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Abstract

:

The existence of pieces of the Variscan belt in the Alpine basement has been acknowledged for a long time but the correlation of these massifs to the litho-tectonic domains established in Western Europa outside the Alpine chain is still disputed. Due to their ubiquitous character, the abundant late Variscan migmatites and granites are useless to reconstruct the Variscan architecture in the Alpine basement. Ophiolitic sutures, high- and low-grade metamorphic units, and foreland basins provide a preliminary reconstruction of the Variscan orogen exposed in the Alpine basement. The longitudinal extension of the Armorican and Saxo-Thuringian microcontinents between Laurussia and Gondwana is proposed independently of the Intra-alpine and Galatian terranes. The litho-tectonic units of the Corsica-Sardinia segment are correlated to the Moldanubian, Armorican and Saxo-Thuringian Domains. In the Alpine Helvetic and Penninic Domains, the Chamrousse ophiolites are ascribed to the Tepla-Le Conquet suture, whereas the Lepontine, and Stubach ophiolites represent the Rheic suture. The south-directed nappe stack of the South Alpine Domain is similar to the Moldanubian French Massif Central. In the Austroalpine nappe stack, the Ritting ophiolites separate Saxo-Thuringia and Armorica continental blocks. Disentangling the Variscan belt in the Alpine basement suggests a concave-to-the-East arcuate structure called here the Variscan Alpidic orocline.
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1. Introduction


Between northern Europa, characterized by the Precambrian Baltic shield, and the Early Paleozoic Caledonian belt, and southern Europa characterized by the Cenozoic Alpine orogenic belt, and the late-orogenic Mediterranean basins, Medio Europa is the place of the Paleozoic Variscan belt that forms the backbone of the continent (Figure 1). From Iberia to Bohemia, the Variscan belt has been subdivided into four domains, namely Rheno-Hercynian, Saxo-Thuringian, Armorican, and Moldanubian (Figure 2, see Section 2 below for details). In southern and eastern Europa, the Variscan orogen has been variously reworked during the Alpine orogeny either by tectono-thermal overprints or by rigid block rotations and translations. Therefore, the structure of the Variscan belt exposed in the Alpine basement is difficult to decipher.



The already proposed geodynamic reconstructions can be gathered into two groups. The first one proposes several east-west trending terranes in which the Alpine Variscan massifs belong to the “Hunic”, “Intra-Alpine”, and “Galatian” terranes assemblage located between the Rheic and Paleotethys oceans to the north and south, respectively (e.g., [1,2,3,4,5,6] and enclosed references). The links between these terranes and the four Variscan domains devoid of any important Alpine overprint outside of the Alpine belt are seldom considered (Figure 2). Another group of thought interprets the Western Alps’ external crystalline basement as pieces of the Moldanubian Domain (see Section 2 below) offset by the dextral East Variscan Shear Zone from the Bohemian massif [7,8,9,10,11,12,13]. In these models, an oroclinal bending, similar to the Iberia-Armorica one is suggested but not really discussed [1,9,10]. Although in a given area, it is often possible to recognize the remnants of ductile pre-alpine synmetamorphic deformation phases and late- to post-orogenic events, it is generally more delicate to replace these elements in the bulk architecture of the Variscan orogen.



This paper aims at presenting the structural and metamorphic data acquired in the Variscan massifs involved in the Alpine orogen in the western Alps, southern Alps, and Austroalpine areas. Though still speculative, the possible correlations of these massifs with the Variscan domains devoid of important Alpine overprint settled outside the Alpine belt are proposed. In the following, the focus will be placed on the reconstruction of the Variscan architecture, recognition of ophiolitic sutures, nappe transport direction, and foreland basins. Granite plutons and migmatites are important elements of the Variscan orogen. Nevertheless, they are not first-order criteria to decipher the Variscan zonation, since petrologically, geochemically, and chronologically similar migmatites and granites can be observed in various domains. For instance, this is the case in the French Variscan segment, where there is no significant difference between the widespread migmatites and granitic plutons observed in the Moldanubian, Armorican, and Saxo-Thuringian Domains. Thus, these rocks that formed during the late-orogenic stages will not be considered since their ubiquitous character does not help to reconstruct the early Variscan architecture.




2. An Outline of the “Main” Variscan Belt


The bulk zonation of the Variscan belt, first established in Central Europa by Kossmatt in 1927 [14] see [15] for English translation, is well acknowledged in Bohemia, Germany, France, SW England, and Iberia (e.g., [16,17,18,19,20,21,22,23] and enclosed references). For example, along a N–S profile from SW England–Belgium to the Mediterranean coast, the following four litho-tectonic domains are recognized (Figure 2 and Figure 3).




	(i)

	
The Rheno-Hercynian Domain exposed in Devon-Cornwall, and Ardenne represents the northern fold-and-thrust belt developed northward up to the Variscan front in the Avalonian part of Laurussia.




	(ii)

	
The Saxo-Thuringian Domain, represented in NW Brittany by the Léon block, is a microcontinent rifted from Gondwana in the Ordovician and rewelded to it in the Carboniferous.




	(iii)

	
The Armorican Domain, well exposed in Central Brittany and Normandy, is another microcontinent separated from Gondwana in Early Ordovician, and rewelded to it during the Variscan orogeny. It is worth noting that both in the Saxo-Thuringian and Armorican domains, the Paleozoic formations unconformably overlie deformed Ediacaran rocks ascribed to the Cadomian orogen [7,18,19].




	(iv)

	
The Moldanubian Domain is the most metamorphic part of the Variscan orogen formed by a stack of ductile nappes. In France, it is well developed in the southern part of the Armorican Massif, the entire Massif Central, and the Pyrenees. In Massif Central and southern part of the Armorican Massif, the well-acknowledged stack of nappes evolves from highly metamorphic rocks to sedimentary formations from North to South, respectively. From top to bottom, there are: (a) the Neoproterozoic basement nappe, (b) the eo-Variscan ophiolite nappe, (c) the Upper Gneiss Unit with high-pressure rocks, (d) the MP/MT Lower Gneiss Unit, (e) the LP/LT Para-autochthonous Unit, (f) the Fold-and-Thrust belt, and (g) the southern foreland basin (Figure 3). A complete description of the Moldanubian nappe stack is beyond the scope of this paper (for details on the Massif Central, and South Armorican areas, see [18,22,24,25,26,27]).









It is worth to note that the Moldanubian Domain experienced a diachronic tectonic evolution. In the northern part of the Moldanubian Domain, the Upper Gneiss and Lower Gneiss metamorphic units were unconformably covered by undeformed and non-metamorphic, Early Visean shallow-water limestone deposits, and a volcanic-sedimentary formation, paleontologically and radiometrically dated at ca 335–330 Ma, called “Tufs anthracifères” (e.g., [26]). This formation is an important time-marker for demonstrating the existence of pre-Carboniferous tectonic events in the French Moldanubian Domain. On the contrary, the southern part of the Moldanubian Domain (Montagne Noire, E. Pyrenees) is represented by a fold-and-thrust belt and a Visean–Serpukhovian foreland basin [28,29,30,31]. From a paleogeographic point of view, the Moldanubian Domain belongs to the north Gondwana margin. The Mediterranean Cenozoic tectonics responsible for the opening of the Provence–Algeria basin (Figure 1), and the counterclockwise rotation of the Corsica-Sardinia block destroyed the South Variscan front [32].



