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Abstract Opening of the Tyrrhenian Sea is the consequence of the eastward retreat of the Calabria–Apennines subduction from the Oligocene to the Present. Structural and petrological studies suggest a migration of extension from the Gulf of Lion to Alpine Corsica and to the present-day Apennines. During the same period the thrust front of the Apennines migrated eastward. Oceanic crust was first formed in the Liguro-Provenc¸al Basin, then in the Southern Tyrrhenian Sea, while thinning of the continental crust took place in the Northern Tyrrhenian Sea. Syn-rift deposits and frontal thrust show eastward migration. Metamorphic rocks were exhumed from Alpine Corsica to the Tuscan archipelago and the western coast of Tuscany. High pressure and low temperature parageneses are found along the transect and published stratigraphic and isotopic dates also suggest an eastward migration. We conducted a series of 40Ar/39Ar age determinations on metamorphic micas along this transect on mineral populations and/or single grains. The results show: (1) the Late Oligocene–Early Miocene age of the top-to-the-east sense of shear in Alpine Corsica; (2) a transition from compression to extension around 32 Ma; (3) the eastward migration of the HP/LT event related to compression from 45 to 17 Ma, and of the LP event, related to extension from 32 Ma to recent. These results show a faster migration rate of extension than compression. In the Quaternary, extension has almost caught up with compression and the onshore northern Apennines are presently extending. This faster migration of extension is interpreted as the consequence of a progressive steepening of the slab. © 2000 Elsevier Science B.V. All rights reserved. Keywords: argon; Corsica; extension; Tyrrhenian



1. Introduction Spatial transition from frontal compression to backarc extension is a characteristic of all Neogene Mediterranean basins. This transition migrates * Corresponding author. Tel.: +33-1-4427-5168; fax: +33-1-4427-4950. E-mail address: [email protected] (C. Brunet)



with time toward the external domains from the backarc region toward the subduction zone (Malinverno and Ryan, 1986; Serri et al., 1993; Jolivet et al., 1994; Lonergan and White, 1997; Jolivet et al., 1999). Migration is partly a consequence of the rollback of the subducting slab, a dynamic process operating both during oceanic and continental subduction (Malinverno and Ryan, 1986; Royden et al., 1987; Faccenna et al.,
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1996). The rate of rollback increases with the length of the slab ( Faccenna et al., 1996). Other major processes such as gravitational collapse or lower crustal delamination would introduce different trends in the rate of migration: gravitational collapse decreases with time because of the reduction of crustal thickness, while lower crustal delamination would accelerate the migration by an increase of the slab pull component ( Faccenna et al., 1996). This paper brings new chronological data along a transect between Corsica and Tuscany which better constrain the rate of migration and steepening of the slab through time. In the Western Mediterranean sea ( Fig. 1), eastward migration of the compressional front of the Apennines is well documented. Extension also migrated from the Gulf of Lion to the Apennines from the Late Eocene to the present (Re´hault et al., 1984; Serri et al., 1993; Faccenna et al., 1996; Jolivet et al., 1998). In the peri-Tyrrhenian zone (Fig. 2), the migration of the thrust front and of the accretionary wedge is constrained by biostratigraphic data across the Italian peninsula (Malinverno and Ryan, 1986; Zitellini et al., 1986; Patacca et al., 1990; Bartole, 1995). Late Oligocene



crustal thickening is also documented by remnants of HP/LT metamorphic assemblages in the various metamorphic cores along the western coast of Italy such as in the Alpi Apuane (Carmignani and Kligfield, 1990), north of our working transect, and in the Monte Argentario ( Theye et al., 1997; Jolivet et al., 1998). From there, the eastward migration of compression resulted in the progressive incorporation in the accretionary complex of more easterly sedimentary units carried by the Apulian crustal lithosphere. The present-day thrust front is to be found in the Adriatic Sea (Malinverno and Ryan, 1986). Compressional earthquakes with P-axes perpendicular to the front are still recorded there though a slower convergence rate is probable during the Quaternary ( Frepoli and Amato, 1997). The recent discovery of HP/LT metamorphic rocks in Tuscany and within the Tuscan archipelago (Argentario, Monticciano-Roccastrada, Giglio and Gorgona islands) ( Theye et al., 1997; Jolivet et al., 1998) demonstrates that Oligocene crustal thickening was more intense and affected a larger area of the Italian peninsula than previously thought.



