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Abstract The boundary between the Helvetic and the Penninic (=Brianconnais) Zones has long been
recognized as a major fault (“Penninic Front”) in the Western Alps. A narrow oceanic domain has been
postulated at least along part of this boundary (the Valaisan Basin). However, the information provided by the
pre-Triassic basement has not been fully exploited and will be discussed here in detail. The igneous and
metamorphic history of the pre-Triassic basement shows significant differences between the External Massifs
from the Helvetic Zone, with abundant Late Carboniferous granites, and the basement of the Brianconnais
Zone, including the Internal Massifs (Dora-Maira, Gran Paradiso, and Monte Rosa), devoid of Carboniferous
granites. A major coal-bearing basin, the “Zone Houillére,” opened along this boundary. This limnic
intramontane basin has never been properly investigated. The Zone Houillére is not comparable with the
external, paralic, flexural, basins on both sides of the Variscan belt but shows similarities with the Saar-Saale
Basin. Like the latter, we interpret the Zone Houillére as a transtensional basin opened along a major,
crustal-scale, fault zone, namely, the East Variscan Shear Zone. The Permian magmatism and sedimentation
displays contrasting distributions, being absent or very localized in the Helvetic Zone, and widespread in the
Penninic Zone. The above data indicate that the structural inheritance from the Variscan belt plays a major
role in defining the future location of the Valaisan Basin, that is, the boundary between the European
paleomargin and the Brianconnais microcontinent.

1. Introduction

In many mountain belts, major tectonic boundaries are frequently inherited from the precollision history. In
the Alpine belt, much attention has been devoted to the potential reactivation (inversion) of high-angle
(listric) normal faults and low-angle detachments that developed during the rifting stage, related to the
opening of the Piemonte-Liguria Ocean from mid-Jurassic times onward. They segmented the passive
paleomargins into narrow, elongated domains mainly parallel to the trend of the future mountain belt
(e.g., Beltrando, Rubatto, & Manatschal, 2010; Butler et al., 2006; Epin et al., 2017; Gillcrist et al., 1987;
Mohn et al., 2014). Less attention has been devoted to pre-Mesozoic faults affecting the prerift basement,
which may control the location and kinematics of the Mesozoic synrift normal faults. Such control is known
from present-day passive margins such as in southern Norway (Phillips et al., 2016) and in partly inverted rift
basins, like the North Sea (Fazlikhani et al., 2017). Much more difficult is the recognition of such processes of
repeated reactivation in a collision belt, where such preorogenic structures may be severely overprinted dur-
ing the subduction/collision process. However, an example for inheritance from a previous orogeny is pro-
vided in the Western Alps through the examination of superimposed Variscan (Carboniferous) and Alpine
(Late Cretaceous to Recent) orogenies.

In the Western Alps (Figure 1), the boundary between the Helvetic(—Dauphinois) units on the one hand and
the Briangonnais, Piemonte-Liguria, and Sesia-Dent Blanche units (collectively termed Penninic by Argand,
1911) on the other hand has been recognized since a long time as a major tectonic boundary (Argand,
1911), often referred to the Penninic Front. The first-order differences in the stratigraphic sequences between
the Helvetic domain and the Briangonnais domain (e.g., Haug, 1925) have been integrated into a model of
development of a passive paleomargin during the Triassic and the Jurassic (e.g., Lemoine, 1985; Lemoine
et al,, 1986; Lemoine & Trimpy, 1987). Although differences in the Paleozoic basement of these domains
were noted from time to time (e.g., Boriani et al., 1974; Debelmas, 1974), the emphasis was put on the differ-
ences between the Mesozoic sequences and their interpretation for the Mesozoic rift-drift history.

However, the zone of transition from the Helvetic to the Penninic (Briangonnais) domain along the Penninic
Front is not yet sufficiently well understood and/or subject of controversies. Three major questions remain.
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Figure 1. Schematic structural map of the Western and central Alps (modified after Schmid et al., 2004, 2017).

The first question concerns the Alpine orogenic evolution along this boundary (e.g., Butler, 1983; Ceriani &
Schmid, 2004; Ceriani et al., 2001; Fligenschuh et al., 1999), whose discussion is out of the scope of this
paper. In summary, crustal-scale shortening has been achieved along the Penninic Front during the
Eocene-early Oligocene (e.g., Schmid et al, 2017), followed by extensional reactivation (Sue & Tricart,
1999). The second question relates to the paleogeographic setting of this domain before the Alpine
orogeny, from the Triassic to the Cretaceous, a question that is discussed on the basis of the Mesozoic
sedimentary sequences. In the south, the Subbrianconnais cover units are detached from their unknown
Paleozoic basement, which is now underthrust at depth below the Brianconnais Zone. North of Mo(tiers,
the Valaisan Zone comprises dominantly Cretaceous flysch deposits (Antoine, 1971; Barbier & Trimpy,
1955; Debelmas, 2001; Frisch, 1979; Jeanbourquin, 1994). Minor ophiolitic units (e.g., the Versoyen) have
been recognized, but their age and tectonic setting is disputed. Some authors have proposed that the
Versoyen unit is a remnant of a Carboniferous ophiolite (Masson et al., 2008; Mugnier et al., 2008; Schéarer
et al, 2000). Other authors interpret the Paleozoic rocks as extensional allochthons linked to the
opening of a peridotite-floored, magma-poor, oceanic basin of pre-Aptian age (Beltrando et al.,, 2012, 2007;
Loprieno et al., 2010). The third question, which is the main focus of this paper, concerns the Paleozoic
history of the continental crust to both sides of this boundary. Indeed, recent models for the Variscan belt
propose the existence of a large right-lateral strike-slip fault, of Late Carboniferous-Early Permian age,
presently located immediately east of the eastern border of the Helvetic domain, namely, along inner
margin of the External Massifs (Figure 1), running from the Aar massif to the NE to the Belledonne massif
in the SW (e.g., Arthaud & Matte, 1977; Carosi et al., 2012; Corsini & Rolland, 2009; Duchesne et al., 2013;
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Faure et al., 2014; Guillot & Ménot, 2009; Guillot et al., 2009; Matte, 2001; Padovano et al., 2012). This shear
zone has been called the External Crystalline Massifs Shear Zone (Guillot et al., 2009) or the East Variscan
Shear Zone (EVSZ) (Padovano et al., 2012, 2014). The latter name will be retained in the following.
According to Guillot et al. (2009), the length of the EVSZ is of a minimum of 600 km, and offset of Variscan
suture zones across the fault system may be of the order of 300 km.

Our purpose is to examine the potential consequences of this hypothetical EVSZ for the history of the pre-
Alpine basement in the more internal units of the Alpine belt. We will therefore review the available data
in order to discuss (i) how much the character of the pre-Triassic basement to both sides of the EVSZ differs,
(i) the tectonic significance of the Carboniferous basins that are found to both sides of the EVSZ, and (iii) dif-
ferences in the Permian history east and west of the EVSZ. This review will shed light on the role of basement
inheritance during the future localization of the Valaisan Basin and by consequence on the first-order distinc-
tion between Helvetic and Penninic units during the Alpine orogeny.

2. Geological Setting

In the Western Alps (Figure 1), opening of the Piemonte-Liguria and Valaisan Oceans during the Mesozoic led
to the breakup of continental crust that was structured at the end of the Paleozoic during a major pre-Alpine
orogenic event (the Variscan orogen). After Alpine orogeny, the pre-Triassic basement is now found in differ-
ent tectonic units, stacked on top of each other during the Alpine orogeny. The Helvetic Zone represents the
former European paleomargin, separated from the Brianconnais microcontinent by the Valaisan Ocean. The
Sesia-Dent Blanche nappes comprise another piece of continental crust, generally considered of Adriatic deri-
vation, thrusted on top of the ophiolitic units derived from the Piemonte-Liguria Ocean. All these continental
units show relics of the pre-Triassic basement.

In the Helvetic Zone, the pre-Mesozoic basement crops out in several massifs (Figure 1), collectively named the
“External Massifs” (von Raumer, 1984, 1993, 1998; von Raumer et al., 1999, 2003). From south to north, they
are the Argentera (Corsini et al., 2004; Faure-Muret, 1955; Ferrara & Malaroda, 1969; Monié & Maluski, 1983;
Musumeci & Colombo, 2002), Pelvoux (Le Fort, 1973), Belledonne (Bordet, 1961; Bordet & Bordet, 1963;
Fernandez et al,, 2002; Ménot, 1988; Vivier et al., 1987), Grandes Rousses, Aiguilles Rouges-Mont Blanc (von
Raumer & Bussy, 2004), and Aar (Berger et al., 2017) massifs. Their shape is partly due to the fact that they
were tilted blocks bounded on their eastern side by Jurassic high-angle normal faults (Lemoine, 1985;
Lemoine & Triimpy, 1987; Lemoine et al., 1986, 1981). The mechanism and amount of reactivation of the
Jurassic normal faults are still debated (Bellahsen et al., 2012, 2014; Gidon, 2001; Gillcrist et al.,, 1987). The
Alpine deformation of these basement windows is generally weak and heterogeneous (Figure 2), with a gra-
dient of deformation increasing from NW to SE (Aar-Gotthard: Berger et al., 2017; Choukroune & Gapais, 1983;
Marquer, 1990; Mont Blanc: Egli & Mancktelow, 2013; Leloup et al., 2005; Rolland et al., 2008; Grand Chatelard:
Marquer et al., 2006). The pre-Triassic basement is affected by subgreenschist- to greenschist-facies shear
zones of Oligocene age (Cenki-Tok et al., 2014; Egli et al,, 2016, 2017) predating the major (Miocene) phase
of exhumation due to the initiation of frontal crustal ramps below the External Massifs (Boutoux et al.,
2016). However, because the Alpine ductile deformation is not pervasive, the Variscan or pre-Variscan rela-
tionships between the different lithologies can be investigated and mapped.