These four domains are separated by three ophiolitic sutures, but a complete ophiolitic succession is never exposed due to reworking by subsequent tectonic phases, partly by strike-slip faulting. From North to South, the Rheic, Le Conquet-Tepla, and eo-Variscan sutures are recognized (Figure 2 and Figure 3). They represent the relics of three oceanic basins opened during the Late Cambrian to Early Ordovician rifting. The basins’ closure occurred in Late Devonian-Early Carboniferous (Famennian–Tournaisian) for the Rheic ocean, and probably the Tepla-Le Conquet one. The closure time of the eo-Variscan suture that separates the Armorica and Moldanubian domains is alternatively considered as Late Silurian-Early Devonian (ca 420–400 Ma) or Late Devonian-Early Carboniferous (ca 360–350 Ma), (see [18,19,22,24,25,33]). Due to similar Cambrian and Ordovician fauna, some authors even denied the existence of an oceanic domain between Armorica and Gondwana [34]. However, the similarity in faunal distribution can also be explained by the small size of the oceanic basin separating the two domains that allowed important faunal exchanges on both sides of the basin. The Upper Gneiss Unit of the Moldanubian domain contains a peculiar assemblage of felsic gneiss and amphibolite, recognized since [35] as the “leptynite–amphibolite complex” (LAC). This formation that also includes mafic eclogites and serpentinites has sometimes been considered as an ophiolitic suite. However, it is now interpreted as a piece of an extended continental crust injected by felsic and mafic magmas (e.g., [18,27]). Such a bimodal magmatism represents an ocean-continent transition coeval with the development of a passive continental margin. The LAC is widespread in the Moldanubian Domain, but also exists in the Saxo-Thuringian Domain and thus cannot be taken as an unequivocal criteria for one peculiar domain.



As recognized for a long period of time, the Variscan belt appears as a bi-vergent orogen (Figure 3) developed all along the Paleozoic, starting with an Early Ordovician pre-orogenic rifting that separated several microcontinents from Gondwana to an Early Carboniferous (Tournaisian) collision that led to the final assembly of the Laurussia and Gondwana continents with intervening ribbon-like blocks or microcontinents. The Variscan continental collision was mainly accommodated by a southward subduction (in the present coordinates), followed by the development of Visean to Pensylvannian intracontinental fold-and-thrust belts on both sides of the orogen, and by late- to post-orogenic extensional tectonics coeval with a huge crustal melting represented by numerous gneiss-migmatitic domes and granitic plutons [16,22,26]. As mentioned above, granitic plutons and migmatitic domes are widespread in the Moldanubian, Armorican, and Saxo-Thuringian domains. Thus these rocks do not represent a specific signature for a given domain. In the following, they will not be used for the proposed correlations.



Furthermore, in SE France and Italy, the Variscan rocks exposed in Corsica, Sardinia, and Maures massifs, and in the Alpine basement, crystalline massifs define an East Variscan branch (Figure 2). The petrographic, geochemical, geochronological and structural studies of the various tectonic, metamorphic, and magmatic events experienced by these massifs are provided in numerous articles (e.g., [2,9,36,37,38,39,40] and enclosed references). However, in this “East Variscan branch”, it becomes more challenging to define the litho-tectonic units, and to reconstruct the bulk architecture of the Variscan edifice, due to the Alpine overprint.




3. The East Variscan Branch of Western Europe


This section deals with the possible correlations between the litho-tectonic elements recognized in the East Variscan Branch and those established in the Main Variscan Belt presented in Section 2. Thus the Late Variscan structures such as the Posada-Asinara or Cavalaire fault (Figure 4), as well as the Late Carboniferous intrusions, and the Permian or younger tectonic events that deformed the main foliation, are not considered here.



3.1. The Corsica-Sardinia-Maures Segment


It is well acknowledged that the Corsica and Sardinia islands experienced a ca 30–45° anticlockwise rotation during the opening of the Provence–Algeria basin in Oligocene-Miocene (e.g., [23,32,41,42]). The restoration of the initial position of the Corsica–Sardinia block against the Maures–Tanneron massif documents a reasonable correlation of this part of the East Variscan branch with the main Variscan belt exposed in the Massif Central and Pyrenees (Figure 4).



The Visean–Serpukhovian foreland basin of SW Sardinia (Figure 4) is lithologically, stratigraphically, and structurally similar to the ones developed in Montagne Noire (S. Massif Central), Eastern Pyrenees, and Minorca (e.g., [29,30,37,43]). The outer non metamorphic part and low-grade metamorphic units of the southern part of the Nappe zone of Sardinia can be correlated with the Fold-and-Thrust belt, and the Para-autochthonous units of Massif Central, respectively. The barrovian metamorphic unit in the northern part of the Nappe zone of Sardinia corresponds to the Massif Central Lower Gneiss Unit. Most of Variscan Corsica is occupied by a huge granitic batholith [38,39,44] that encloses km- to 10 km-sized septa of metamorphic rocks and migmatites [39,45]. The Zicavo and Porto Vecchio septa expose two tectonically superposed units, namely: (i) a micaschist and orthogneiss unit that is overthrust to the SW (in the present orientation, Figure 4) by (ii) an amphibolite–gneiss one. The two units are correlated with the Lower and Upper Gneiss units of the Massif Central, respectively. Migmatites and late-orogenic plutons widespread in Northern Sardinia and southern and central Corsica enclose blocks of eclogites and HP granulites (e.g., [38,39,44,46,47]); thus, the original extension of the Upper Gneiss Unit is presently unknown. It might be larger than the area depicted in Figure 4.



In NW Corsica (Argentella area), an undeformed Ordovician conglomerate and sandstone formation overlie the micaschists and amphibolites related to a Neoproterozoic basement (e.g., [39,45,48]). Such a pattern is similar to that found in the Central-North Armorican Domain where it is ascribed to the Cadomian orogen [19]. In NE Corsica, the Belgodère area is a migmatitic dome that encloses numerous blocks of ortho- and para-gneiss, amphibolite, and eclogite. Radiometric constraints are still lacking there. The mafic magmatism is probably of Early Ordovician age. The metamorphic age is presently unknown, but it should be older than the Carboniferous age (ca 345 Ma) of the migmatite [45]. In this area, top-to-the-N or NE kinematic indicators are refolded by the doming [45]. More to the East, in the Agriates area, the Alpine overprint has totally erased the Variscan structures; nevertheless, some silicified sandstone and pelites, called “brown rocks”, are ascribed to the Neoproterozoic [39]. On the basis of lithology and sense of shearing, the Belgodère–Agriates areas have been correlated to the Saxo-Thuringian Domain [45].



The Maures–Tanneron massif is easily compared to the metamorphic units of northern and central Sardinia (e.g., [49,50,51]). Thus, along with the Sardinia to Corsica transect, a bivergent architecture of this Variscan segment can be reconstructed with three domains: (i) a top-to-the-South nappe stack derived from the N. Gondwana margin, (ii) a Neoproterozoic intermediate block with undeformed Paleozoic series, correlated to Armorica, (iii) and Northeast-directed units belonging to the Saxo-Thuringian Domain (Figure 4).




3.2. The Variscan Belt in the West Alpine Helvetic Basement


Following an enormous amount of work, the Cenozoic Alpine orogen is subdivided into four lithotectonic domains: (i) the external or Helvetic; (ii) the internal or Penninic; (iii) the Austroalpine, and (iv) the South Alpine domains. The former two domains belong to the European continent whereas the latter two belong to Apulia (Figure 5). The Austro-alpine Domain overlies the Liguro–Piemonte zone that corresponds to the remnants of the intervening Mesozoic ocean; and the Insubric line is the northern boundary of the South Alpine Domain. This four-fold Alpine subdivision is inappropriate to decipher the Variscan zonation since it is independent of the Variscan litho-tectonic domains presented in Section 2, even if locally some Paleozoic crustal discontinuities, such as the Penninic front, might have been reused during the Alpine cycle (e.g., [40]). Nevertheless, in order of clarity, the Alpine subdivision will be used here as it is geographically convenient. From the tectonic point of view, the term basement will be reserved for the rocks that experienced the Devonian to early Carboniferous Variscan orogeny. In this sense, the Late Carboniferous or Permian granitoids are not relevant to the Alpine basement since they were emplaced after the main Variscan tectonic or metamorphic phases (e.g., [4,52] and enclosed references).