Fig. 1. Tectonic scheme of the Western Mediterranean Sea.
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Fig. 2. Tectonic map of the northern Tyrrhenian Sea. After Jolivet et al. (1998).



This thickening and the development of the northern Apenninic belt are the consequence of the collision between the Adria and Corsica– Sardinia microplates since the Oligocene (Patacca et al., 1990). In northeast Corsica, HP/LT metamorphic assemblages have been recognized (Caron



et al., 1981; Warburton, 1986; Waters, 1990). However, they are interpreted to belong to an older Alpine belt that forms the southern prolongation of the Western Alps. This belt constitutes another accretionary complex formed in Cretaceous–Eocene times when Alpine Corsica
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was thrust westward onto the Variscan basement of southern Europe (Mattauer and Proust, 1976). Therefore, the presence of two accretionary complexes on both sides of the Tyrrhenian basin raises the question of their mutual relations before and during the opening of this basin. In most models, the two HP belts have no connection and Alpine Corsica behaved as a rigid block during the formation of the Apenninic belt. In the second hypo-



thesis, a continuous time–space migration of deformation from Corsica to the Apenninic frontal thrust led to crustal thickening, syn-orogenic exhumation and post-orogenic extension (Jolivet et al., 1998). Until recently, the rifting of the LiguroProvenc¸al basin and that of the Tyrrhenian Sea were regarded as two events disconnected in time (Re´hault et al., 1990). But the discovery in the intervening island of Corsica of an early Miocene



Fig. 3. Space–time relations of tectonic, magmatic and sedimentary events in the northern Tyrrhenian sea ( Zitellini et al., 1986; Vai, 1987; Serri et al., 1993; Bartole, 1995).
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ductile extension and the interpretation of the Burdigalian Saint Florent basin as an extensional basin (Jolivet et al., 1990; Fournier et al., 1991) opened the possibility of continuous extension from the Late Eocene to the Late Miocene. Recent structural studies in Corsica and the Tuscan Archipelago (Jolivet et al., 1998) demonstrate that the same geometry of extension involving shallow east-dipping shear zones was active from the Early Miocene in Corsica to the Pliocene in the island of Giglio. The magmatic activity follows this eastward migration of extension from the Early Miocene in western Corsica, to Late Miocene– Pliocene in the Tuscan archipelago and Quaternay in Tuscany (Fig. 3). However, contradicting this model of progressive migration of deformation in Miocene times, available isotopic dates in Alpine Corsica suggest that there is a rather large time gap between the youngest cooling ages in the exhumed metamorphic rocks (33–40 Ma) and the age of the oldest syn-rift sediments in the Saint Florent basin (Burdigalian, about 18 Ma). In the Apennines, isotopic dates are nearly lacking in Tuscany whereas ages in the range 27–11 Ma were reported in the northern Alpi Apuane ( Kligfield et al., 1986).Therefore, we achieved a series of 40Ar/39Ar age determinations on micas from metamorphic rocks on a transect from Corsica to Tuscany to extend this limited data set and in order to better constrain a geodynamic model of concurrent eastward migration of compression and extension across the Tyrrhenian basin.



2. Geological setting 2.1. Alpine Corsica Alpine Corsica (Fig. 4 and Fig. 5) is a complex stack of nappes derived either from oceanic protoliths (ophiolitic Schistes Lustre´s) or continental basement ( Tenda massif, Corte slices, and Serra di Pigno-Oletta unit). They were all thrust westward upon the continental Variscan basement of western Corsica (Mattauer and Proust, 1976). HP/LT mineral assemblages are found in all units except in the uppermost one, the Balagne-