In the part of the Penninic Zone comprising the former Briangonnais microcontinent, a pre-Triassic basement
is present (i) in the external (frontal) part (Zone Houillere) (Figure 1), where Carboniferous and Permian sedi-
ments are unconformably covered by the Triassic to Eocene sediments (Lemoine et al., 1986), (ii) as basement
slices in more internal units (Acceglio, Ambin, Vanoise, and Grand Saint-Bernard) having suffered a
blueschist-facies deformation of Eocene age (Ganne et al, 2007), and (iii) as folded basement nappes
(Monte Rosa, Gran Paradiso, and Dora-Maira) having suffered an early eclogite-facies deformation, and
thrusted at a later stage onto lower-pressure units, exposed in the Money and Pinerolo windows (Figure 2)
(Le Bayon & Ballévre, 2006; Manzotti, Poujol, & Ballévre, 2015, Manzotti et al., 2016). Due to the pervasive
and polyphased Alpine deformation, undeformed volumes are relatively modest in size and allow only lim-
ited deductions about the large-scale structure of the Paleozoic basement.

The Paleozoic history of the Sesia-Dent Blanche nappes has been recently reviewed (e.g., Manzotti, Ballevre,
et al,, 2014) and will not be reiterated here. Their pre-Mesozoic basement consists of (i) lower crustal units,
displaying a high-grade (ampbhibolite- to granulite-facies) metamorphism (e.g., Manzotti & Zucali, 2013) of
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Figure 2. Schematic cross sections illustrating the key tectonic features of the Western Alps. The tectonic structure is based on Schmid et al. (2004, 2017); the
metamorphic structure uses various synthetic maps (e.g., Beltrando, Compagnoni, & Lombardo, 2010; Bousquet et al., 2012). Integration of the geophysical data
in order to constrain the crustal structure of the belt is discussed by Schmid and Kissling (2000) and Schmid et al. (2004, 2017). Emphasis is put on the four main
domains of continental crust, namely, Europe, Brianconnais, Sesia-Dent Blanche (DB), and Adria. LP = low pressure; HP = high pressure.

Permian age (e.g., Kunz et al., 2017), and (ii) upper crustal units, essentially made of granitoids and a few
gabbros, also of Permian age (Bussy, Venturini, et al.,, 1998; Manzotti, Ballévre, & Dal Piaz, 2017; Manzotti,
Rubatto, et al., 2017; Monjoie et al.,, 2007). The identification of pre-Permian events is a matter of debate.

At last, the South-Alpine basement (Figure 1) has been much less and only locally reworked during the Alpine
orogeny, and pre-Alpine structures are well preserved. It constitutes a reference section for the crustal archi-
tecture at the end of the Permian (e.g., Henk et al.,, 1997; Pistone et al., 2017; Zingg, 1990) and its reworking
during the Late Triassic-Jurassic rifting (Handy, 1987; Handy et al., 1999). The Ivrea-Verbano Zone displays a
tilted metamorphic sequence ranging from amphibolite to granulite facies (Hunziker & Zingg, 1980; Zingg,
1990), intruded by a huge mafic body of Early Permian age (Garuti et al., 2001; Pin, 1986; Peressini et al.,
2007). Further east, the Strona-Ceneri (or Serie dei Laghi) Zone essentially consists of Early Paleozoic proto-
liths, now converted into amphibolite-facies orthogneisses and paragneisses (Zurbriggen et al., 1997). An
Early Paleozoic age has been argued for this deformation event (Franz & Romer, 2007; Zurbriggen, 2015),
whose upper age limit is bounded by the intrusions of nearly undeformed granitoids of Permian age
(Bakos et al., 1990; Klotzli et al., 2014; Pinarelli et al., 1988; Pinarelli & Boriani, 2007; Quick et al., 2009).

3. Method

Our analysis will proceed in three steps. First, we will make a review of the geology of the pre-Carboniferous
basement, based on an extensive search through numerous publications, complementing the data set
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already published (Manzotti, Poujol, & Ballévre, 2015). Rather than emphasizing models, we will carefully
report the available data and evaluate the isotopic ages where available (Tables S1 to S4 in the supporting
information). Second, the geology of the Carboniferous basins still preserved in the Alpine belt has been
recently complemented by newly acquired data on the detrital zircons from five localities, namely, two in
the Money window (Manzotti, Poujol, & Ballévre, 2015), two from the Pinerolo window, and one from the
Zone Houillere in Briangon (Manzotti et al., 2016). Third, the distribution and age of the Permian magmatism
(Tables S5 to S7) and sedimentation will be assessed with the same geographic coverage.

A short note on the vocabulary is necessary, because some difficulties may appear when using terms such as
Caledonian, Variscan, late Variscan, or post-Variscan for qualifying an age range. An Ordovician age is con-
temporaneous of the Caledonian orogeny in its type area but does not necessarily imply a genetic link with
this orogeny. For this reason, the word Caledonian will not be used in this study to avoid confusion between
timing and orogenesis. Similarly, a Carboniferous age may generally reflect an event during the Variscan oro-
geny but not necessarily inside the Variscan belt (we do not know a priori the location of the boundaries of
the Carboniferous Variscan belt inside the Present Alpine belt). The words late Variscan, or post-Variscan, will
not be used when constructing our database, because they either frequently reflect vague assumptions
about the age of the “end” of the Variscan orogeny or have genetic meanings (like the transition from
crustal-scale shortening to mountain collapse, whatever its exact mechanism might be).

4. The Pre-Carboniferous Protoliths and Their Metamorphic Evolution
4.1. Pre-Triassic Basement in the External Massifs

The oldest recognizable sequences in the pre-Alpine basement from the Helvetic Zone are Cambro-
Ordovician magmatic rocks (Table S1), belonging to three kinds of associations, namely, (i) ophiolite com-
plexes, best known in the SW part of the Belledonne massif (Chamrousse Complex: Bodinier et al., 1981;
Den Tex, 1950; Guillot et al., 1992; Ménot et al., 1988; Pin & Carme, 1987), (ii) bimodal suites, and (iii) large,
now strongly deformed, granitic orthogneisses (Bussy et al., 2011). Deformation and metamorphism have
variably affected the Cambro-Ordovician protoliths. An eclogite-facies (or high-pressure (HP) granulite-facies)
event is recorded in mafic bodies from the Argentera (Colombo et al., 1994; Ferrando et al., 2008; Latouche &
Bogdanoff, 1987), Belledonne (Paquette, Chopin, & Peucat, 1989; Paquette, Ménot, & Peucat, 1989), and
Aiguilles Rouges (Liégeois & Duchesne, 1981). The age of the HP metamorphism (Table S3) is still rather
uncertain and has long been thought as Ordovician, by reference to the Gotthard Nappe (Abrecht et al.,
1991; Abrecht & Biino, 1994; Biino, 1994, 1997; Berger et al., 2017; Gebauer, 1990, 1993; Gebauer et al.,
1988; Oberli et al., 1994). However, robust evidence for interpreting Ordovician dates as recording the age
of the HP event is lacking. In the Argentera massif, recent data suggest a Carboniferous age (330 Ma) for
the HP event (Rubatto et al.,, 2001, 2010). The metamorphic evolution then proceeds toward lower pressure,
with extensive development of partial melting in appropriate lithologies (Bussy et al., 2000; Genier et al., 2008;
Marshall et al.,, 1997; Schulz & von Raumer, 2011; von Raumer, 1983, 1984).

Structural and petrological data from the External Massifs allow to distinguish three main structural domains
(Figure 3). Domain | (western Belledonne) is known in the western part of the Belledonne massif, from la Mure
in the south to Megéve in the north (Figure 3). It consists of medium-grade schists deriving from a thick
sequence of deep-sea, turbiditic, sediments of unknown age (Late Neoproterozoic to Early Paleozoic?).
Carboniferous granitoid intrusions are absent in this domain. Domain Il is recognized in the southern part
of the Belledonne massif (Chamrousse-Taillefer) and the western and southwestern parts of the Pelvoux mas-
sif (Figure 3). It is characterized by a pre-Alpine nappe stack, whose uppermost unit (the Cambro-Ordovician
Chamrousse ophiolite) was thrusted over the late Devonian/Early Carboniferous Rioupéroux-Livet bimodal
suite. Domain Il is also characterized by the presence of a thick sequence of metaconglomerates (Le Fort,
1964, 1973), of probable Visean age, and unconformably overlying older rocks (Fréville et al., 2015). Like in
domain |, Carboniferous granitoid intrusions are absent in domain II.