In the Helvetic zone, the Variscan basement is exposed in the External Crystalline massifs of Argentera, Pelvoux, Grandes Rousses, Belledonne, Mt-Blanc, Aiguilles Rouges, and Aar-Gothard (Figure 5 and Figure 6). Due to the weakness of the Alpine overprint, the pre-Permian geology of the External Crystalline massifs has been investigated since a long time (e.g., [4,9,13,36,38,53,54,55,56,57,58,59]). However, the widespread crustal melting erased the early structures. For instance, HP/HT metamorphic rocks are exposed as blocks in the migmatites of the Pelvoux, Argentera or Aiguilles Rouges massifs, but the associated structures are not deciphered (Figure 6). With respect to the early Variscan structures, the southern part of the Belledonne massif appears as one of the key areas. Since it has been recently investigated, only a brief outline is provided below (for details, see [57,59]).



The Belledonne massif is subdivided into western and eastern branches by the subvertical dextral “Synclinal Médian fault” that corresponds to a polydeformed structure since unmetamorphosed Triassic sedimentary rocks are involved in the brittle faulting. The western Belledonne branch consists of alternations of almost unmetamorphozed sandstone and mudstone of Ordovician age weakly deformed by tight upright folds. On the contrary, the eastern Belledonne branch yields three litho-tectonic units, namely: (i) the Chamrousse ophiolites, (ii) the Rioupeyroux–Livet unit, and (iii) the Taillefer series (Figure 6). The Chamrousse ophiolites of ca 500 Ma magmatic age [60,61] consist of several thrust sheets, globally inverted as the serpentinized ultramafics and basaltic pillow lava from the upper and lower parts of the nappe stack, respectively. As a whole, the Chamrousse ophiolite was obducted at 380–360 Ma, whereas the synmetamorphic top-to-the-East shearing, coeval with East-directed thrusting, developed between 350 and 340 Ma [57]. The underlying Rioupeyroux–Livet unit is a volcanic-sedimentary formation with subordinate Devonian magmatic rocks. This unit experienced a MP/MT metamorphism with biotite–garnet–staurolite ± kyanite assemblage coeval with a top-to-the-E (or NE) ductile shearing [57]. Lastly, the Taillefer terrigenous and volcanic series unconformably overlies the Rioupeyroux–Livet unit, but the precise unconformity is difficult to recognize. The initial sedimentary contact was probably reworked as a decollement layer. Furthermore, the Taillefer series is also deformed by a subvertical NNE-SSW striking cleavage and a steeply dipping stretching lineation that denotes an east-west shortening after the nappe emplacement.



In the Grandes Rousses, Pelvoux, and northeastern part of Belledonne massif, Ordovician granites now transformed into orthogneiss, and leptynite–amphibolite complexes are well exposed but their tectonic relationships with the three units described above are unknown due to late faulting, and their involvement in migmatites. Among the other External Crystalline massifs, the SW part of the Aiguilles Rouges (Figure 7A) exposes lithologies similar to those of eastern Belledonne. Migmatites including blocks of Ordovician orthogneiss, micaschist, and eclogite are recognized (e.g., [10,13,62,63]). Deformed Visean volcanic-sedimentary rocks are also acknowledged in the Aiguilles Rouges and Mt-Blanc massifs. However, the relationships between these series and the underlying migmatite are not documented. According to Dobmeier [62], the Early Carboniferous greenschist facies metasediments and the migmatites are deformed by NE-vergent folds (Figure 7B). Moreover, these deformation structures are intruded by Visean granitoids dated at ca 330 Ma [63,64,65].



Due to the abundance of metamorphic and plutonic rocks, the External Crystalline massifs are often correlated to the Moldanubian Domain that would have been translated to the Southwest from the Bohemian Massif by the East Variscan Shear Zone (EVSZ, [7,9,10,11,13]). The EVSZ is well documented in the Maures–Tanneron and NW Sardinia (e.g., [8,12,51,66,67,68,69]), ductile strike-slip faults are also recognized in the Argentera, and Aiguilles Rouges massifs [11,13], but they remain poorly localized in the External Crystalline massifs (see for instance [9] and [40]). Its time of activity varies from 330–340 Ma in the Argentera and 320 Ma in the Aiguilles Rouges and Maures-Sardinia areas [13]. Moreover, even if small-scale ductile dextral shear zones can be locally recognized, the total amount of displacement is yet not settled. As leptynite–amphibolite complexes, Ordovician granitoids (now orthogneiss), and migmatites are widespread both in the Moldanubian and the Saxo-Thuringian domains, the lithology and metamorphic grade are not sufficient criteria to recognize to which Variscan domain the External Crystalline massifs belong.



The significance of the Chamrousse ophiolites appears as one of the key elements to discriminate the Variscan domains. Although there is a general agreement to interpret the Chamrousse ophiolite as formed during the Late Cambrian-Early Ordovician rifting, its geodynamic significance remains controversial. For some authors (e.g., [10]), the Chamrousse oceanic basin opened between the Armorica and Moldanubian domains, and closed by a NW-directed thrusting. Another interpretation argues that the Chamrousse oceanic basin developed between the Moldanubian and the Intra-Alpine (or Galatian) terrane [4]. The basin closure was accommodated by east-directed thrusting [2]. Our field observation complies with a top-to-the-East thrusting [57]. Considering: (i) the weak synmetamorphic deformation experienced by the western branch of the Belledonne massif, (ii) the overall east-directed ductile shearing of the ophiolites, and (iii) the MP/MT metamorphism coeval with a top-to-the-East shearing of the Rioupeyroux–Livet unit that underlies the ophiolitic nappe, it is difficult to place the root zone of the ophiolites West of the western branch of the Belledonne massif. Such a western location would imply that the rocks of the western branch of the Belledonne massif have experienced a synmetamorphic ductile deformation higher than what is presently observed. Therefore, another possibility is to locate the Chamrousse ophiolitic suture to the east of the western branch. The Synclinal Médian fault appears as the most likely possibility since a suture zone located farther East of Belledonne would not be in agreement with the kinematics recorded in the ophiolitic nappe and the Rioupeyroux–Livet unit.



Following this interpretation, the weakly deformed and metamorphozed rocks of the Belledonne western branch cannot be correlated to the Moldanubian Domain that exhibits high-grade metamorphic rocks. On the contrary, the unmetamorphozed formations of the Belledonne western branch can be considered as a part of the Armorican Domain, as already suggested [10]. Thus, in this view, the entire metamorphic rocks of the Belledonne eastern branch should be correlated to the Saxo-Thuringian Domain. At the larger scale of the External Crystalline massifs, the northern and southern cartographic extensions of the Belledonne eastern branch: the Mt-Blanc, Aiguilles Rouges, Pelvoux, and Argentera massifs that are lithologically similar to the eastern branch of the Belledonne massif must also belong to the Saxo-Thuringian Domain (Figure 6). Consequently, the Chamrousse ophiolites should be ascribed to the Tepla-Le Conquet suture.




3.3. The Variscan Basement of the Penninic Zone


From South to North, the Penninic crystalline substratum is exposed in the Internal Crystalline Massifs of the western Alps, namely: Liguria, E. Briançonnais, Dora Maira, Ambin, Gran Paradiso, Vanoise, Mte-Rosa, Lepontine Alps, and to the NE Tauern window (Figure 5 and Figure 6). This internal zone of the West Alpine orogen experienced an intense synmetamorphic ductile shearing during the Cenozoic events at ca 50–35 Ma (e.g., [40,70] and enclosed references). Most of the protoliths of the Alpine gneiss are Late Carboniferous or Permian granites, and Late Carboniferous sandstones, conglomerates, and pelites similar to some extent to a late-orogenic molassic formation (e.g., [40,71]). Since these rocks never experienced the Variscan orogeny, they must be considered only as a pre-Alpine substratum but not a real basement.