131



Nebbio unit made of a piece of oceanic crust resting upon an Eocene olistostrome (Caron, 1994). HP/LT parageneses are progressively overprinted by greenschist facies ones toward the north (Caron and Pequignot, 1986; Caron, 1994; Daniel et al., 1996). The Balagne-Nebbio unit rests tectonically upon the non-metamorphosed basement of Western Corsica with an intervening Eocene foreland basin ( Egal, 1992). Farther east, the Balagne-Nebbio unit rests upon the Tenda massif and the Schistes Lustre´s nappe. Small remnants of the BalagneNebbio unit crop out along the northwestern coast of Cap Corse near Maccinagio (Durand Delga, 1984). The basal contact is well exposed there, and shows a shallow, east-dipping normal fault with a top-to-the-east sense of motion (Jolivet et al., 1990). The Tenda massif and the Corte slices are pieces of continental basement with their Mesozoic to Eocene sedimentary cover metamorphosed in MP/LT conditions. Blue amphiboles (crossite, Mg-riebekite) are found sporadically in the Corte slices (Be´zert and Caby, 1988) and quite systematically within top-to-the-west shear zones of the Tenda massif (Jourdan, 1988; Daniel, et al., 1996). Unlike in the Schistes Lustre´s nappe, Na-pyroxene has not been observed, which limits the maximum pressure to 0.5 GPa for a temperature of 300±50°C (Lahondere, 1991). The Schistes Lustre´s nappe is a stack of oceanic and continental units with a similar organization from south to north, i.e., from the Castagniccia to the Cap Corse. From bottom to top, these units are: – The Castagniccia Schistes Lustre´s sensu stricto: a stack of several HP/LT metapelitic units with some interlayered metabasites. P-T estimates vary between (P=1.1±0.05 GPa, T= 455±35°C ) in metabasites (Lahondere, 1991) or 1.4–1.7 GPa, 300–380°C in metapelites (Jolivet et al., 1998) in blueschist facies rocks and P=1.8 GPa, T=500±50°C in ecolgite facies rocks (Caron and Pequignot, 1986; Lahondere, 1991). – The Lancone glaucophanites consist of several units of metabasalts (pillows, flows and hya-
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Fig. 4. Structural map and crustal scale cross-section of Alpine Corsica with the location of samples after Daniel et al. (1996).
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Fig. 5. Structural map at the latitude of Bastia with sample location.



loclastites) (P=0.8/1.0 GPa, T=350±25°C ) (Lahondere, 1991). – A thick unit of serpentinite contains a thin slice of continental basement and slices of metagabbros, all metamorphosed under eclogite facies conditions (Farinole-Morteda unit) (P= 1.5 GPa, T=500±50°C ). A transition from eclogite to blueschist (P=0.8/1.0 GPa, T= 350±25°C ) and then to greenschist facies (P= 0.5 GPa, T=350°C ) conditions is observed in the Farinole orthogneiss near Monte Pinatelle (Lahondere, 1991). – The Serra di Pigno-Oletta unit is composed of



continental basement with its metasedimentary cover. One published P-T estimate gives P= 0.6/0.8 GPa and T=300±50°C (Lahondere, 1991). A similar unit is found at the northern tip of Cap Corse (Centuri gneiss) where HP assemblages are superimposed onto magmatic parageneses as well as Variscan HT minerals. – The Gratera serpentinite and gabbro unit contains small slices of various oceanic or continental affinity lithologies, near its contact with the Serra di Pigno-Oletta unit. All lithologies contain HP/LT parageneses. In Alpine Corsica, three main stages of defor-
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mation are identified (Caron, 1994; Daniel and Jolivet, 1995; Daniel et al., 1996): (1) First stage D : during the high pressure 1 event, an E–W-trending stretching lineation, associated with a top-to-the-west shear, developed in most lithologies. This trend corresponds to the overthrusting of the Schistes Lustre´s nappe onto the continental basement of Variscan Corsica. However a N–S-trending lineation is found in some places, especially in the Castagniccia Schistes Lustre´s and in the Cap Corse (Caron, 1994; Daniel et al., 1996), and was reported in the Tenda massif (Lahondere, 1991; Caron, 1994; Daniel et al., 1996). The meaning of this lineation which probably predates the E–W lineation remains unclear but it might represent an early stage of oblique convergence between Corsica and the Schistes Lustre´s Ligurian ocean. (2) Second stage D : the greenschist retrogres2 sion is seen everywhere albeit with an increasing gradient toward the north. It is associated with a reversal of sense of shear (Jolivet et al., 1990, 1991; Daniel et al., 1996). Consistent top-to-the-east kinematic indicators are found along contacts between units. The widest shear zone is the contact beween the Schistes Lustre´s and the Tenda massif, the East Tenda Shear Zone (Fig. 5). This shear zone is characterized by a strong strain gradient seen across the Tenda massif toward the contact. A progressive deformation of the HP foliation with vertical shortening and top-to-the-east shear bands is associated with the destabilization of blue amphiboles. A west-dipping crenulation cleavage and N–S-trending fold axes rework the HP foliation. The most intense strain is located along the contact with a prominent E–W-stretching lineation and a complete transposition of the crenulation cleavage in the mylonitic foliation, and transformation of folds into sheath folds with E–W axes. (3) Third stage D : the regional foliation is 3 folded into broad antiforms and synforms and the Saint Florent basin is deposited in the Nebbio synform ( Figs. 4, 5). The last two stages (D and D ) are interpreted 2 3 as the result of crustal-scale thinning which ends with the deposition of limestones into a half graben and the large scale boudinage of the crust (Jolivet et al., 1998).



