 2.31 1.86 2.48 X 2.68 2.62

As ppm 6.14 10.76 2.43 7.70 3.49 13.87

Ba ppm 760.70 685.30 635.00 503.80 535.20 748.60

Be ppm 2.41 2.41 2.10 2.62 2.73 2.45

Bi ppm 0.19 0.23 bdl 0.63 0.29 0.17

Cd ppm 0.27 0.31 0.20 0.32 0.25 0.37

Ce ppm 76.73 73.50 71.69 89.71 84.65 76.38

Co ppm 6.01 6.12 5.02 8.45 6.32 6.05

Cr ppm 49.31 56.71 39.03 67.31 41.15 48.47

Cs ppm 5.57 4.60 4.98 9.16 5.13 8.72

Cu ppm 14.46 12.77 7.11 26.71 16.35 11.96

Dy ppm 6.58 5.78 6.52 7.08 7.83 6.01

Er ppm 3.59 3.19 3.86 3.79 4.81 3.32

Eu ppm 1.23 1.07 0.87 1.00 1.09 1.13

Ga ppm 20.96 20.56 19.18 21.25 20.40 21.20

Gd ppm 6.42 5.62 6.24 7.28 7.31 5.91

Ge ppm 1.55 1.29 1.63 1.50 1.46 1.66

Hf ppm 5.94 5.62 5.30 6.96 6.04 5.90

Ho ppm 1.30 1.14 1.36 1.48 1.72 1.20

In ppm 0.08 0.08 bdl 0.07 bdl 0.09

La ppm 39.27 35.37 34.74 42.02 40.53 36.27

Lu ppm 0.51 0.48 0.58 0.51 0.70 0.48

Mo ppm 1.17 bdl 1.00 1.22 0.56 bdl

Nb ppm 12.97 12.08 10.31 15.64 12.45 13.02

Nd ppm 35.57 32.02 31.27 40.20 38.41 33.00

Ni ppm 14.15 14.69 11.11 18.53 12.97 14.90

Pb ppm 27.84 55.37 24.00 26.94 21.40 104.35

Pr ppm 9.44 8.52 8.33 10.80 10.24 8.82

Rb ppm 169.40 163.10 141.20 176.90 157.70 190.10

Sc ppm 8.46 7.37 8.74 10.92 8.33 9.70

Sb ppm bdl 0.81 bdl 0.68 bdl 1.42

Sm ppm 7.45 6.61 6.77 8.34 8.13 6.90

Sn ppm 2.71 3.30 2.16 4.22 2.99 3.60

Sr ppm 148.00 119.90 115.60 121.90 122.00 131.20

Ta ppm 1.13 1.11 1.04 1.34 1.02 1.23

Tb ppm 1.09 0.93 1.04 1.15 1.20 0.97

Th ppm 15.76 14.69 14.62 18.64 16.48 16.21
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LOI loss on ignition, A/NK molar Al2O3/(Na2O + K2O), A/CNK molar Al2O3/(CaO + Na2O + K2O), bdl 
below detection limit, Fe2O3 corresponds to total Fe; FeO to Fe2+ only, analyzed by titration; X not ana-
lyzed

Table 1  continued Sample Outer samples Inner samples

LV 2A LV 2B LV 15 LV 29A LV 23 LV 3C

Tm ppm 0.54 0.48 0.58 0.53 0.71 0.51

U ppm 3.18 3.12 4.44 4.11 3.00 3.73

V ppm 45.00 37.76 31.54 51.61 41.75 48.41

W ppm 1.62 4.13 0.95 1.22 1.25 1.72

Y ppm 40.33 34.45 42.06 40.76 47.67 35.98

Yb ppm 3.44 3.18 3.83 3.44 4.66 3.28

Zn ppm 63.97 122.80 54.15 94.69 63.84 118.10

Zr ppm 226.90 211.40 194.60 255.00 215.40 219.90

Total % 100.74 100.45 99.65 99.79 100.00 98.97

A/NK 1.97 1.94 1.89 2.02 2.10 1.99

A/CNK 0.55 0.54 0.52 0.69 0.64 0.59

Table 2  Rb–Sr and Sm–Nd whole-rock data for the samples from outer (LV2A, LV2B, LV15, LV29) and inner (LV3, LV23) samples

Rb concentrations have been obtained by ICP-MS, other concentrations by isotopic dilution