In the true Variscan basement, a pre-Late Carboniferous barrowian metamorphism is substantiated at the mineral scale in some micaschists and gneiss, for instance in the Ambin, Ruitor, Gran Paradiso, E. Briançonnais (e.g., [40,71,72,73,74,75]). Muscovite and biotite yield 40Ar/39Ar ages ranging between 360 and 340 Ma [76]. Ordovician granites (ca 470–440 Ma), and felsic volcanites are also widespread (e.g., [77]), but the Variscan pervasive structures are rarely preserved.



In the Ligurian Alps (Figure 5), the orthogneiss, paragneiss, metarhyolites, and amphibolites of the Calizzano and Savona massifs, a ductile deformation is documented by sigmoidal gabbroic boudins or sigma-type porphyroclastic augen gneiss [78,79]. It is worth noting that in this area, no ophiolitic remnants have been described yet. Although preliminary, a top-to-the-East (NE) shearing can be observed there.



Meter- to plurimeter-sized mafic and ultramafic boudins are scattered in the Penninic basement. Most of them are considered as Permian dykes intruding the gneissic continental crust. However, some Cambrian to Ordovician mafic-ultramafic associations are interpreted as ophiolites or ophiolitic mélange (e.g., [80,81]). In the Lepontine Alps (Figure 5), the amphibolites of the Simano nappe yields geochemical signatures suggesting a magmatic arc setting. Zircons from these rocks yield SHRIMP U/Pb ages at 518 ± 11 Ma (Early Cambrian) for the mafic protoliths [81].



Lastly, the core of the Tauern window exposes micaschists, paragneiss, and orthogneiss ascribed to the European plate overlain by the Alpine ophiolite bearing Penninic nappes ([82]; Figure 5). Several generations of granitoids (now changed into Alpine orthogneiss) have been recognized (e.g., [83,84,85,86] and enclosed references). In addition to the Late Carboniferous and Permian granitic intrusions, the basement rocks of the Tauern window expose two main lithological units [83,84,85]. The Habach Group consists of amphibolite derived from a basaltic protolith, paragneiss, micaschist, meta-graywackes and meta-conglomerates derived from terrigenous and volcanic formations. The Stubach Group is formed by amphibolite, paragneiss, and ultramafic bodies. The former group is interpreted as part of an arc or fore-arc complex related to the oceanic subduction of the Rheic ocean, whereas the latter one is considered as formed in an oceanic basin [84]. The oldest orthogneiss, derived from calc-alkaline granites and granitoids emplaced in the Habach arc, yield zircon U/Pb SHRIMP ages at ca 375 ± 10 Ma Ma [83]. The volcanic-sedimentary formations of the Stubach Group are ascribed to the Saxo-Thuringian Domain [83,84].



In conclusion, although most of the Variscan structures have been erased by the Alpine events, a few remains of East-directed shearing are locally preserved in the Penninic Domain of the western Alps. Furthermore, the presence of a Paleozoic active continental margin represented by ophiolitic remnants, magmatic arc series, and back-arc basin sediments are exposed in the Lepontine Alps and Tauern window, at the eastern part of this domain.





4. The Variscan Massifs in the South Alpine Domain


The Insubric, Tonale, Judicaria, and Peri-Adriatic faults, grouped as the Peri-Adriatic Line, represent the northern boundary of the South Alpine Domain that belongs to Apulia. The southern part of this domain is covered by Mesozoic and Cenozoic sediments (Figure 6 and Figure 8). The South Alpine domain exposes several pre-Permian basement massifs deformed and metamorphozed during the Variscan orogeny. Geographically, from West to East, they are: the Ivrea zone, Serie dei Laghi, Orobic Alps, Brixen-Valsugana, Carnic Alps, and Karawanken massif. Since Apulia corresponds to the upper plate of the Alpine collision, the South Alpine Domain experienced a localized Alpine deformation, mostly characterized by S-directed thrusts and shear zones between which the Variscan pervasive synmetamorphic structures are well preserved (e.g., [87,88,89]). The macroscopic regional foliation, cross-cut by Late Carboniferous or Permian plutons and covered by Permian volcanites, developed during the Variscan orogeny [90]. Numerous petrological and structural works have been dedicated to the Variscan features of the South Alpine Domain (e.g., [1,72,73,91,92,93,94,95,96,97,98,99,100,101]). In the following, only the main metamorphic and structural features are presented; for details, readers are invited to refer to the above-cited articles.



4.1. The Ivrea Zone


This area is famous as one of the rare places in the world where the lower continental crust made of mafic and felsic granulites and kinzigites is widely exposed at the surface. Such lithologies are considered as forming the layered lower continental crust observed in the seismic profiles or scavenged by Cenozoic volcanoes. The Ivrea HT metamorphic rocks developed in the Late Carboniferous, Permian, i.e., during the Late- to post-Variscan stages of the orogeny. Therefore, the Ivrea zone will not be considered below as it does not bear information on the architecture of the Variscan orogen.




4.2. The Serie dei Laghi (Lakes Series)


To the SE of the Ivrea zone, the metamorphic rocks of the Lakes series are subdivided into three litho-tectonic units, from the NW to the SE: (i) the Strona-Ceneri, (ii) the Scisti dei Laghi, and (iii) the Val Colla schists, with decreasing metamorphic conditions (e.g., [102]). The Strona Ceneri unit consists of paragneiss, micaschists, metasandstone, conglomerates, and garnet amphibolites. Most of these amphibolites are retrogressed eclogites derived from basalts, volcaniclastic rocks, gabbro, and rare ultramafics [103]. The thermo-barometric conditions of the HP metamorphism are constrained at 710 ± 30 °C, and ca 2.1 GPa, and dated at 457 ± 5 Ma, and 443 ± 19 Ma by zircon and rutile U/Pb method, respectively, implying ongoing subduction at that time [104]. The Strona Ceneri unit overthrusts the Scisti dei Laghi unit formed by biotite–garnet–staurolite–kyanite micaschists and metapelites. The sedimentary protoliths were intruded by Ordovician granites. In turn, the Scisti dei Laghi unit overthrusts the greenschist facies micaschists, quartz schists, phyllites, and epidote amphibolites of the Val Colla series.




4.3. The Orobic Alps


East of the Como lake, two main tectono-metamorphic units are recognized [92,96,102,105]. The northern one, sometimes called the Morbegno gneiss, consists of paragneiss with biotite–garnet–staurolite–kyanite assemblages characteristic of a barrowian MP/MT metamorphism [92,97,99]. These medium-grade metamorphic rocks, similar to the Scisti dei Laghi unit, overthrust an eastern or southeastern low grade (muscovite–chlorite) unit referred to as the Edolo schists [91,92,93,95,96,97,99,100,101].




4.4. The Variscan Massifs of Brixen, Valsugana, and Agordo


East of the Judicaria Line, the Variscan crystalline massifs consist of low-grade phyllites and quartz phyllites. From a structural point of view, these greenschist facies rocks have a gently dipping or flat lying foliation, and a N–S to NW–SE trending stretching lineation [106]. Kinematic indicators document both top-to-the SE, and top-to-the NW shear senses interpreted as burial- and exhumation-related structures, respectively. The quartz phyllite, with thermo-barometric conditions of 375 ± 26 °C and 0.4 GPa, yield white mica 40Ar/39Ar ages at ca 319.0 ± 5.5 Ma [107].