2.2. The Northern Tyrrhenian Sea and the Tuscan archipelago Rifting in the Tyrrhenian Sea occurred from the Miocene to the Pliocene. The oldest basin, the Corsica Basin, is also the deepest. It extends all along the eastern side of Corsica. Several kilometers of undeformed sediments from Oligocene to recent are shown by seismic profiles ( Viaris de Lesegno et al., 1978; Bartole, 1995; Mauffret and Contrucci, 1999; Mauffret et al., 1999). The Monte Capanne (west Elba) and Montecristo plutons yielded ages in the range 7.3–6.2 Ma (Serri et al., 1993). They were emplaced in the upper crust below east-dipping detachments ( Keller and Pialli, 1990; Daniel and Jolivet, 1995). The Monte Azzuro pluton (east Elba) is slightly younger (around 5 Ma) and also associated with top-tothe-east asymmetric extension (Daniel and Jolivet, 1995). A similar geometry is found in the island of Giglio, also intruded by a 5 Ma old granite ( Westerman et al., 1993; Jolivet et al., 1998; Rossetti et al., 1999). Pre-extension structures and parageneses were found in the upper plate of Elba above the Zuccale detachment (Perrin et al., 1972), in the Franco promontory (island of Giglio) and on the island of Gorgona farther north. Although no HP paragenesis was found in Elba, such parageneses are well preserved in Gorgona and Giglio (Lazzarotto et al., 1964; Mazzoncini, 1965; Rossetti et al., 1999). The rocks in Gorgona are similar to the Castagniccia Schistes Lustre´s of Alpine Corsica (Ligurian units). Metamorphic rocks in Giglio derive from the Verrucano sediments originally deposited during the Triassic on the passive margin of Adria. Ligurian units and Verrucano facies rocks are found in Elba. Glaucophane and lawsonite relics are found in metabasites, and Fe–Mg carpholite in metapelites (P=1.2–1.4 GPa, T~300–350°C ) (Jolivet et al., 1998). So far no radiometric ages are available from those rocks. 2.3. Tuscany Several metamorphic core complexes crop out within Cenozoic deposits (Fig. 2). These core complexes all comprise Verrucano facies rocks with
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some Ligurian units on the top in Monte Argentario. The Monticciano-Roccastrada, Uccelina and Monte Pisano complexes are made essentially of Verrucano sandstones and metapelites. Monte Argentario ( Fig. 6) shows both the Ligurian units intermingled by thrusts with Verrucano facies units (Decandia and Lazzarotto, 1980).The discovery of Fe–Mg carpholite from the Verrucano facies rocks in the Argentario promontory ( Theye et al., 1997) indicates that the western margin of Adria was subjected to HP/LT conditions (1.1–1.3 GPa, 350–400°C ). Similar parageneses were found in the Monticciano-
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Roccastrada rocks (0.6–0.8 GPa, 350–400°C ) (Giorgetti et al., 1997) as well as in the Ligurian units of Monte Argentario. This discovery is compatible with the occurrence of blue amphiboles known in the Ligurian units (Gottardi, 1957).These P-T data should be compared to the Alpi Apuane farther north, where metamorphic aragonite and kyanite (in Massa unit) were described in different deep units of the core complex (Di Sabatino, et al., 1977). The following HP/LT conditions have been estimated in the Alpi Apuane region : P=0.8/0.6 GPa, T=400/430°C in Autochtonous unit; P=0.8 GPa, T=350/370°C in



Fig. 6. Argentario area and sample location.
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the Panies unit; P~1.0/0.8 GPa, T=450±50°C in the Massa unit (Di Sabatino et al., 1977). More recent estimates, based on the petrology of metapelites, are around 0.7–0.9 GPa, 410–430°C for the Alpi Apuane autochthon, and 0.8–0.11 GPa, 450–500°C for the Massa unit (Jolivet et al., 1998).