Domain lll represents the largest part of the External Massifs (Figure 3) and includes the Argentera massif,
most of the Pelvoux massif, the Grandes Rousses, the eastern, internal part of Belledonne, and the Aiguilles
Rouges-Mont Blanc massifs. In this domain, eclogite relics became overprinted during amphibolite-facies
metamorphism, culminating with partial melting of metasedimentary as well as metaigneous protoliths.
Several generations of granitic rocks are found, with an earlier Mg-suite followed by a younger Mg-Fe or
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Figure 3. Geological map of the pre-Triassic basement in the External Massifs, Western Alps (modified from the Geological
Map of France at 1:10%). Sources for the ages of the granitoids are given in the text. Note the small size of the Late
Carboniferous basins in the Helvetic Zone compared to the Zone Houillére in the Penninic Zone, a feature that is fully
discussed in the text.

Fe suite (Bussien Grosjean et al., 2017; Bussy & von Raumer, 1994; Bussy & Hernandez, 1997; Bussy et al., 2000;
Bussy, Delitroz, et al., 1998; Debon et al., 1994, 1998; Debon & Lemmet, 1999; Guerrot & Debon, 2000). The
same magmatic history may be seen further east in the Aar massif (Berger et al., 2017; Schaltegger, 1990,
1993, 1994; Schaltegger & Corfu, 1992; Schaltegger & von Quadt, 1990).

4.2, Pre-Alpine Basement of the Penninic Zone

In the Penninic Zone, the pre-Triassic basement displays few relics of pre-Alpine metamorphic minerals
and rocks.
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4.2.1. External Brianconnais

The famous (and controversial) thin slices of the Sapey gneisses, typically located at the eastern margin of the
Zone Houillére, were long thought to display evidence for Permian metamorphism and metasomatism
(Ellenberger, 1958, 1966). By now they are interpreted as polycyclic basement (basement affected by both
pre-Alpine and Alpine metamorphism) because (i) some paragneisses contain garnet, staurolite, and kyanite
relics (Bertrand et al., 1998; Détraz & Loubat, 1984) and (ii) U-Pb studies of zircons from orthogneisses reveal
protolith ages older than 360 Ma (Bertrand et al., 1998). Consequently, the Sapey gneiss could either repre-
sent the basement upon which the Carboniferous sediments of the Zone Houillére (making up most of the
pre-Triassic formations of the external Briangonnais) were deposited or, alternatively, mylonitized slices of
the more internal Ruitor-type polycyclic basement rocks aligned along a major Alpine thrust on top of the
Zone Houvillére.

4.2.2. Internal Briangonnais

In a more internal position several outcrops of presumed pre-Triassic rocks do occur. These are briefly
described from south to north.

1. In the Ligurian Alps, a few remnants of a polycyclic basement have been recognized, including eclogite-
facies rocks (Cortesogno et al., 1997; Gaggero et al., 2004; Giacomini et al., 2007; Messiga et al., 1992).

2. In the Acceglio Zone, a polycyclic basement has been recognized in very restricted occurrences (e.g.,
north of the Pelvo d’Elva), consisting of micaschists with garnet and biotite relics (Gidon et al., 1994;
Michard, 1959).

3. In the Ambin massif, two main groups (i.e., the Clarea Group and the Ambin Group) have been distin-
guished (e.g., Gay, 1970; Lorenzoni, 1965; Michel, 1956). The polycyclic character in the Clarea Group
has been recognized on the basis of the presence of muscovite, biotite, garnet, and possible sillimanite
and staurolite pseudomorphs (e.g., Bocquet, 1974; Borghi et al.,, 1999; Gay, 1972). Later studies have
pointed out the occurrence of multistage garnets in muscovite- and biotite-bearing rocks (Ganne et al.,
2003). No quantitative estimation of the pressure-temperature (P-T) conditions of the pre-Alpine meta-
morphism has been made, but the observed relict assemblages suggest medium-pressure amphibolite
facies conditions. Preservation of growth zoning in the first generation of garnet (see Ganne et al.,
2003, Figure 3) is also consistent with a medium temperature. Geochronological work has shown that
some biotite and muscovite provided ages at ~340-350 Ma, interpreted as recording the timing of the
amphibolite-facies metamorphism (Monié, 1990). In the Ambin Group, the metarhyolitic rocks inter-
bedded with the micaschists have provided ages about 500 Ma (Bertrand, Pidgeon, et al., 2000), disclosing
the hypothesis of a Permian age for this Group. The Ambin Group may be considered as a piece of Early
Paleozoic material that escaped Variscan metamorphism and has been thrusted over the Clarea Group
during the Alpine orogeny (Mosca et al., 2008).

4. The Southern Vanoise (=Arpont-Chasseforét) massif is made of micaschists, similar to those of the Clarea
Group in the Ambin Massif, intruded by an Ordovician granitoid (Bertrand & Leterrier, 1997). Evidence
for polycyclism in these micaschists is restricted to the occurrence of garnet, interpreted as relics of
pre-Alpine age (Bocquet, 1974).

5. The Northern Vanoise (=Bellecote-Mont Pourri) massif is made of mafic and felsic metavolcanics, and inter-
bedded black schists, previously assumed to be Carboniferous in age because of their monocyclic charac-
ter (Desmons & Fabre, 1988; Ellenberger, 1958, 1966; Guillot et al., 1986). However, the schists are intruded
by granophyric epiplutonic rocks (Beucler et al., 2000), which have provided a late Cambrian age (Guillot
et al, 1991). It is therefore considered that the Early Paleozoic basement from the Bellecéte-Mt Pourri
massif did not suffer significant Variscan deformation and metamorphism.

6. The Grand Saint Bernard nappe crops out from the Aosta valley to the Simplon area and is subdivided into
several units following detailed mapping (Burri, 1983a, 1983b; Gouffon, 1993; Gouffon & Burri, 1997;
Sartori et al., 2006). Polycyclism is recorded in some of these units, here described from bottom to top.

a. South of the Aosta valley, and from there to the col du Grand Saint Bernard and further north, the
Ruitor unit displays various high-grade metamorphic rocks (Caby, 1968; Fabre, 1961; Laduron &
Desmons, 1981), the pre-Alpine age being ascertained because pre-Alpine granitic dykes cut across
the high-temperature foliation. Four samples of orthogneisses have provided Ordovician protolith
ages (Guillot et al., 2002). Amphibolite-facies parageneses in metapelites are best preserved in the
Mont Mort metapelites (Burri, 1983a, 1983b; Giorgis et al., 1999; Thélin, 1992), where they display
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muscovite-garnet-staurolite-biotite assemblages. U-Pb data on two monazite fractions from the Mont
Mort metapelites indicate an age of 330 + 2 Ma, interpreted as recording the peak metamorphic event
(Bussy, Sartori, & Thélin, 1996), consistent with Ar/Ar ages of muscovite at around 330-300 Ma (Giorgis
et al,, 1999).

b. In the Siviez-Mischabel nappe (Scheiber et al., 2014), among other bodies, the Randa orthogneiss has
been dated at ~270 Ma (Bussy, Derron, et al., 1996; Thélin, 1987). Eclogites are discontinuously found
as lenses in amphibolites (Eisele et al., 1997; Rahn, 1991; Sartori, 1990; Thélin et al., 1990). The age of
the eclogites is not known, although most authors have assumed, by comparison with the Gotthard
Nappe, that they are Ordovician (~470 Ma). Ar-Ar data on muscovite have been attributed to a meta-
morphic event of Carboniferous age (Markley et al., 1998).

c. Inthe Mont Fort nappe, the Métailler Formation is thought to represent the pre-Alpine basement. This
is supported by geochronological data, suggesting magma emplacement at ~460 Ma (Gauthiez et al.,
2011). The metamorphic history displays the classic blueschist- to greenschist-facies evolution that is
commonly observed in other Alpine rocks and is therefore assumed to be monocyclic and of Alpine age.

4.2.3. Brian¢onnais of the Internal Massifs

The Internal Massifs (Monte Rosa, Gran Paradiso, and Dora-Maira) are windows below the ophiolitic units and
are essentially made of pre-Triassic rocks, their Mesozoic cover having been detached at an early stage of the
Alpine orogeny. Although the Internal Massifs suffered an eclogite-facies overprint during the Alpine oro-
geny, polycyclic rocks have been identified either in low-strain volumes or using mineralogical relics like gar-
net, muscovite, and tourmaline in highly strained rocks.

In the Monte Rosa nappe, relics of pre-Alpine assemblages are quite common in meter- to kilometer-sized
low-strain volumes (Bearth, 1952; Dal Piaz, 1966, 1971, 2001; Dal Piaz & Lombardo, 1986). Relict assemblages
include quartz-plagioclase-Kfs-garnet-biotite-sillimanite and plagioclase-muscovite-garnet-biotite-sillimanite
in paragneisses and a few brown hornblende in metabasites. The last stages of the regional metamorphism
are recorded by the late development of cordierite-rich partial melts. P-T conditions of the pre-Alpine meta-
morphism have not been investigated in detail, but mineral assemblages are consistent with amphibolite-
facies or high-grade amphibolite facies conditions. The regional metamorphism and partial melting predates
an extensive set of discordant granitic dykes and plutons, once thought to be Late Carboniferous in age (Frey
et al,, 1976; Hunziker, 1970) but most probably of Permian age (see below).