4.5. The Carnic Alps and Karawanken Unit


The easternmost parts of the South Alpine Domain (Figure 5) are well known for their fossiliferous Paleozoic sedimentary series (e.g., [107,108]). Strongly deformed along the Peri-Adriatic Line, the Karawanken unit will not be considered in the following. In the Carnic Alps, the Late Paleozoic series are characterized by a Devonian limestone platform with Frasnian-Famennian red or white nodular limestone, called the Pal Grande formation deposited at a low latitude. After a short Famennian-Tournaisian chert (lydites and siliceous schists) deposition episode, the Carboniferous rocks consist of ca 1000–1500 m Visean to Bashkirian turbidite, pebbly mudstone, and olistostrome called the Hochwipfel formation. The Devonian-Carboniferous sedimentation represents an evolution from a drowning limestone platform progressively replaced by a syn-orogenic gravity-driven chaotic deposit [109]. The Paleozoic series of the Carnic Alps is deformed by South-verging overturned and recumbent folds of Serpukhovian to Bashkirian age. The Hochwipfel formation is a syntectonic series deposited in a foreland basin coeval with the development of folds and thrusts (e.g., [108,110,111,112]). At the km-scale, several nappes are recognized [112]. The Western and upper Fleons nappe experienced a syn-metamorphic ductile shearing with a southward displacement developed under epizonal metamorphic conditions (ca 300–400 °C). According to Läufer et al. [112], the underlying units, called Cellon-Kellerwand, and Hochwipfel nappes, are deformed by south-verging folds and thrust, almost devoid of metamorphism.



The Carnic Alps presents striking lithological, structural, metamorphic and tectonic analogies with the southern part of the French Massif Central (Montagne Noire), Eastern Pyrenees, and southern Sardinia (Figure 2 and Figure 4) in which a progressively subsiding Devonian carbonate platform of Gondwanian affinity was replaced by a foreland clastic basin in Visean to Bashkirian [113]. This sedimentological change was coeval with the development of a South-directed fold-and-thrust belt (e.g., [28,30,31,37,43,114]).



Considering the entire South Alpine Domain, as already pointed out by Vai and Cocozza [1] for the metamorphic zonation, a point-by-point comparison can be established with the southern part of the French Massif Central and the Sardinia–Corsica segment. The Strona Ceneri Unit with the HP/MT relics, the MP/MT metamorphic rocks of the Scisti dei Laghi–Morbegno gneiss, the low-grade Val Colla–Edolo–Brixen quartz phyllite schists, and the Carnic anchizonal to unmetamorphozed series can be correlated with the Upper Gneiss Unit, Lower Gneiss Unit, Para-autochthonous Unit, and Southern Fold-and-Thrust belt, respectively. Therefore, in spite of important displacements and rigid-block rotations developed since the Permian, the South Alpine Domain is interpreted here as the eastern extension of the Moldanubian Domain.





5. The Variscan Fragments in the Austroalpine Nappe Stack


With respect to the Variscan orogeny, the Austroalpine Domain is the most difficult realm to decipher, as the Variscan elements are scattered into numerous Alpine nappes thrust over the Penninic Domain (Figure 1 and Figure 5). These units experienced widespread multiphase Permian (or pre-Alpine), and Cretaceous (or eo-Alpine), with some Cenozoic (or Alpine) tectono-metamorphic events and several hundred of kilometers of northward and westward displacement [115,116,117]. The Austroalpine stack is classically subdivided into Lower, Middle, and Upper nappes (e.g., [81,116,118,119,120]). Alike for the Helvetic and Penninic domains, this subdivision is not pertinent for the Variscan architecture since the Paleozoic lithological, structural, and metamorphic features are unrelated to the Meso-Cenozoic tectonics. Furthermore, the Variscan metamorphism and associated structures are rarely preserved in the Austroalpine nappe stack. In the following, we shall pay attention to the Variscan structures preserved in the Austroalpine stack developed East of the Tauern window (Figure 5). Firstly, the Paleozoic ophiolitic suites that represent first-order plate boundaries will be considered, and secondly an overview of the most representative tectonic units such as the low-grade Paleozoic series, and the high-grade metamorphic complexes will be introduced (Figure 5).



5.1. The Ophiolitic Suites


As oceanic lithosphere relics, ophiolites are key elements to separate the litho-tectonic domains corresponding to continents or microcontinents. In the Austroalpine Domain East of the Tauern window, three ophiolitic suites have been recognized [118,119,121]. Although dismembered and metamorphosed within the Alpine nappe stack, from north to south, they are the Ritting, Speik and Plankogel complexes (Figure 4 and Figure 9).



The Ritting complex as part of the Kaintaleck slices is located below the low-grade Greywacke nappe (Figure 5 and Figure 9). It consists of serpentinite, amphibolite, micaschist, quartzite, and marble boudins of Neoproterozoic to Early Paleozoic protolith age [122]. Amphibole from a retrogressed eclogite yields a Paleozoic 40Ar/39Ar age at 397 ± 7 Ma [123].



The Speik complex is formed by serpentinized peridotite, metabasalt, partly eclogitized metagabbro and oceanic sediments. The ultramafic rocks of the Speik ophiolitic complex yield a Sm-Nd age at 745 ± 44 Ma, isochron age at 554 ± 37 Ma, and Re-Os errorchrone age at 550 ± 17 Ma [124]. However, unpublished new zircon U-Pb ages from garnet amphibolite yield Early Ordovician ages ([125], F. Neubauer personal communication). This ophiolitic suite overthrusts biotite–plagioclase paragneiss and various kinds of ortho- and paragneiss called the “Core gneiss complex”(cf Section 5.3 below). The Speik ophiolitic complex is overlain by a Silurian-Devonian micaschist–marble complex. A stratigraphic contact with the underlying ophiolite is assumed (e.g., [118]) but in agreement with [125], a thrust contact is preferred here as ophiolitic suites, representative of oceanic lithosphere, are allochthonous units obducted upon continental crust. The micaschist–marble complex is a piece of a continental block that tectonically overlies the Speik ophiolites. The Speik ophiolites are presently interpreted as formed in a back-arc basin ([125], see Section 5.3.1 below).



The Plankogel complex is a serpentinite mélange with micaschist, basalt, marbles, and quartzite blocks enclosed in a silty-sandy matrix. The Plankogel mélange was originally considered as a Variscan ophiolitic mélange [118,119]. However, new data show that it was metamorphosed during Permian times [125], and was reworked by the Late Cretaceous eo-Alpine tectonics that followed the closure of the Meliata ocean [126]. The top-to-the-South (or the ESE) synmetamorphic kinematic indicators are related to the Plankogel detachment that accommodated the exhumation of HP to UHP rocks (e.g., [115,127,128]). Thus, in the following, the Plankogel mélange will not be considered to unravel the Variscan orogeny. When dealing with the Variscan tectonics, only the Speik and Ritting ophiolitic suites of Neoproterozoic to Early Paleozoic age represent oceanic realms that separated continental crust elements.




5.2. The Low-Grade Metamorphic Units


In the Austroalpine nappe stack, phyllites and quartz-phyllites are exposed in several allochthonous units such as the Paleozoic of Graz, the Gurktal thrust system, and the Greywacke nappe (Figure 5 and Figure 9); (see [129] for details). Lithologically, these units are dominated by phyllitic rocks and volcano-clastites with minor amounts of calcschist and limestone. Conodonts, acritachs and palynomorphs document a Late Silurian to Early Pennsylvanian age for these series. The sedimentary successions include abundant Ordovician acidic and felsic volcanics with alkaline lava flows and dykes. This bimodal magmatism complies with an Ordovician rifting event that took place within an intraplate basin [130].



In spite of a Late Cretaceous overprint, low angle thrusts and recumbent folds are documented in the Paleozoic of Graz [131]. The paleogeographic reconstruction suggests that the low-grade metamorphic rocks were deposited in a marine basin underlain by a continental basement open to the NW (in the present coordinates). The basin was subsequently inverted during the Early Pennsylvanian [129]. The low-grade rocks of the Greywacke nappe, exposed in the northern part of the Austroalpine stack tectonically overlie the Kaintaleck slices that contain a metamorphic basement and the Ritting ophiolites [122]. Muscovite and amphibole yield Early Paleozoic 40Ar/39Ar ages at 380–350 Ma, and 430–405 Ma, respectively [132]. To the South, the Gurktal nappe and the Paleozoic of Graz overthrust the Plankogel ophiolitic mélange ([118], Figure 9).