3. Available stratigraphic and isotopic constraints 3.1. Alpine Corsica In Alpine Corsica, biostratigraphic constraints suggest a diachronous emplacement of nappes. The sediments of the foreland basin overthrusted by the Balagne nappe contain late Lutetian nummulites reworked in an olistostrome deposited during thrusting, thus constraining the nappe emplacement to be older than 41 Ma using the timescale of Gradstein and Ogg (1996). To the south, near Corte, the presence of Bartonian nummulites in a metamorphic conglomerate containing blue amphiboles (P=0.5 GPa, T=300±50°C ) points to an age younger than 37 Ma for the HP event in the Corte slices and Tenda massif (Be´zert and Caby, 1988). Farther south, the Prunelli Eocene sediments, devoid of HP assemblages, unconformably rests on the basement of western Corsica as well as on the Schistes Lustre´s, implying a pre-Eocene age for HP metamorphism in the Schistes Lustre´s which are made of Upper Jurassic–Lower Cretaceous sediments. The same sequence is overthrust by the Inzecca units (Ligurian) which contain HP metamorphic assemblages. Post-metamorphic sediments are also represented by the Burdigalian deposits of the Saint Florent, Francardo, Bonifacio and Aleria basins that record mostly the late extensional stage. Westward tilting in the Saint Florent basin affects the whole sequence from the pre-Burdigalian to the Serravallian (Orszag-Sperber and Pilot, 1976). Ferrandini et al. (1996) recently described continental deposits slightly more tilted than the overlying Burdigalian limestone. This continental formation is attributed to the Late Oligocene– Early Miocene. In the Aleria plain, the Miocene sequence is more complete with a sedimentation until the Messinian. The Serravalian and a part of the Tortonian are, however, missing which may