εNd and 87Sr/86Sr are calculated with an age of 470 Ma
87 Rb/86Sr ratios are calculated after Janoušek et al. (2015, p. 54, Eq. 5.4) and the two-stage TDM model age after Liew and Hofmann (1988)

Sample Rb 
(ppm)

Sr (ppm) 87Rb/86Sr 87Sr/86Sr ± I Sr470 Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd ± εNd (470) TDM [a]

Outer samples

LV 2A 169.40 133.9 3.67 0.733146 10 0.708563 6.9 35.1 0.118651 0.512110 4 −5.62 1.593

LV 2B 163.10 107.1 4.42 0.735226 10 0.705635 6.1 30.6 0.121020 0.512118 5 −5.61 1.592

LV 15 115.60 105.7 3.17 0.734002 10 0.712742 6.5 31.6 0.124813 0.512141 4 −5.38 1.575

LV 29A 176.90 117.2 4.38 0.736913 10 0.707572 8.1 42.0 0.116544 0.512117 5 −5.35 1.572

Inner samples

LV 3C 141.20 118.2 3.47 0.737488 10 0.714268 6.4 32.6 0.118418 0.512107 5 −5.66 1.596

LV 23 157.70 117.9 3.88 0.733453 12 0.707455 7.5 38.7 0.116902 0.512122 4 −5.29 1.567

Fig. 5  a Sr and Nd isotope 
composition of the samples. εNd 
and 87Sr/86Sr are calculated with 
an age of 470 Ma (see part 6). 
Crosses represent the unde-
formed samples outcropping 
in the inner part of the massif 
(LV3C, LV23) and triangles 
correspond to the samples from 
the outer part (Pinet orthogneiss 
s.s., LV2A, LV2B, LV29 and 
LV15). b Two-stage TDM model 
age, calculated after Liew and 
Hofmann (1988). Marks on 
x- and y-axis correspond to the 
two-stage Nd model age and 
εNd initial values, respectively. 
CHUR Chondritic Uniform 
Reservoir, DM Depleted Mantle
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The εNd values display very little variation, as usually 
observed within the same pluton (e.g., Ballouard et al. 
2015). In contrast, ISr values are more spread (Fig. 6). 
Rubidium and strontium are known to be mobile under 
metamorphism, deformation, or fluid alteration. Moreover, 
a large range of ISr can also reflect variable sedimentary 
sources involved in magma production. The range of values 
is then likely explained by the highly variable patterns of 
deformation that affected the different facies, by alteration, 
or by its sedimentary origin (see part 4—Whole-rock com-
positions). Finally, the samples yield the same model age 
range. Considering the large range of inherited zircon cores 
(see part 5—U–Th–Pb Dating) and the peraluminous char-
acter of the rocks (see part 4—Whole-rock compositions), 
reworking of multiple sedimentary sources is the most 
likely explanation for these old ages, and these TDM should 
then be seen as a mean age of the sedimentary source rather 
than as an extraction age from the mantle.

U–Th–Pb dating

Zircon crystals were extracted from samples LV2A, LV2B, 
LV15, and LV3C, located on both sides of the LAC (Fig. 2). 
All crystals were translucent and colorless, with hetero-
geneous shapes from rounded to euhedral, ranging from 
100 to 400 µm in size. Most of the grains have inherited 
cores surrounded by magmatic rims (Fig. 6a, b, d). Locally, 
inherited cores are surrounded by a primary zonation, and 
by a magmatic rim, as revealed by cathodoluminescence 
imaging (Fig. 6b). Numerous purely magmatic zircon crys-
tals are also found (Fig. 6c).

Most of the inherited cores show high degrees of dis-
cordance (see Supplementary Table 2), and it is therefore 
impossible to discuss them in terms of provenance. All data 
that are more than 90 % concordant (and less than 110 %) 
are plotted in a kernel density estimates diagram (Fig. 7e). 

Apart from the magmatic rim that will be discussed later, 
a first group of inherited cores provides apparent ages 
between 500 and 760 Ma. A second group is bracketed 
around 1 Ga, while the remaining data yield apparent ages 
between 1700 and 3200 Ma.