5.3. The Crystalline Complexes


Various metamorphic complexes are recognized in the Austroalpine nappe stack (Figure 5). The Variscan age of some of the metamorphic rocks is supported by the intrusion of the undeformed to weakly foliated Late Carboniferous or Middle-Late Permian granitic plutons (e.g., [133,134]). On the basis of the position of the Speik ophiolitic suite, it is possible to distinguish a lower group of units formed by the Seckau, “Core” gneiss, Grobgneiss, and Wechsel complexes, and an upper group formed by the Micaschist–marble, and Koriden gneiss complexes (Figure 9).



5.3.1. The Lower Metamorphic Complexes


The “Core” gneiss complex and the Seckau nappe consist of micaschists, paragneiss, orthogneiss, and felsic gneiss-amphibolite alternations (e.g., [118,134]). In the Seckau nappe, the Late Cambrian-Early Ordovician plutons of the Hochreichart suite intrude a Neoproterozoic (ca 570–560 Ma) metamorphic series (the Glaneck suite) formed during the Cadomian orogeny, followed by Late Devonian to Early Carboniferous plutons [134]. The Grobgneiss complex presents many resemblances with the “Core” gneiss complex, but abundant Middle Permian migmatites are also widespread [135].



The Wechsel gneiss complex, exposed in an Alpine tectonic window, is the lowermost part of this group of Variscan units (Figure 9). According to Neubauer et al. [136], it is subdivided into several litho-tectonic units [136], and enclosed references). Namely, from bottom to top, the Wechsel Gneiss Complex, in turn subdivided in lower Monotonous, and upper Variegated Gneiss complexes, followed by the Wechsel Phyllite Unit that consists of chlorite–muscovite–albite paragneiss, micaschist, blackschist, and quartz-phyllite with subordinate actinolite–epidote amphibolite. The Wechsel Gneiss and Phyllite units are tectonically overlain by the Waldbach Basement made of amphibolites, micaschists, ortho- and para-gneiss tectonically overlain by the Grobgneiss complex. The kinematic indicators coeval with the synmetamorphic deformation document a top-to-the-W or SW ductile shearing ascribed to the eo-Alpine tectonics [118,137]. However, white mica populations and whole rock yield Rb/Sr and 40Ar/39Ar ages around 380–370 Ma overprinted by Mesozoic ones [137]. The detrital zircon age distribution of rocks from the Variegated Gneiss Complex shows a peak between 2.5 and 2.1 Ga that supports a Gondwanian affinity for the source of the detrital zircons.




5.3.2. The Upper Metamorphic Complexes


From bottom to top, the upper group of metamorphic rocks that overlies the Speik ophiolite consists of a Micaschist–marble complex considered as derived from Ordovician to Devonian pelite and carbonate protoliths, followed by a series of biotite–garnet-kyanite metapelites exposed in the Koralpe and Saualpe areas [118]. The Bundschuh para-and orthogneiss complex that yield Ordovician ages (F. Neubauer, personal communication, Figure 9) is also tentatively placed in the upper metamorphic group.




5.3.3. The Western and Southern Variscan Metamorphic Complexes


West and South of the Tauern window, several Variscan metamorphic complexes are exposed in the Silvretta, Ötzal, Bernina, Campo, Ulten, and South-Tauern nappes (e.g., [4,116]; Figure 5). The detail of the Variscan structure of these complexes is incompletely clarified yet.



In the Silvretta nappe, which is considered as the western equivalent of the Seckau nappe, mafic gneiss derived from gabbro, tonalite, and diorite plutons that yield zircon U-Pb Neoproterozoic-Early Cambrian ages, ranging from 610 Ma to 525 Ma, [138] are interpreted as emplaced in a continental arc setting. Moreover, an oceanic plagiogranite dated at 532 ± 30 Ma is considered as a piece of an ophiolitic crust [139]. Thus, the metamorphic rocks of the Silvretta nappe document a Neoproterozoic-Early Paleozoic evolution characterized by the formation of a Cadomian basement, intruded by ca 475–467 Ma (Ordovician) plutons, and subsequently involved in the Variscan orogeny [138,139,140,141,142,143].



The litho-tectonic units distinguished in the metamorphic series exposed in the South Tauern area also experienced a Variscan top-to-the NW syn-metamorphic ductile shearing [117,144,145].





5.4. The Relative Arrangement of the Variscan Units in the Austroalpine Nappe Stack


In spite of many uncertainties, a speculative and qualitative restoration of the Variscan elements scattered in the Austroalpine Domain is proposed in this section. The multiple Variscan units presented in the previous sections are included in an extremely complex stack of Alpine nappes, with both East to West, and South to North displacements developed during the eo-Alpine and Alpine tectonics (e.g., [82,116]). In the Late Cretaceous, since the Cenozoic Alpine movements did not exist yet, a reconstruction of the Austroalpine bulk architecture corresponding to the eo-Alpine orogeny at ca 100–90 Ma provides a picture simpler than the present structure (Figure 10); (see [115,121,146] for details).



In order to unravel the effect of the Alpine tectonics, it is generally assumed that the geometrically highest nappes occupied the southernmost paleogeographic position since they experienced the largest displacement. In this view, the low-grade metamorphic units of the Greywacke nappe and its Neoproterozoic Kaintaleck basement should be rooted North of the Peri-Adriatic Line. Due to their lithological similarities, and for simplicity, the Gurktal and Paleozoic of Graz nappes are placed in the same unit together with the Greywacke nappe as proposed by Neubauer and Sassi ([129]; Figure 11). These nappes were thrust over the Ritting ophiolite that represents one of the Paleozoic oceans. North of the post-Variscan (i.e., Permian-Triassic) Plankogel ophiolitic mélange, the Koriden gneiss and the Micaschist–marble complexes are interpreted as two elements derived from the same continental block located South of the Speik ophiolites. More to the North, tectonically below the Speik ophiolites, the Seckau, “Core” gneiss, and Grobgneiss complexes correspond to pieces of the same continental block, the crust of which experienced ductile deformation and metamorphism during Variscan continental subduction. The Wechsel Gneiss Complex might belong to the distal part of this northern continent; however, the Alpine tectonic contact does not allow us to document the primary relationships between the Wechsel Gneiss Complex and the other metamorphic complexes (Figure 11). Nevertheless, since this metamorphic complex yields Paleoproterozoic detrital zircons with Gondwanian signatures, its place close to the Grobgneiss complex appears likely. Furthermore, the development of a magmatic arc in the Wechsel Gneiss Complex accounts well for the formation of the Speik back-arc basin [125,136].



In summary, in the Austroalpine nappe stack, this relative arrangement of the Variscan units allows us to propose the following restoration. Considering that the Speik back-arc basin opened within a single continental block, the Wechsel Gneiss, Gross Gneiss, “Core” Gneiss Complex, Seckau, Micaschist–marbles, and Koriden Gneiss complexes are ascribed to the Saxo-Thuringian microcontinent. On the contrary, South of the Ritting ophiolite, the Kaintaleck Cadomian basement and its weakly metamorphosed Paleozoic sedimentary cover exposed in the Paleozoic of Graz, Gurktal, and Greywacke nappe are ascribed to the Armorica microcontinent (Figure 11).





6. A Possible Interpretation: The Alpidic Orocline


A palinspastic reconstruction of the Variscan orogen involved in the Western and Eastern Alps must obviously unravel the Alpine deformation and displacement, namely: (i) a limited (ca 40–50 km) northwestward translation in the Helvetic crystalline massifs (e.g., [147]), (ii) a rigid anticlockwise rotation of the southern part of the Western Alps massifs of Argentera, Liguria, and the South Briançonnais part of the Penninic zone [148,149] with respect of the northern part of the Helvetic Domain [23,148,149], (iii) a bulk shortening of ca 200 km of the European margin, mostly accommodated in the Penninic Domain by km-scale north-verging recumbent folds, and thrust [150], (iv) a precisely unsettled north-to northwestward translation of the Austroalpine nappe stack, and South Alpine Domain. In the reconstruction discussed below, a rough ca 500 km displacement is assumed (e.g., [82,149,150,151] and enclosed references). Furthermore, the dextral displacement accommodated by the East Variscan Shear Zone have translated the Alpine External Crystalline Massifs to the SW [9,10,13], but the total amount of displacement is not well constrained yet.