In the Gran Paradiso nappe (Borghi & Sandrone, 1995; Compagnoni et al., 1974; Le Bayon & Ballévre, 2006),
relics of pre-Alpine structures and minerals have been described in two different settings. First, a few horn-
felses have been mapped close to undeformed intrusive contacts with pre-Alpine granitoids (Bertrand,
1968; Callegari et al., 1969; Compagnoni & Prato, 1969). Second, mineral relics like muscovite, garnet, and
tourmaline have been found in some micaschists, away from intrusive contact or orthogneisses. These are
therefore attributed to a regional metamorphism predating the contact metamorphism. Estimated P-T con-
ditions for the pre-Alpine metamorphism, based on the chemistry of the garnet cores and calculated using a
pseudosection approach, are at around 6 kbar to 620°C (Le Bayon et al., 2006). For the appropriate bulk-rock
chemistry, the observed relict garnet compositions fall into a muscovite-staurolite-biotite assemblage, sug-
gesting that the chloritoid aggregates now observed in the studied samples derive from pre-Alpine stauro-
lite. Once again, the pre-Alpine garnet preserves its growth zoning, compatible with medium-pressure
amphibolite facies conditions. As a whole, these data suggest that the piece of continental crust now present
in the Gran Paradiso massif underwent a pre-Alpine history recording decompression (i.e.,, exhumation)
between regional metamorphism (undated) and the intrusion of the Permian granitoids.

In the Dora-Maira nappe, pre-Alpine relics have been identified in several localities (Michard, 1967; Vialon,
1966) but rarely studied in detail. One of the most common relics is provided by multistage garnets
(Borghi et al.,, 1985; Matsumoto & Hirajima, 2000; Sandrone & Borghi, 1992). More complete parageneses in
low-strain domains are very rare and only two examples are known. First, in the southern Dora-Maira massif,
rare paragneisses from the ultrahigh-pressure Brossasco-Isasca unit still preserve pre-Alpine garnet, biotite,
and sillimanite (with quartz and pseudomorphs after plagioclase) (Compagnoni & Rolfo, 2003). These rocks
are cut by granitic dykes and plutons, whose marginal facies contain them as abundant xenoliths. Second,
in the northern Dora-Maira massif, the micaschists from the Punta Muret (Bouffette et al., 1993; Cadoppi,
1990; Vialon, 1966) preserve garnet, biotite, and sillimanite as pre-Alpine relics, for which P-T conditions have
been estimated at 4-7 kbar, 650-700°C.
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4.3. Overview of the Metamorphic Evolution in the Pre-Alpine Basement

The pre-Alpine metamorphic evolution of the basements now involved in the Alpine belt (Figure 4) displays
the following characteristics:

1. The External Massifs occasionally preserve eclogite relics in high-grade amphibolite facies rocks (migma-
tites), dated in a few cases at around 330 Ma (Table S2). This evolution is closely comparable to that
described in the Massif Central, the Vosges, and the Schwarzwald (Black Forest) (e.g., von Raumer,
1993), only to cite the closest occurrences outside the Alpine belt.

2. In the Briangonnais Zone, some but not all units are largely devoid of evidence for metamorphism and
deformation during the Variscan orogeny (Ambin Group and Southern and Northern Vanoise). These for-
mations do not show, or preserve, relics of a pre-Alpine metamorphism, either because it has taken place
at low grade or because these rocks are, in fact, younger than the Variscan orogeny. However, geochro-
nogical data on interbedded volcanics or intrusive bodies have shown that these igneous rocks derive
from protoliths of Cambro-Ordovician age (Table S1), and this implies that the Variscan metamorphism
is indeed either lacking or of very low grade in these units.

3. Other pre-Triassic basement complexes in the Briangonnais Zone, such as the Ruitor and Siviez-Mischabel
units, are polycyclic in that they record pre-Alpine amphibolite facies conditions, the highest meta-
morphic grade being defined by garnet-staurolite-biotite (+sillimanite) assemblages in the Ruitor, dated
at 330 Ma, hence as Carboniferous (Bussy, Sartori, & Thélin, 1996). More problematic is the occurrence
of relict eclogites in the Siviez-Mischabel nappe, whose age remains unknown.

5. The Carboniferous (Pennsylvanian) Basins

5.1. Carboniferous Basins in the Helvetic Zone

Carboniferous basins are known outside the Alpine belt, e.g. in Provence (Basso, 1987; Bordet, 1951), as well
as in all External Massifs (Figure 3), from the Argentera to the Aar Massif (Haudour & Sarrot-Reynauld, 1964).
Some of them are quite well preserved, because they show no internal strain (Fernandez et al., 2002). Others
have suffered some Alpine deformation, from moderate folding in the la Mure basin to folding with schistos-
ity like the Salvan-Dorénaz Basin (Badertscher & Burkhard, 1998; Pilloud, 1991). Sedimentological studies in
these basins have provided evidence for syntectonic sedimentation derived from a local, proximal source
(Capuzzo & Wetzel, 2004; Capuzzo et al., 2003; Niklaus & Wetzel, 1996). Some of these basins may contain
minor amounts of acid volcanic flows or aerial ash falls (Salvan-Dorénaz). However, the easternmost
Carboniferous basin, in the Grandes Rousses, is distinguished from the other basins by the occurrence of
huge, thick lavas flows, and pyroclastics interbedded into the coal-bearing sediments (Banzet et al.,
1984, 1985).

The coal-bearing basins from the External Massifs have provided paleontogical evidence for a late
Westphalian D-Stephanian age (Figure 4 and Table S8), for example, in the Argentera massif (Corsin &
Faure-Muret, 1946; Faure-Muret, 1955; Haudour et al., 1958), in the Belledonne massif (la Mure: Bouroz &
Corsin, 1950; Martin, 1960; Vallois & Belleserre, 2015; Vaulnaveys: Gignoux & Moret, 1952; la Lauziére:
Gignoux & Moret, 1952), the Grandes Rousses (Bellet, 1933; Bordet & Corsin, 1951), in the Aiguilles Rouges
(Héry-syur-Ugine: Brousmiche Delcambre et al., 1999; Porménaz: Bertrand, 1926; Laurent, 1965, 1968; Lox &
Belliere, 1993; Salvan-Dorénaz: Jongmans, 1950; Brousmiche Delcambre et al., 1999) and in the Aar Massif
(Brousmiche-Delcambre & Menkveld-Gfeller, 2007; Jongmans, 1950, 1960; Ledermann, 1964). Although a
revision of the paleofloras in the light of modern biostratigraphy would be welcome, it is worth emphasizing
that geochronological data on interbedded volcanics are consistent with the paleontological data in the
Salvan-Dorénaz basin (Capuzzo & Bussy, 2000).

Three types of relations are known between the Carboniferous basins and their metamorphic-granitic
substratum.

1. The Carboniferous sediments along the western border of the Belledonne massif rest unconformably on
top of the micaschists of domain | (Figure 3). The sedimentary sequences are in most cases undeformed,
tilted, or gently folded (e.g., Goguel, 1956). The Carboniferous sediments are presently poorly and discon-
tinuously outcropping, but they may have been much more extended in the geological past, that is,
before erosion following the Alpine orogeny.
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Figure 4. A summary of the age data along two traverses in the Western Alps, a northern traverse across the Mont Blanc
(a), and a southern section across the Pelvoux (b). Red bars refer to ages in magmatic (mostly granitic) rocks, yellow bars
refer to metamorphic ages, and black lines denotes the range of sedimentation as deduced from paleontological data.
The dominance of Carboniferous or Permian magmatism in the Helvetic and Penninic Zones (respectively) is clearly
depicted. Note also the age difference in the coal-bearing basins from the Helvetic (Gzhelian) and Penninic (Serpukhovian
to Bashkirian) Zones. Sources of data are reported in Tables S1 to S8.
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2. In the western part of domain Il (Figure 3), Carboniferous sediments are lacking, the Triassic rocks resting
directly and unconformably on top of the pre-Alpine nappe stack (e.g., la Croix de Chamrousse: Den Tex,
1950). In the eastern part of domain Ill, the Carboniferous sediments are unconformably resting on top of
strongly metamorphosed rocks (la Grande Lauziére and la Grande Lance). The sediments still present
today exhibit a subhorizontal or shallow dipping attitude. High-angle normal faults bounding the outcrop
and cutting downward through the basement have been assumed to represent synsedimentary faults
(Hernandez et al., 2002). Numerous pebbles from the Cambro-Ordovician Chamrousse Complex are found
in the Grande Lauziére conglomerates (Den Tex, 1950; Gignoux & Moret, 1952; Moret, 1945), which indi-
cates that part of domain Il was uplifting during the Stephanian with respect to the adjacent domain.