Inner undeformed porphyritic facies

Sixty-six analyses were performed out of 18 different zir-
con grains from sample LV3C (Supplementary Table 2). 
Apart from the inherited core discussed above, 33 analyses 
performed on magmatic zircon crystals without inherited 
core and/or on crystal rims were plot in concordant to dis-
cordant position (Fig. 7a) due to various degrees of Pb loss 
and/or the presence of common Pb. Nevertheless, all these 
analyses have very consistent 206Pb/238U dates and provide 
a lower intercept date of 466.6 ± 3.3 Ma (MSWD = 0.14). 
The five most concordant analyses yield a concordia date 
of 467.8 ± 2.3 Ma (MSWD = 0.3). It has to be noticed 
that one single analysis performed on a rim (Supplemen-
tary Table 2, 18b) plots in an apparently concordant posi-
tion at 414.1 ± 4.7 Ma. But another spot (18a) realized on 
the same rim from the same grain yields a concordant date 
of 468.7 ± 5.3 Ma. We conclude therefore that the younger 
date is linked to a slight Pb loss.

Outer undeformed porphyritic facies

Sixty-nine analyses were performed out of 38 zircon 
grains in sample LV2A (Supplementary Table 2). All 
magmatic rims yield 206Pb/238U dates bracketed around 
470 Ma (Fig. 7b, e) and allow to calculate a lower inter-
cept date of 468.2 ± 2.7 Ma (MSWD = 0.7; N = 34). The 
10 most concordant data (Fig. 7b) yield a concordia date 
of 469.8 ± 1.6 Ma (MSWD = 0.56), while the remaining 
analyses are slightly discordant due to the presence of a 
small amount of common Pb and/or Pb loss.

Fig. 6  Selected cathodoluminescence images of zircon crystals from samples LV3C (a, b), LV2B (c) and LV15 (d). Dotted circles show the 
location of the LA-ICP-MS analyses and their corresponding 238U/206Pb ages
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Outer orthogneissic facies (Pinet orthogneiss)

In the augen orthogneiss LV2B, 16 zircon grains were 
analyzed (Supplementary Table 2; Fig. 7c). Most of the 
30 analyses display discordant dates. The four youngest 
concordant analyses allow to calculate a concordia date of 
469.8 ± 2.7 Ma (MSWD = 0.26). Six concordant to dis-
cordant analyses allow to calculate a lower intercept date of 
470.5 ± 5.2 Ma (MSWD = 0.30), the same within error as 
the calculated concordia date. Eight of the remaining analy-
ses are discordant, ranging from 420 to 480 Ma, and can be 
explained by variable lead loss and common lead enrich-
ment. Twelve rim analyses range from 496 to 765 Ma.

Outer ultramylonitic facies

Eighty-two analyses on 30 different zircon crystals were 
performed for sample LV15. A group of 31 concordant to 
discordant analyses (common Pb and/or Pb loss) allows 
to calculate a lower intercept date of 465.6 ± 2.6 Ma 
(MSWD = 0.66). An equivalent (within the error) concor-
dia date was calculated with the 5 concordant spots, yield-
ing a date of 468 ± 1.3 Ma (MSWD = 0.98) (Fig. 7d). 
Three analyses display younger dates ranging from 427 to 
311 Ma (206Pb/238U), which can be explained by a combi-
nation of lead loss and common lead enrichment.

Inherited cores from all the four samples range from 
500 Ma to 3 Ga, show various lead loss, and display con-
cordant to discordant dates. Three populations can be dis-
tinguished in the inherited cores and primary zonation: (1) 
few Precambrian dates, from ca. 3.3–1 Ga, in discordant 
position, (2) Precambrian dates from ca 770 to 550 Ma, in 
concordant to sub-concordant position, and (3) few Cam-
brian dates ranging from 550 to 500 Ma (Fig. 7e). All the 
rims of the zircon grains with inherited cores recorded an 
Ordovician event at ca. 470 Ma. Besides, all zircon crystals 
without inherited cores yield equivalent ages (within error) 
at ca. 470 Ma, obtained by lower intercepts in Tera–Was-
serburg diagrams and by concordia dates (Fig. 7a–d). In 
conclusion, all analyzed samples, regardless of their posi-
tion with respect to the LAC and the deformation intensity, 
yield the same Ordovician age of ca. 470 Ma, interpreted as 
the age of the emplacement of the granitic protoliths.