Therefore, qualitatively, in the Austroalpine and South Alpine domains, the following succession, from South to North, in the present-day coordinates, can be proposed (Figure 12):




	
The South Alpine units of Strona Ceneri, Serie dei Laghi, Brixen schists, and Carnic Alps, present significant lithological, metamorphic, and structural features suggesting that this domain consists of several nappes comparable to the Moldanubian Domain. In this framework, the northern boundary of this domain, called eo-Variscan ophiolitic suture (Figure 2), is missing. We argue that it has been erased by the Peri-Adriatic Line that represents a major lithospheric discontinuity,



	
The low-grade metamorphic units of the Greywacke nappe, Paleozoic of Graz and Gurktal nappe are interpreted as the Paleozoic sedimentary cover of a Neoproterozoic basement belonging to another continental block. That pattern suggests similarities with the Armorica microcontinent. The Ritting, and Silvretta ophiolites might be located at the northern boundary of this block.



	
A northern continent is represented by the Micaschist–marble complex, Koriden gneiss complex, the units South of the Tauern window, the micaschists and gneiss of the Wechsel, “Core” gneiss, and Grobgneiss complexes. This block includes also the Speik ophiolites formed in a back-arc basin and thus do not represent a true plate boundary. Moreover, in agreement with previous works [123,133], we suggest that the Wechsel magmatic arc was formed in response to a south-directed oceanic subduction, followed by continental collision. These northern ocean and continent have been called Prototethys and Hunia/Galatia block, respectively [125,152]. However, in our terminology, the terms of Rheic suture and Laurussia (or Avalonia: i.e., the southern part of Laurussia) will be preferred, since they better emphasizes the place of the Alpine Variscan units in a unitary framework.



	
To the North of the Wechsel arc, an unexposed continental basement, ascribed here to Laurussia, is postulated in this palinspastic reconstruction (Figure 12).








Though the Variscan kinematics are not clearly established in all nappes, a northward sense of shear is documented, at least locally, in the last three areas, whereas a top-to-the-South displacement is established for the South Alpine Domain (e.g., [106,112,117,130]; Figure 5 and Figure 8; see Section 4 above). As discussed in Section 3, top-to-the-E shearing is documented in the External Crystalline massifs, NE Corsica, and probably Liguria (e.g., [45,57,79]).



At the scale of the entire Variscan belt exposed in the Western Alps, South Alpine and Austroalpine domains, the Chamrousse, Silvretta, and Ritting ophiolites are ascribed to the Tepla suture, whereas the Lepontine, and Stubach–Habach ophiolites and arc systems are correlated to the Rheic suture. The Speik ophiolite is interpreted as a back-arc basin opened to the South of the Wechsel arc. Furthermore, although presently not exposed, a continental crust ascribed to the Laurussia (or Avalonia) should also exist to the north of the Wechsel Gneiss Complex (see also [125]). This qualitative reconstruction of the basement massifs that does not consider the real amount of Late Carboniferous, Permo-Triassic and Meso-Cenozoic displacements defines a curved pattern, convex to the West, called here the “Alpidic orocline” (Figure 12). This newly proposed structure involves Gondwana-derived microcontinents such as Armorica, and Saxo-Thuringian Domain that before the Cretaceous were located to the South of the Moesia platform corresponding to Laurussia. During the Late Mesozoic and Cenozoic, this orocline was reworked by the complex tectonic evolution of the Alpine-Carpathian orogen (e.g., [153,154]). Furthermore, the difficulty to recognize the Alpidic orocline might also be due to the reactivation of Late Variscan shear zones by the Late Permian dextral megashear between Laurussia and Gondwana that transformed Pangea B to Pangea A (e.g., [155,156,157]).



The Southern Alps-Sardinia-South Corsica-Calabria-Peloritani-Kabylia massifs that form the outer branch of the orocline correspond to the Moldanubian Domain. The Argentella area of Corsica, the west branch of the Belledonne massif, and the low grade metamorphic units (Greywacke nappe, Paleozoic of Graz, Gurktal nappe) in the Austroalpine domain, and their underlying Cadomian basement, though not exposed everywhere, might be compared to the Armorica microcontinent. The Micaschist–marble, Koriden gneiss, and other metamorphic complexes located in the western part of the Tauern window, alike the Western Alps crystalline massifs, should be attributed to the Saxo-Thuringian block.




7. Conclusions: A Continuous Zonation Reworked by Oroclinal Bending


This rapid overview of the Variscan elements involved in the Alpine basement of Western, Southern, and Eastern Alps emphasizes the recognition of first-order geodynamic markers, such as ophiolites, magmatic arcs, late-orogenic foreland basins, and senses of displacement of the allochthonous units. These features allow us to propose a qualitative correlation with the Variscan domains defined in Western Europe outside the Alpine belt. Due to the lack of homogeneous and detailed structural, kinematic, and geochronological information in the entire belt, this palinspastic reconstruction remains preliminary.



The proposed paleogeographic scheme at the end of the Variscan orogeny, i.e., in Late Carboniferous to Early Permian times, suggests the existence of three oroclines in the Variscan belt of Western and Central Europe, namely: (i) the Ibero-Armorica (ii) the East Bohemia, and (iii) the Alpidic ones (Figure 2 and Figure 12).



Oroclines are widespread in recent orogens (e.g., Carpathians, Western and Eastern Himalayan syntaxes, Peru-Bolivia Andes, southern Alaska, etc.…). The tectono-mechanical origin of these oroclines remains controversial. A discussion of the mechanisms of oroclinal bending is beyond the scope of this article. In this oroclinal view, the Western Alps crystalline massifs are ascribed to the Saxo-Thuringian Domain instead of the Moldanubian one. Such an Alpidic oroclinal bend was suggested in several reconstructions for the Western Alps [7,9] but not extended to the Eastern Alps. The Ibero-Armorica Variscan orocline site is the less disturbed, and thus the most investigated. According to paleomagnetic, structural studies, and modelling, it is argued that the bending developed during the latest stage of orogeny in Late Carboniferous to Early Permian. The Ibero-Armorica orocline is now interpreted as a secondary feature formed by buckling of an originally near-linear belt partly assisted by crustal or lithosphere-scale strike-slip faults (e.g., [158,159,160] and enclosed references). A similar age and formation mechanism can be assumed for the East Bohemia and Alpidic oroclines, in particular, the role of the East-Variscan shear zone [9,10,13] deserves investigation, but its initial geometry has been considerably modified by the post-Variscan events. In the Devonian to Early Carboniferous, the architecture of the Variscan belt was probably more linear.



The unravelling of the Variscan fragments included in the Austroalpine nappe stack in the southern branch of the Alpidic orocline is still highly speculative as the width and kinematics of the Mesozoic oceans are controversial (e.g., [5,82,115,150,151]). The outer rim of the Alpidic orocline is rather well constrained by the consistency of the late-orogenic foreland basins from the French Montagne Noire to the Carnic Alps. Consequently, the stack of ductile and synmetamorphic units ascribed to the Moldanubian Domain is also constrained from Southern France, Sardinia–Corsica-Maures–Tanneron segment to the Serie dei Laghi, Orobic Alps, and Carnic Alps in the South Alpine Domain (Figure 12).



The correlations of the Variscan Austroalpine units with the Armorican and Saxo-Thuringian Domains result of the retro-translation of the Alpine nappes. The attribution of the Lepontine, and Stubach ophiolites to the Rheic ocean implies that the core of the Alpidic orocline is occupied by an Avalonian (or Laurussian) basement.