3. In domain lll, Carboniferous sediments are pinched into “synclines” that most commonly result from the
Alpine inversion of Carboniferous half-grabens (Figure 3). In such cases, the Carboniferous sediments may
be severely folded and cleaved (Grandes Rousses and Porménaz: Dobmeier & von Raumer, 1995; Salvan-
Dorénaz: Badertscher & Burkhard, 1998; Pilloud, 1991; Miage: Franchi & Stella, 1903; Vernet, 1969). The
unconformity at the base of the Carboniferous is still observable, and the sediments rest either on
Visean granites (Porménaz) or on (presumably Visean) metamorphic rocks (Salvan-Dorénaz). The bound-
ing faults of the half-grabens may be identified but have been reworked during the Alpine orogeny
(Porménaz Fault: Dobmeier & von Raumer, 1995; Miéville Shear Zone: Oulianoff, 1929).

5.2. Carboniferous Basins in the Penninic Zone

5.2.1. The Zone Houillére

The easternmost, frontal part of the Briangonnais zone is marked by a continuous outcrop of terrigenous
coal-bearing sediments (the Zone Houillere) (Figure 3), which extends from the Rhéne valley (Switzerland)
to the Briancon area (France), that is, along a length of about 200 km (Fabre, 1961; Fabre et al.,, 1982; Feys,
1963; Feys et al., 1964; Greber, 1965; Peola, 1903; Pussenot, 1930). Further south, discontinuous outcrops of
Carboniferous sediments in the same structural position are found in the Guil and Ubaye (Gidon, 1962) valleys
(France) and then in the Ligurian Alps (ltaly) (Bloch, 1966; Cortesogno et al., 1988, 1998; Portis, 1887; PSenicka
et al,, 2017; Squinabol, 1887; Vanossi, 1971). The width of this Zone Houillere does not exceed a few kilo-
meters (a maximum of 16 km is reported in the Maurienne valley) and is reduced to a few hundred meters
along the Rhéne valley. As usual in continental deposits, key stratigraphic markers are lacking for large-scale
correlations. However, superposed lithological sequences have been distinguished and dated using paleo-
floras (Corsin, 1950; Greber, 1965; Schade et al., 1985), indicating continuous sedimentation from the
Namurian to the Stephanian. However, revision of the paleobotanical data denies the presence of floras
younger than the Westphalian A (Brousmiche Delcambre et al, 1995, 1996; Brousmiche Delcambre,
Coquel, & Mercier, 1997; Brousmiche Delcambre, Mercier, & Coquel, 1997): sedimentation seems to be con-
fined to the Namurian-Westphalian A, that is, to the time interval 325-315 Ma (Figure 4 and Table S8).

Sedimentological studies (Mercier & Beaudoin, 1984, 1987) provide evidence for changing depositional set-
tings through time, from fluviatile to lacustrine, and for a global drainage pattern from south to north, that is,
almost parallel to the axis of the present-day Zone Houillére. This indicates that the Carboniferous basin was
elongated close to its present-day axis (although displaced to the WNW during the Alpine orogeny). Detrital
geochronology of the Zone Houillere (Manzotti et al.,, 2016) shows a strong dominance of zircon grains
derived from magmatic sources whose age cluster at around 340 Ma. These detrital grains cannot have been
provided by the Penninic Zone, which is devoid of Carboniferous granitoids. Hence, their source probably has
to be located in the future Helvetic Zone, further south in the Maures massif (Oliot et al., 2015), or in Corsica-
Sardinia (Faure et al., 2014; Rossi et al., 2009), all areas where Carboniferous granitoids are abundant.

5.2.2. The Pinerolo and Money Windows in the Internal Massifs

In the Dora-Maira Massif, the Pinerolo window is essentially made of fine- to coarse-grained terrigenous
rocks whose gray to black colour is due to the presence of abundant graphite. This kind of lithological
association (coarse-grained detrital material in vertically and laterally very variable sequences, associated
to a large amount of graphitic material) is a unique feature in the European geological history, character-
izing the Upper Carboniferous. For this reason, the Pinerolo sequence has been considered Carboniferous
in age since a long time (Argand, 1911; Michard, 1967; Novarese, 1895, 1896; Vialon, 1966).

In the Gran Paradiso Massif, two types of sequences have been found in the Money window (Manzotti &
Ballévre, 2013; Manzotti, Le Carlier de Veslud, et al., 2014; Manzotti, Poujol, & Ballévre, 2015; Manzotti, Pitra,
et al, 2015). First, a polygenic sequence is characterized by the abundance of graphite, and laterally
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discontinuous layers of (meta) conglomerates set in finer-grained quartz-rich micaschists. This sequence is
very similar to the sequences observed in the Pinerolo window. Second, a monogenic sequence is dominated
by quartz-rich metaconglomerates, with a few interbedded layers of graphite-bearing micaschists.

Detrital geochronology of the Money (Manzotti, Poujol, & Ballevre, 2015) and Pinerolo (Manzotti et al., 2016)
has confirmed the Carboniferous age of the metasediments and has provided evidence for contrasting
sources. The Pinerolo metasediments contain a large amount of zircon grains derived from magmatic sources
whose age cluster at around 330 Ma. Together with older groups clustering at 400 and 600 Ma, they are very
similar to those of the Zone Houillére, suggesting similar sources for the detrital material. By contrast, the
Money metasediments have no Carboniferous zircons and are dominated by grains reworked from sources
about 450-460 Ma old.

6. Permian Magmatism and Sedimentation
6.1. Permian Magmatism and Sedimentation in the Helvetic Zone

As pointed out by Bussy et al. (2001), “Permian events are hardly recorded in the External Massifs.” Indeed,
Permian magmatism (strictly speaking younger than 295 Ma) is almost absent in the External Massifs
(Figure 5 and Tables S5 and S6). In a few cases (e.g., the Allevard sandstones, in the eastern part of the
Belledonne massif; Barféty et al., 1984; Corsin & Tobi, 1954; Liard, 1970), some red to green sediments
associated with or stratigraphically overlying Late Carboniferous black sediments have provided paleofloras
indicating transitional Carboniferous to Permian ages (“Autunian”; Pellenard et al, 2017). Significant
Permian sedimentation is only found south and southeast of the Argentera massif (e.g., Barrot dome;
Faure-Muret, 1955).

6.2. Permian Magmatism and Sedimentation in the Zone Houillére

In the Zone Houillére, the magmatic activity is recorded by numerous sills and stocks that intrude the
Carboniferous sediments (Cannic et al, 2002; Ouazzani & Lapierre, 1986; Ouazzani et al., 1987; Piantone,
1980; Termier, 1901, 1903). A few of them have been dated as Early Permian by using the Ar-Ar method on
amphibole (Cannic et al., 2002) (Figure 5). Intermediate to acid volcanic rocks (“andesites” and “dacites”)
are frequently observed below the Early Triassic quartzites (e.g., in the Ubaye and Guil valleys) and therefore
are assumed to be of Permian age. Further evidence for (Early to Middle) Permian volcanism is also found in
the numerous pebbles of reddish acid volcanics (rhyolites) found in the conglomerates from the “Verrucano”
facies, largely present all over the Brianconnais Zone at the base of (and succeeded in continuity by) the Early
Triassic quartzites (Fabre, 1961; Ellenberger, 1958, 1966). All this testifies a widespread magmatic event of
Permian age in the Zone Houillére, in strong contrast with the Helvetic basement. Further north, the Zone
Houillére sediments are intruded by a laccolith of rhyolitic-dacitic chemistry (Caby, 1974). Its age, previously
constrained at around 325 Ma based on U-Pb ages on zircon (isotope dilution-thermal ionization mass spec-
trometry: Bertrand et al.,, 1998), is at odds with the intrusive relationships of the magmatic body. This age has
been recently revised and is now established at around 280 Ma (laser ablation-inductively coupled plasma-
mass spectrometry: Bergomi et al., 2017). In the Ligurian Alps, which represent the southernmost extension of
the Zone Houillere, an abundant Permian magmatism is also documented (e.g., Cortesogno et al., 1998;
Dallagiovana et al., 2009; Maino et al,, 2012).

The internal units from the Briangonnais Zone (Acceglio and Ambin) are distinguished by the widespread
occurrence of rhyolitic lava flows and tuffs, sometimes accompanied by coarse-grained porphyroclasts of
former K-feldspars, replaced first by albite then by jadeite (Lefévre & Michard, 1965, 1976; Michard,
1977). The relationships between the polycyclic basement and the volcanics are not known, being unex-
posed. Although the derivation from Permian acid volcanics is widely accepted, the precise age is not
isotopically established.

6.3. Permian Magmatism in the Internal Massifs

The Monte Rosa, Gran Paradiso, and Dora-Maira are allochthonous units (i.e., nappes) essentially made of
augen gneisses derived from porphyritic granitoids (Figure 5). The latter intruded amphibolite-facies para-
gneisses and minor amphibolites into which they develop a contact metamorphism (Monte Rosa; Bearth,
1952; Gran Paradiso; Compagnoni & Prato, 1969; Gabudianu Radulescu et al., 2011). Initially considered as
Late Carboniferous based on Rb/Sr measurements (Frey et al., 1976; Hunziker, 1970), the age of this major

BALLEVRE ET AL.