Discussion

The Pinet‑type granitoids: Ordovician intrusions

An Ordovician event around 470 Ma is recorded by all 
the granitoid samples, independently from the facies 
from which they were extracted, the presence or absence 
of inherited cores in the studied zircon crystals, or the 

deformation intensity. As both undeformed and ultramylo-
nitic samples provide the same age, the U–Pb chronome-
ter has not been affected by deformation. Previous dating 
of the Pinet orthogneiss (ca. 360 Ma, Pin 1981) was per-
formed on zircon fractions, meaning that a large amount 
of grains has been dissolved and then dated. Pin noticed 
the presence of inherited cores in some of the crystals, 
but, although he tried to avoid them during the picking, 
the data obtained plot systematically in a discordant posi-
tion with evidence for mixing between a magmatic age and 
different apparent inherited ages. In addition, Pb loss is 
evidenced by the lack of a simple linear array and the pro-
posed age of ca. 360 Ma (lower intercept) is mostly con-
strained by the analysis of one fraction of apatite crystals 
that plots also in a discordant position. Consequently, the 
proposed ca. 360 Ma age for the emplacement of the pro-
tolith of the Pinet orthogneiss must be discarded and the 
Pinet orthogneiss cannot be syn-kinematic with respect to 
the Late Devonian-Early Carboniferous thrusting events as 
previously suggested (Burg and Teyssier 1983; Burg 1987; 
Dutruge and Burg 1997; Duguet and Faure 2004). Consid-
ering the gradual transition observed by Nicollet (1978) 
between the Pinet orthogneiss and the metarhyolite from 
the PAU, the Cambrian Rb/Sr age (Delbos et al. 1964) of 
the latter should also be reconsidered.

Tectonic and geodynamic implications for the Lévézou 
massif

Both the inner and the outer granitoids/orthogneisses dis-
play the same age, the same textures, the same chemical 
composition, the same REE spectrum, the same radiogenic 
isotope values, and the same TDM age. Consequently, all 
these granitoids originated from the same magmatic source. 
The Pinet-type granitoids therefore belong to the Ordovi-
cian magmatic event that is well documented at the scale 
of the Variscan orogen (see “Introduction”). The precise 
geodynamic context of this event (i.e., extended continen-
tal margin, back-arc basin) is debated, although most inter-
pretations consider that magmatism resulted from extreme 
lithosphere thinning (Gondwana breakup, opening of the 
Rheic Ocean) during Ordovician times (e.g., Lardeaux 
2014). The 470 Ma age obtained on the granitoids of the 
Lévézou massif is markedly older than the 460–455 Ma 
age obtained on the orthogneisses from the Montagne 
Noire ~ 50 km farther to the south, suggesting a migration 
of the magmatic source during the Ordovician extension.

The occurrence of similar granitoids of the same age on 
each side of the LAC suggests two end-member interpreta-
tions. (1) The UGU and LGU in the Lévézou massif were 
originally two continental margins of an ocean or a back-arc 
basin during Ordovician times. The stacking of the UGU, 
LAC and LGU occurred during the Variscan tectonics. (2) 
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The UGU and LGU were originally a single Ordovician unit 
(a continental margin or an arc) and the LAC represented 
the adjacent oceanic crust that was under- or overthrusted 
during Early Variscan tectonics, resulting in a major tectonic 
contact. The occurrence of this single unit on each side of 
the LAC requires either isoclinal nappe refolding as previ-
ously proposed (Burg and Teyssier 1983) or tectonic dupli-
cation by superimposed shearing events during ongoing 
Variscan tectonics. The identical isotopic signature of the 
granitoids on each side of the LAC favors the single-unit 
hypothesis (2). However, in order to settle the tectonic inter-
pretation, new quantitative PT and age data on other meta-
morphic rocks are required. This work, dedicated to com-
paring the metamorphic evolution of the orthogneisses and 
adjacent rocks on both sides of the LAC, is in progress.

Conclusion

New U–Pb ages of ca. 470 Ma of the granitoids from the 
Lévézou massif in the southern Massif Central reveal that 
these intrusions belong to the major magmatic event that 
developed throughout the European Variscan belt during the 
Early-Middle Ordovician extensional tectonics. As a con-
sequence, the Pinet-type orthogneisses are not syn-tectonic 
intrusions emplaced during the Late Devonian-Early Carbon-
iferous Variscan collision, as previously thought. The similar 
ages, chemical compositions, and isotopic signatures of these 
granitoids in the Lévézou massif as a whole strongly suggest 
that the Lower and Upper gneissic units (UGU and LGU), on 
each side of the leptyno-amphibolitic complex (LAC), were 
originally a single unit, tectonically duplicated either by iso-
clinal folding or thrusting during the Variscan tectonics.
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