The subduction of the Western Paleotethys is sometimes invoked to account for the Variscan geodynamic evolution of the Alpine basement [4,6]. However, depending on the reconstructions, this ocean is located either in the South (i.e., close to Gondwana) or in the north (i.e., close to Laurussia) with respect to the Variscan orogen (e.g., [4,6,23,125,151]). Furthermore, in the study area, an Early Carboniferous subduction of the Paleotethys is not documented. In the present state of knowledge, it seems that the Paleotethys did not play any role in the building of the Variscan orogen that was already completed before the closure of the Paleotethys oceanic basin.



The basement massifs exposed in the Alpine belt are not directly representative of one given domain of the Variscan belt, as they are composite ones. Available works suggest that most of them should be subdivided on the basis of the Paleozoic ophiolitic sutures, high- or low-grade metamorphic units, and foreland basins. Further improvements are required to reach a comprehensive and quantitative reconstruction. Summoning Intra-Alpine or Galatian terranes does not help to decipher the Variscan puzzle in the Alpine basement.
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Figure 1. Tectonic map of Europa. The Variscan belt (in orange) occupies the medial part of the continent between the Early Paleozoic Caledonian belt (in blue) on northern Europa and the Cenozoic Alpine belt (in yellow) of southern Europa. The continuity of the Alpine belt is disrupted by the opening of the Neogene back-arc basins (in pale green). The Neoproterozoic Cadomian belt is hidden by younger formations or reworked in the Variscan belt. WA: Western Alps, EA: Eastern Alps, Ar: Ardenne, Co: Corsica, Ma: Maures, AM: Armorican Massif, MC: Massif Central, Mi: Minorca, Ro: Rhodope, S: Schwarzwald, Sa: Sardinia, SCa: South Carpathians, SM: Serbo-Macedonian, St: Strandja, TESZ: Trans-European Suture Zone. 
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Figure 2. Tectonic map of the Variscan belt of Western Europe. Three ophiolitic sutures, namely Rheic, Le Conquet-Tepla, and Eo-variscan, separate several continental masses. From North to South, they are Laurussia (Avalonia) represented by the Rheno-Hercynian Domain, Saxo-Thuringian Domain, Armorica, and Moldanubian Domain corresponding to the North Gondwana margin. The Eastern Variscan branch is represented by the Corsica-Sardinia-Maures massifs, and Alpine basement massifs. Note that Iberia, Corsica-Sardinia, and Alpine External massifs are qualitatively restored to their Permian position before the opening of the Biscay bay and the Provence–Algeria basins. 
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Figure 3. Simplified crustal-scale cross-section of the Variscan orogen in the French segment (located in Figure 2, modified from [16]). The southern part of the belt is related to the Early to Middle Devonian eo-Variscan collision of the North Gondwana margin and Armorica. Note that in Figure 2 the detail of the nappe stack is not represented. To the North, the Rheic suture separates the Avalonia (i.e., the southern margin of Laurussia) and the Léon microcontinent belonging to the Saxo-Thuringian domain. The Le Conquet (or Tepla) suture separates the Léon microcontinent and Armorica. For clarity, the late-orogenic plutons and migmatitic massifs have been omitted. 
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Figure 4. The Sardinia–Corsica segment. (A): Tectonic correlation between the Sardinia, Corsica, and Maures massifs restored to their pre-Cenozoic position. The North–South zonation (in the present position), is similar to that recognized in the French Massif Central, and the Maures Massif. In NW Corsica, the Argentella area, characterized by a Neoproterozoic basement and its Paleozoic cover, is correlated with the Armorican Domain. In the Belgodère and Agriates areas, the top-to-the-east shearing suggests that they belong to the Saxo-Thuringian Domain. The granitic intrusions are not shown. (B): schematic cross-section of the nappe stack in the Sardinia–Corsica segment (in its present orientation), and possible correlations with the main units recognized in the French Massif Central. The southern part of the section is similar to the Moldanubian Domain, whereas the northwestern (Argentella), and Central Corsica (Belgodère–Agriates) parts are correlated with Armorica and Saxo-Thuringian Domains, respectively. 
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Figure 5. Tectonic map of the Alpine substratum showing the Paleozoic rocks involved in the Helvetic, Penninic, Austroalpine, and South Alpine domains. Ad: Adula, Ta: Tambo, Su: Suretta. Note that the term “substratum” includes both the pre-Middle Carboniferous basement already deformed during the Variscan orogeny, and the Late Carboniferous or Permian sedimentary formations and magmatic rocks that experienced only the Alpine orogeny. 
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Figure 6. Structural map of the Variscan basement in the Western Alps: Helvetic Crystalline massifs (Argentera, Belledonne, Grands Rousse, Pelvoux, Mt-Blanc, Aiguilles Rouges, Aar Gothard); Briançonnais substratum; Penninic crystalline massifs (Dora Maira, Ambin, Gran Paradiso, Monte Rosa). The cross section of the S. Belledonne massif is located in the map. From West to East, the Penninic front separates the External (or Helvetic) and Internal (or Penninic) domains. 
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Figure 7. (A): structural map of the Mont-Blanc-Aiguilles Rouge massifs, and (B): cross-section of the Southwestern part of the Aiguilles Rouges massif (redrawn from [61]). This massif does not show any ophiolitic suture, but only eclogite derived from Ordovician mafic protoliths (gabbro, dyke, and lava flow) intrusive into a pelitic-sandstone formation. Ordovician granites are also intrusive in this series. Fold vergence and thrusts document NE-directed kinematics older than the 332 ± 2 Ma (Late Visean) plutons [13,52]. 
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Figure 8. Structural map of the South Alpine Domain (redrawn after [96,102,106,112]). Synthetic cross-section from the Ivrea zone to the Carnic Alps along the lines A and B shown in the map. 
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Figure 9. Tectonic map of the Austroalpine Domain east of the Tauern window. The Ritting, and Speik ophiolites subdivide the Variscan units into three main groups, namely: (i) the low-grade metamorphic units (Gurktal nappe, Greywacke nappe, and Paleozoic of Graz), (ii) the Koriden gneiss, and Micaschist–marble complexes, and (iii) the “Core” gneiss, Grobgneiss, and Wechsel gneiss complexes (simplified from [118]). For the interpretation of nappe architecture, see Figure 10 and Figure 11. 
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Figure 10. Crustal scale cross-section of the Austroalpine nappe stack during the Cretaceous (Eo-Alpine) event. The underlying plate consists of the Seckau, “Core” Gneiss and Grobgneiss complexes. The Wechsel Complex is assumed to belong to the same plate. The Speik ophiolite separates this piece of continental crust below, and an upper one formed by the Micaschist–marble and Koriden–gneiss complexes. The post-Variscan Plankogel ophiolitic mélange separates this lower edifice from an upper one formed by the Ritting ophiolites, the Neoproterozoic Kaintaleck basement and the low-grade metamorphic units (Greywacke nappe, and Paleozoic of Graz). The Mesozoic units are left in white (modified from [115]). 
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Figure 11. Tentative restoration of the Variscan belt by unravelling the litho-tectonic units involved in the Austroalpine nappe stack. The Speik ophiolite, interpreted as a back-arc basin, opened in a single continental terrane ascribed to the Saxo-Thuringian Domain. In spite of the Alpine tectonic gap, the Wechsel gneiss complex, interpreted as a magmatic arc, is also ascribed to the Saxo-Thuringian Domain. The Ritting ophiolitic suture separates Saxo-Thuringian and Armorican Domains. The South Alpine Variscan units are correlated to the Moldanubian Domain that belongs to the N. Gondwana margin. The Stubach ophiolite is ascribed to the Rheic suture. 
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Figure 12. Palinspastic Early Permian reconstruction of the Variscan Alpidic orocline in the Western and Central Alps. The Sardinia-South Corsica-Maures and Southern Alps define the Moldanubian outer rim, including the southern foreland basins. The Western Alps External crystalline massifs, the Penninic massifs, and the unraveled Austroalpine units belong to the Armorica and Saxo-Thuringian Domains. The Alpidic orocline is cored by the Avalonian part of Laurussia. MB: Mont Blanc, Be: Belledonne. 
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