797



@AG U Tectonics 10.1002/2017TC004633

g - & i

47°

(a) Carboniferous magmatism  sem©

Genéve 4
\

:
j

46°

o 7 & %

Py 47

Savona

Ligurian Alps

VY
) ¢ granites
¢ diorites-gabbros

&
47 7

magmatic bodies
C (undated)

e granites/rhyolites
@ diorites/gabbros

46"

Grenoble
°

5
la Mure

.

Bl i alps o Sovona
m Westphalian D - Stephanian

Namurian - Westphalian A
(Zone Houillere)
O palaeoflora not preserved

Figure 5. Distribution of the Carboniferous (a) and Permian (b) magmatism in the Western Alps. Carboniferous granites are largely distributed in the Helvetic
basement, from the Argentera to the Aar massifs (only those dated are shown on the map). Note the lack of Permian magmatism in the Helvetic Zone and the
widespread occurrence of Permian granites and gabbros east of the Penninic Thrust. Carboniferous sediments (c) are younger (i.e., Westphalian D-Stephanian) in the
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episode of magmatism is now well established as being Permian based on U/Pb dating of zircon (Bertrand
et al, 2005; Bertrand, Pidgeon, et al,, 2000; Dora-Maira; Bussy & Cadoppi, 1996; Gran Paradiso; Gebauer
et al, 1997; Liati et al,, 2001; Ring et al.,, 2005; Monte Rosa; Pawlig, 2001) (Table S6). It is remarkable that
Carboniferous ages have not been obtained for the granitic protoliths in the Internal Massifs, with very few
exceptions, close to the Carboniferous-Permian boundary (e.g., the Brossasco metagranite, Paquette et al.,

BALLEVRE ET AL. 798



@AG U Tectonics 10.1002/2017TC004633

1999). Given the abundance of orthogneisses, this means that Carboniferous granitoids (strictly speaking
older than 305 Ma) are most probably lacking in the pre-Triassic basement of the Internal Massifs.

7. Discussion

Before the Alpine orogeny, the Penninic Front was a zone of major crustal weakness, allowing, at least along
its northern part, the opening of a mantle-floored basin (the Valaisan Ocean). The latter may have opened as a
southward propagating rift either obliquely to the internal structure of the Variscan belt (Carboniferous in
age) or reactivating a crustal-scale fault inherited from the Variscan orogeny or from its Permian dislocation.
The following discussion is intended to clarify these issues.

7.1. Large-Scale Zonation of the Variscan Belt

The large-scale structure of the Variscan belt is still a matter of discussion, but most authors agree on three
key points (Figure 7). First, the Variscan belt results from crustal stacking following resorption of one or sev-
eral oceanic domains by subduction, associated with magmatic arc development during the Devonian and
Early Carboniferous (e.g., Franke et al., 2017; Matte, 2001; Paquette et al.,, 2017; von Raumer et al., 2015).
Oceanic sutures are therefore identifiable in the Variscan belt. Second, the Variscan belt is a double-vergent
belt, with a (i) north vergent fold-and-thrust belt and associated foreland basin running from SW Ireland to
the Harz Mountain in Germany and (ii) a north then west then south vergent thrust stack running from the
Cantabrian Mountain to the Bohemian Massif. The associated foreland basin is discontinuously preserved
in the core of the Cantabrian Zone on the one hand and in the Moravo-Silesian Zone on the other hand.
Third, the large-scale pattern of the Variscan belt is characterized by strongly arcuate structures (variously
called arcs, oroclines, virgations, and syntaxes), which were acquired at a late stage (i.e, uppermost
Carboniferous to basal Permian) of its history. From west to east, these are the Iberian arc, the lbero-
Armorican arc, and the Bohemian arc. The Iberian arc (Martinez-Catalan, 2011a) is out of scope of our study
and will not be discussed further. The Ibero-Armorican arc is widely acknowledged and was built during the
uppermost Carboniferous (305-300 Ma) (for a review, see Bard et al, 1971; Ballévre et al., 2014). The
Bohemian arc is bounded to the southeast by a transcurrent shear zone (Matte, 2001) displacing the main
(southern) Variscan suture zone from Bohemia to Corsica (Corsini & Rolland, 2009; Duchesne et al.,, 2013;
Faure et al., 2014; Guillot & Ménot, 2009; Padovano et al., 2012, 2014; Rossi et al., 2009). This EVSZ is now lar-
gely integrated into the Alpine belt and is therefore of a major concern for our purpose. According to this
model, the northernmost part of Corsica would belong to Gondwana (Guillot et al, 2009), or Brunia
(Corsini & Rolland, 2009), or even to Armorica (Faure et al., 2014; Rossi et al., 2009). The reconstitutions made
by von Raumer et al. (2009, 2013, 2015) essentially agree with this model, although in most cases drawn at a
much larger scale.

7.2. Paleogeographic Position of the Pre-Triassic Basements Before the Alpine Orogeny

The former location of the pre-Triassic basement complexes in the Alps with respect to each other and with
respect to “stable” Europe (i.e., outside the Alpine belt) is difficult to reconstruct for the Permian paleogeogra-
phy for several reasons. First, although the exact position of Iberia with respect to Europe before the mid-
Cretaceous opening of the Bay of Biscay is still open to discussion, Iberia has to be rotated clockwise by about
40°. Second, the Sardinia-Corsica block has to be back-rotated clockwise and aligned with the Balearic Islands
and is almost coincident with the Provence coast, leaving Sardinia in front of the Maures-Tanneron massif.

7.2.1. Paleogeographic Position of the External Massifs

Structural studies have consistently shown that the External Massifs, from the Belledonne massif to the Aar
massif, are displaced toward the NW during the Alpine shortening, the amount of shortening increasing from
SW to NE (e.g., Bellahsen et al,, 2014). Although internally deformed, the displacement of the Pelvoux and
Argentera Massifs is considered as being much smaller than the other External Massifs. Accordingly, the bend
in structural direction from NE-SW displayed by the Belledonne-Aiguilles Rouges-Mont Blanc Aar massif
to the NW-SE orientation shown by the Pelvoux-Argentera massif is not due to the Alpine tectonics
(Bellahsen et al., 2014; Lemoine et al., 1989) but was already present during the Triassic. During Jurassic exten-
sion, this bend controlled the location and orientation of normal faults and the associated sedimentary
domains (e.g., Dardeau, 1984; Lemoine et al., 1989). Therefore, the now strongly arcuate Briangonnais Zone
probably was much more linear before Alpine orogeny, aligned with and located north of the Sardinia-

BALLEVRE ET AL.

799



@AG U Tectonics 10.1002/2017TC004633

Corsica block (e.g., Dumont et al., 2011, 2012; Lemoine, 1985; Lemoine & Triimpy, 1987; Lemoine et al., 1989;
Schmid et al., 2004; Ziegler, 1993) or close to it (Schmid et al., 2017).

7.2.2. Paleogeographic Position of the Internal Massifs

The location, prior to the Alpine orogenesis, of the Internal Massifs (Monte Rosa, Gran Paradiso, and
Dora-Maira) has been a matter of some debate. Do they belong to the most distal part of the Iberian
(Briangonnais) paleomargin, or were they initially located west of the Valaisan Basin, in the most distal part
of the European paleomargin? The classic solution, initially proposed by Argand (1911), is to consider these
basement nappes as intermediate between the “nappe du Grand Saint-Bernard” and the “nappe Sesia-Dent
Blanche.” Argand suggested that the Nappe du Grand Saint Bernard was reappearing as a window in the
Pinerolo region. Because the ophiolite bodies are thrusted over these Internal Massifs, most geologists have
considered them as representing the most distal part of the Ibero-Brianconnais continental margin. Other
hypotheses include the one advocated by Froitzheim (1997, 2001), based on geometrical considerations
on unfolding the nappe stack in the Monte Rosa area and supported by geochronological data according
to which the peak P assemblages in the Monte Rosa nappe would be younger than in the classical
Brianconnais basement (Gebauer, 1999; Liati & Froitzheim, 2006). As a result, the Monte Rosa would belong
to the distal part of the European margin, located west of the oceanic Valaisan Basin. Taking into account the
similarities between the Monte Rosa on the one hand and the Gran Paradiso and Dora-Maira Massifs on the
other hand (Argand, 1911), the above hypothesis—considering the Monte Rosa as European (i.e., external to
Valaisan) (Froitzheim, 1997, 2001; Herwartz et al., 2008; Pleuger et al., 2005; Ziegler, 1989)—would need to be
extended to both the Gran Paradiso and the Dora-Maira.

Increased geological knowledge of these three units during the last 25 years has confirmed that the Internal
Massifs share a common history, both in terms of Alpine orogeny (not to be discussed here), but also in terms
of their pre-Alpine structure. Notable features are the regional, amphibolite-facies, metamorphic rocks
intruded by an extensive set of K-feldspar bearing granitoids (now mostly augen orthogneisses) of
Permian age. Orthogneissic bodies of Carboniferous age are almost unknown, and very few Ordovician
bodies have been recognized. This is clearly at variance with what is found in the External Massifs west of
the Valaisan. Another relevant feature is provided by the windows of Carboniferous sediments found in both
the Dora-Maira (Pinerolo Unit) and the Gran Paradiso (Money Unit) Massifs. These Carboniferous sediments
were intruded by Permian diorites and granites, and in this respect they are similar to the Zone Houillére east
of the Valaisan.

The final answer to this puzzling question could reside in the Mesozoic covers found on top of these
basement units. Most of these covers are (unfortunately) absent (i.e., detached at an early stage of the
Alpine orogeny) or strongly reduced due to intense deformation and metamorphism. However, they display
white, mature quartzites followed by thick dolomite carbonates, then breccia-bearing calcschists, a sequence
typical of the internal Brianconnais zone (“pré-Piémontais” sequences; Lemoine et al., 1986). On balance, the
simplest hypothesis is to maintain the original idea of Argand and consider the Internal Massifs as deriving
from the easternmost part of the Brianconnais microcontinent (Figure 6), facing the exhuming mantle of
the Piemonte-Liguria ocean.

7.3. Tectonics of the Carboniferous Sedimentary Basins

The Carboniferous basins preserved in the Alpine belt have in common their limnic character. Based on their
sedimentology and their (scarce) faunas, no marine incursion is known in any of these basins. However, they
belong to two different types.

7.3.1. The Carboniferous Basins in the Helvetic Basement

In the Helvetic Zone, Carboniferous sediments were deposited in rather small, elongate, and narrow basins
(the largest are observed in la Mure and Salvan-Dorénaz) and during a short time interval (Westphalian D
(rarely) to Stephanian, i.e., Gzhelian). Sedimentological studies have shown that the source of the detrital
material in these basins is always local. For example, pebbles of the Cambro-Ordovician Chamrousse
Complex are found in the Grande Lauziére conglomerates, the closest Stephanian basin (Den Tex, 1950;
Gignoux & Moret, 1952). The basins opened during active tectonism, although the faults bounding the basins
have not frequently been recognized. An example could be the Miéville Shear Zone, along the eastern
boundary of the Vallorcine granite (Kerrick et al., 1980; Oulianoff, 1929; Steck & Vocat, 1973), and possibly con-
trolling sedimentation in the Salvan-Dorénaz basin. As previously noted by many authors (e.g., Greber, 1965),
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Figure 6. A summary of the main characteristics of the pre-Triassic basement in the different zones of the Western Alps. The main Alpine thrusts (in black) and the
former location of the East Variscan Shear Zone (in red) are indicated. The restoration of the locations of the different units is only indicative, showing their
relative position with respect to each other.

the Gzhelian basins from the Helvetic Zone share many similarities with the Gzhelian basins observed in the
Variscan belt from the Massif Central to the Vosges-Schwarzwald and to Bohemia. Overall, these basins are
interpreted as transtensional or extensional basins recording the collapse of the Variscan belt (Lorenz &
Nicholls, 1976; Ménard & Molnar, 1988; Schaltegger & Corfu, 1995) during a major kinematic flip from
oblique plate convergence to plate divergence.

7.3.2. The Zone Houillére Basin

In contrast, the Zone Houillére basin of the Penninic Zone extends for at least 150-200 km in length and has a
width of at least 20 km. Even without taking into account its Alpine deformation, it is one of the largest
Carboniferous basins. A major difference with respect to the Carboniferous basins of the Helvetic Zone is
the age and duration of sedimentation, because sedimentation in the Zone Houillére has mainly taken place
during the Namurian B up to the Westphalian A (Serpukhovian to Bashkirian), that is, about 10 Ma earlier than
in the Helvetic Zone, possibly up to the Stephanian (Gzhelian). The internal architecture of the Carboniferous
deposits, with thicker deposits earlier in the south, and later to the north, suggests a migration of the
depocenters during the Late Carboniferous. However, the age of the northern (younger) deposits has to
be reassessed.

The tectonic origin of the Zone Houillére basin has never been properly investigated. In any case the Zone
Houillére basin is not comparable with the external flexural basins found on both sides of the Variscan belt,
which are developed from the Namurian to the Westphalian and which are typically paralic, that is, recording
cyclic marine incursions associated to the Carboniferous glacial fluctuations. Greber (1965) specifically
mentions that although looking for marine intercalations, because the age and size of the Zone Houillere
basin was akin to the foreland basin in northern France to Germany, he was unable to find any marine
sediment. In accordance with Greber (1965), the Zone Houillére basin displays much more similarities with
the Saar-Nahe basin, whose intramontane, limnic, deposits accumulated up to a of thickness of 6 km. The
tectonic context of the Saar-Nahe basin, much better known because there is almost no Alpine inversion,
is considered as a transtensional basin opened along and reactivating a major Variscan suture zone (e.g.,
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Figure 7. A paleogeographical reconstruction of southern Europe during the Permian. The structural zonation of the Variscan belt has been severely overprinted by
large displacements along dextral strike-slip fault zones. One of these, namely, the East Variscan Shear Zone, may have separated the future Helvetic and
Briangonnais domains. The location of the Briangonnais, South-Alpine and Austro-Alpine domains is only indicative.

Korsch & Schéfer, 1995; Schafer, 2011), that is, the boundary between the Avalonian domain to the north and
the Armorica-Gondwana domain to the south.

In analogy, we propose to interpret the Zone Houillere as a transtensional basin opened along a major,
crustal-scale, fault zone of Namurian-early Westphalian age (i.e., about 320-310 Ma). The kinematics of this
Carboniferous fault are difficult to decipher. The fault itself is no more exposed and has been reactivated
several times, from Jurassic rifting to Oligo-Miocene shortening. However, pending further work on its exact
age based on its fossil flora, the migration of the depocenters inside the basin is consistent with dextral
shearing along the bounding fault. How much displacement can be accommodated along this fault remains
speculative, but an order of a few hundreds of kilometers is plausible.

With respect to the model of the EVSZ discussed earlier (Figure 7), the Zone Houillere Basin possibly was kine-
matically linked to the dextral displacement along this fault (or one of its predecessors). However, in contrast
to proposed hypotheses (i.e., Carosi et al,, 2012; Duchesne et al., 2013; Guillot et al., 2009) the EVSZ would not
define the southeastern boundary of the Variscan belt, along its contact with an undeformed Gondwana
basement, but would rather be located inside the Variscan belt. This is because some pre-Triassic basement
complexes east of the EVSZ undisputedly record a tectonic-metamorphic event of Carboniferous age.

7.4. Extent and Nature of the “Permian Event”

Since its recognition in the Eastern Alps, the Permian event has been widely acknowledged in the pre-Triassic
basement from the South-Alpine and Austroalpine basement (Kunz et al., 2017; Mayer et al., 2000; Petri et al.,
2017; Schuster & Stiiwe, 2008; Vavra et al., 1996, 1999; Voshage et al., 1987) and the Margna and Sesia-Dent
Blanche Tectonic System (e.g., Cenki-Tok et al., 2011; Dal Piaz et al., 1977; Kunz et al., 2017; Manzotti et al.,
2012; Manzotti, Ballévre, & Dal Piaz, 2017; Manzotti, Rubatto, et al., 2017). Further west, the data summarized
in this paper (Figures 4 and 5) indicate that the Permian event is widespread in the (future) Briangonnais base-
ment but is lacking in the (future) Helvetic basement, that is, in the External Massifs. To a first order, the
boundary between these two basement types represents the westernmost areal extension of the Permian
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event. This is not to say that Permian magmatism and sedimentation is absent further west. Indeed, Permian
magmatism is reduced or lacking over large areas (e.g., the Armorican Massif), although sporadically present
in most Permian basins. The most notable exception is provided by the very thick (up to 9 km) Permian
deposits from the English Channel (Ruffell et al, 2006), and the time-equivalent Cornubian granitoids
(Chen et al,, 1993). Further evidence for the Permian reequilibration of the lower crust is provided by the
granulite-facies enclaves in the Neogene alkaline basalts throughout western and central Europe (e.g.,
Berger et al., 2007; Brousse & Rudel, 1964; Féménias et al., 2003; Leyreloup, 1974). However, by comparison
with the South-Alpine, Austroalpine and Brianconnais basement complexes, the amount of Permian magma-
tism in western and central Europe is much more moderate.

Some considerations about the geodynamic setting of the Permian event are therefore necessary for under-
standing its control on the future Alpine belt. The Permian amphibolite- to granulite-facies metamorphism
associated to ductile, extensional, shearing in the lower crust may be interpreted either as recording the col-
lapse of the Variscan belt following its crustal thickening during the Carboniferous or may be related to an
independent process overprinting the Variscan belt. In the Variscan belt, the transition from the latest
Carboniferous (“Stephanian”) to the earliest Permian (Autunian: Pellenard et al., 2017) is associated with a
drastic change in the tectonic setting. Propagation of thrusting and development of the associated foreland
basins ceases abruptly (in less than a few million years) at about 305-300 Ma, and numerous fault-bounded
basins develop all over the Variscan belt, combining transcurrent and normal faulting. This kinematic change
is generally associated to a large-scale dextral displacement between Laurussia to the north and Gondwana
to the south (e.g., Ziegler, 1989, plate 10; Matte, 2001; Martinez-Catalan, 2011b). As a result, the whole of the
Variscan belt has been cut across by conjuguate ductile-to-brittle fault zones (e.g., Arthaud & Matte, 1975,
1977), while its southern margin has been severely obliterated by strike-slip faults (Figure 7). The EVSZ was
most probably one of these fault zones, although its exact geometry is still speculative, as well as its
geometrical-kinematical connections with the other fault zones (e.g., Schaltegger & Brack, 2007). In the model
here proposed, the EVSZ would cut across the Variscan belt. It is not, as proposed earlier, the boundary
between the Carboniferous thickened crust to the north, and an undeformed Gondwana continent to the
south (e.g., Carosi et al,, 2012; Duchesne et al., 2013; Guillot & Ménot, 2009).

Most, if not all, of the fault zones have been reactivated at a later stage. Specifically, the North Pyrenean Shear
Zone may have controlled the oblique opening of the mid-Cretaceous mantle-floored basins in the future
Pyrenean belt (Clerc et al., 2012; Lagabrielle & Bodinier, 2008). Similarly, we propose that the location of
the mantle-floored Valaisan Basin, of Cretaceous age (Beltrando et al., 2012; Loprieno et al., 2010), is inherited
from the EVSZ.

7.5. Structural Inheritance in the Alpine Belt

7.5.1. Structural Inheritance in the Helvetic Zone

In the External Massifs, the boundaries between the three main domains are defined by steeply dipping
mylonitic fault zones (Figure 3), whose age and kinematics is a matter of debate due to the superposition
of several episodes of deformation. Some movements may have occurred already during the Late
Carboniferous and the Permian, and these faults may have been reactivated during the Triassic-Jurassic rift-
ing as well as during the Oligo-Miocene transpressive crustal shortening. A classic example is the “synclinal
median” (median syncline) that divides the Belledonne massif in two parts, leaving domain | to the west
and domains Il and Il to the east. The synclinal median is marked by the occurrence of a narrow strip of
Mesozoic sediments, observed both in outcrop and in the hydroelectric power plants in the Arc and Isére val-
leys (Bordet, 1961; Gasquet et al.,, 1981). These sediments mark the trace of a major thrust, the internal
Belledonne (i.e., domain Ill) being thrust over the external Belledonne (i.e., domain |) along a steep east dip-
ping plane. However, the differences in lithology on both sides of the synclinal median cannot be explained
only by a Miocene thrusting but reveal that the Alpine thrust reworks a polyphased pre-Alpine fault, that is, a
Jurassic normal fault (Barféty et al., 1979; Lemoine et al., 1981), itself reactivating a Late Paleozoic transcurrent
fault (Arthaud & Matte, 1977).

Structural inheritance therefore plays a major role in the Helvetic Zone, contributing to localize the future
(Liassic) normal faults, which may or may not ultimately evolve into reverse faults during the Alpine shorten-
ing (Bellahsen et al.,, 2012, 2014; Gillcrist et al., 1987). Preservation of the Liassic normal faults along the South
Belledonne-Pelvoux transect results from a combination of (i) the arcuate pattern of the External Massifs
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inherited from the pre-Alpine history and (ii) the increasing amount of Alpine crustal shortening from south
to north (e.g., Bellahsen et al,, 2014).

7.5.2. Structural Inheritance Along the Future Helvetic/Penninic Boundary

For the sake of clarity, we proceed in three steps (Figure 8). First, we recall that the Helvetic and (Middle)
Penninic Zones have contrasting Mesozoic sedimentary sequences, reflecting differences in the history of rift-
ing and subsidence during the Jurassic (Figure 8). Specifically, the most notable difference is the occurrence
of thick sequences of synrift Liassic deposits in the Helvetic Zone, as opposed to their absence in the
Briangonnais domain, which was uplifted and eroded during the same period (e.g., Baud & Masson, 1975;
Claudel & Dumont, 1999; Decarlis & Lualdi, 2008). While emphasizing these differences, most authors leave
the pre-Triassic basement undifferentiated (Figure 8a), either for the sake of convenience (because there is
no need to discuss the pre-Triassic basement in order to understand the Jurassic rifting) or because they
implicitly consider that the basements had the same history in both zones. With such premises, the question
of inheritance is therefore not addressed in their study.

However, we propose that one has to take into account the differences in the Carboniferous and Permian his-
tory recorded by the pre-Triassic basement complexes of the Helvetic and Penninic Zones (Figure 8b). These
having been detailed above may be summarized as follows. First, Permian magmatism is almost absent in the
Helvetic Zone, whereas it is widespread in the Penninic Zone (from the dykes and sills of the Zone Houillére to
the huge granitoid intrusions of the Internal Massifs). Second, the Carboniferous sedimentation in the two
Zones also reveals contrasting patterns: the small, short-lived basins in the Helvetic Zone developed later
(mostly during the Gzhelian) than the large, long-lived basin of the Zone Houillére (mostly Serpukhovian-
Bashkirian, with probable renewed sedimentation during the Gzhelian). The best explanation for the tectonic
development of the latter basin is transtensive movement along a crustal-scale fault accommodating a large
amount of displacement inside the Variscan belt. As a consequence, we need to consider that the pre-Upper
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Carboniferous basements of the Helvetic and (Middle) Penninic Zones may have different Variscan (and pos-
sibly also pre-Variscan) histories on both sides of the future Penninic Front.

The final step in this discussion is to integrate the history of the Variscan basement itself (Figure 8c). All
authors agree that the pre-Triassic basement in the Helvetic Zone has the same history as that of the
Massif Central, Vosges-Schwarzwald, and Moldanubian from the Bohemian Massif, with the salient features
being the occurrence of Cambro-Ordovician ophiolite relics, the early eclogite-facies event, followed by
high-grade metamorphism associated with extensive partial melting and, finally, large amounts of
Carboniferous granitoids (their age covering an interval ending close to the Carboniferous/Permian bound-
ary, at about 300-295 Ma). By contrast, the pre-Triassic basement in the Penninic zone is rather diverse, with
some Early Paleozoic rocks devoid of a significant (i.e., higher than greenschist facies) Variscan overprint.
Carboniferous granitoids are very rare in the Penninic Zone, whereas the Permian magmatism is largely
developed. In this sense, the basement of the Penninic Zone has much more in common with the South-
Alpine basement (Dal Piaz, 1993; Dal Piaz & Martin, 1998) than with the Helvetic basement, characterized
by a high thermal regime accompanying crustal (lithospheric) extension of Permian age (e.g., Schuster &
Stliwe, 2008; Schuster et al., 2001).

The distinct sedimentary evolutions during the Triassic may be related to this Permian event (Figure 9). To the
east, where the Permian event is largely developed, the thermal subsidence during the Triassic allowed for
the deposition of a thick carbonate platform. On the contrary, to the west (i.e., in the Helvetic Zone and
further west), thermal subsidence did not take place during the Triassic, and therefore, accommodation space
was negligible, as recorded by the sediments not exceeding a few meters in thickness. The two sedimentary
domains were separated by the “Vindelician High,” a low-elevation area preventing an easy communication
between the “Germanic Trias” to the north and the “Alpine Trias” to the south (Hauschke & Wilde, 1999;
Ziegler, 1993; von Gilimbel, 1891).

In summary, we propose that the Helvetic basement was separated during Carboniferous times from the
Penninic basement by a huge transcurrent shear zone, that is, the EVSZ. This hypothesis is in accordance with
most recent models that have discussed the tectonic evolution of the pre-Triassic basement in the Helvetic
Zone (e.g., Corsini & Rolland, 2009; Guillot & Ménot, 2009; Guillot et al., 2009; Hernandez et al., 2002; Matte,
2001). In complement to these models, we emphasize that the Zone Houillére records the birth and growth
of a large, long-lived intramontane sedimentary basin, which is contemporaneous with the transcurrent dis-
placement. This model is also similar to the one proposed by Bussy et al. (2000) and von Raumer et al. (2009),
although their location of the different Alpine basement complexes is sometimes difficult to master. This
zone of weakness has been reactivated many times during the Mesozoic, recorded by the diversity of the
sedimentary sequences of the so-called Subbrianconnais Units, and allowing at least in its northern part
the exposure of the mantle floor (Valaisan Basin). The final consequence of this long-lasting reactivation is
that the pre-Carboniferous basements on both sides of the Penninic Thrust had contrasting geological his-
tories during the Variscan orogeny.

8. Conclusions
This study provides the following main conclusions.

1. Carboniferous deposits in the Helvetic Zone are mostly Ghzelian in age (305-300 Ma) and took place in
narrow basins, controlled by extensional tectonics related to late collapse of the Variscan belt. The source
of the detrital material was local.

2. The source of the detrital material that was deposited during the Namurian to Westphalian A in the Zone
Houillére was the Early Carboniferous granitic magmatism in the Helvetic Zone. The same source provided
detrital material to the Pinerolo sediments but not to the Money window.

3. The Zone Houillére basin was located along a major, crustal-scale transcurrent shear zone (the EVSZ)
that accommodated a large displacement of the structural domains within the Variscan belt, cutting
across its large-scale zonation. This movement has taken place at 320-310 Ma and is contemporaneous
with the late, transcurrent deformation observed in the Helvetic Zone, and allowing for the intrusion of
the granitic magmatism.

4. This zone of crustal weakness was reactivated several times. During the Permian, it marks the western-
most boundary of the extensive partial melting in the lower crust, whatever its ultimate cause may be.
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