indicate a post-Langhian emersion (OrszagSperber and Pilot, 1976). Despite the large number of structural and metamorphic studies carried out in Alpine Corsica, only a limited number of isotopic ages were obtained before this study. Scarce 40Ar/39Ar phengite ages were reported in different places : 37±1 and 34.4±1 Ma for the Castagniccia Schistes Lustre´s in Sant’Andrea di Cotone (Maluski, 1977), 40.0±2.0 Ma in one basement slice near Corte (Amaudric du Chaffaut and Saliot, 1979), 34– 37 Ma in the eastern margin of the Tenda massif (Mailhe´, 1982), 32.6±0.8 Ma and 34.4±0.8 Ma in the East Tenda Shear Zone (Jourdan, 1988), and 40.3±0.9 Ma on the Castagniccia eclogites in Volpajola (Lahondere, 1991). Data pointing to a metamorphic event older than the Late Eocene are scarce and of disputable meaning. Glaucophane from the Schistes Lustre´s yielded a two-step discordant age spectrum with a maximum high-temperature age close to 90 Ma (Maluski, 1977) that has been frequently used to assess the age of the HP metamorphism in Alpine Corsica. However, because only two steps were performed on this sample and because of the potential presence of excess argon in K-poor amphiboles, the reliability of this Cretaceous age remains questionable. In addition, a whole-rock Rb–Sr age of 105±8 Ma has been obtained on the East Tenda Shear Zone (Cohen et al., 1981), that was interpreted as the age of thrusting of the Schistes Lustre´s on the Tenda massif. However, this age is inconsistent with the above-mentioned biostratigraphic constraints that point to an upper Eocene age for the HP metamorphism in the Tenda and Corte continental units. It is very likely that the various whole rocks plotted on the Rb–Sr isochron had not reached isotopic equilibrium during the Alpine shearing and metamorphism overprinted on the Tenda Variscan granodiorite. More recently, a Sm–Nd age of 83.8±4.9 Ma was reported on whole rock–garnet–glaucophane– clinopyroxene from an eclogitic lense intercalated in the Castagniccia Schistes Lustre´s (Lahondere and Guerrot, 1997). This date provides the only evidence of a Cretaceous HP metamorphism in the Schistes Lustre´s, thus predating the blueschist metamorphism in the outermost continental units of Alpine Corsica.
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Eocene apatite and zircon fission track data were also reported by Mailhe´ (Mailhe´, 1982) both in the Schistes Lustre´s and Tenda massif, suggesting that exhumation and cooling of Alpine Corsica below 100°C occurred before the Oligocene. However, this conclusion conflicts with that of a new fission track study performed within the same area (Jakni et al., 1998) as well as with the 40Ar/39Ar results presented below, which point to a major phase of exhumation in Oligocene– Miocene times. 3.2. Tuscany and the Tuscan archipelago 3.2.1. Tyrrhenian and Tuscan basins In Corsica, marine deposits of the Saint Florent Miocene basin, along the contact between the Variscan autochthon and the allochthonous Schistes Lustre´s nappe show that this region was under sea level as early as the Burdigalian. In the Corsica Basin, the oldest sediments cropping out in Pianosa Island and on the eastern margin of Corsica in the Aleria plain are also Burdigalian in age. However, recent offshore drill holes on the eastern margin of the basin have reached Late Oligocene sediments (Bartole, 1995; Mauffret and Contrucci, 1999). A progressive offset of depot-centers is documented from the Miocene to the Quaternary ( Viaris de Lesegno et al., 1978). Tilted horizons indicate that uplift of the Elba-Pianosa ridge occurred in the Late Miocene. The Tortonian age of granitic plutons in Elba (6.8/6.2 Ma), in Montecristo (7.3 Ma) and of the volcanism in Capraia (6.9/6.7 Ma) (Serri et al., 1993), shows that sedimentation is contemporaneous with magmatism (Jolivet et al., 1998; Mauffret et al., 1999). In the calcschist of the Ortano-Rio Marina unit, a 40Ar/39Ar plateau date of 19.7±0.2 Ma has been reported on muscovite (Deino et al., 1992), possibly dating the last compressive events recorded in Elba. East of Pianosa ridge, several small N–S to NE– SW half-grabens are bounded by east- or westdipping normal faults (Bartole, 1995). Onshore, from Tuscany to the Apennines the Tyrrhenian margin is affected by a succession of horsts and grabens. Extension migrated continuously from west to east from the Langhian to the Present (Zitellini et al., 1986). Furthermore, the syn-rift
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period shortens progressively with time suggesting an acceleration of the migration of extension eastward (Bartole, 1995). The end of the syn-rift period is contemporaneous with the emplacement of late Miocene plutons (Serri et al., 1993). The sedimentary record and the ages of plutons shows a progression of post-orogenic extension from west to east from 20 Ma to the Present in the northern Tyrrhenian basin. The results of ODP Leg 107 in the south Tyrrhenian basin also evidenced a southeastward migration of extension, from 15 Ma east of Sardinia to the Present west of Calabria ( Kastens et al., 1988). 3.2.2. Alpi Apuane In the Alpi Apuane, muscovites give K–Ar ages ranging from 11 Ma for the Autochthonous unit to 14 Ma for the Massa and Stazzema units (Giglia and Radicati di Brozolo, 1970; Radicati di Brozolo and Giglia, 1973). A similar Rb–Sr age of 14.8±1.6 Ma has been reported on muscovites from the Massa unit (Radicati di Brozolo and Giglia, 1973). These Serravalian ages are interpreted to record the last compressive events recognized in the area ( Elter et al., 1975). However, it is suggested that part of these ages could be mixed ages due to the superposition of different deformations in the studied rocks ( Kligfield et al., 1986). More recently, K–Ar dates were reported on pelitic rocks from the autochtonous and Massa units, completed by 40Ar/39Ar dates ( Kligfield, 1980; Kligfield et al., 1986). K–Ar ages are ranging from 27 to 10 Ma, while the 40Ar/39Ar are generally discordant due to the coexistence of several mica generations in the studied rocks. 27 Ma is considered to represent the age of the major deformation D under greenschist facies conditions (350–400°C, 1 0.3–0.4 GPa). Stratigraphic constraints suggest that the younger Macigno formation sediments, affected by this greenschist metamorphism, are late Oligocene (Dallan-Nardi, 1977), which indicates that these sediments were buried to a depth of 10 km just after their deposition.



4. Isotopic ages In northeast Corsica, three regions were sampled: (a) the Tenda massif; (b) the Schistes
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Table 1 39Ar/40Ar ages from Corsicaa Localization Tenda Pont de Truscialza ETSZ: Punta di Cepo ETSZ: Mt. Guppio ETSZ: Fornali U. Schistes Lustre´s Serra di Pigno Monte Pinatelle-Farinole Monte Pinatelle Bracolaccia



Road Teghime-Bastia Col de Teghime Santa Catalina-Sisco



Sample



Total age



Plateau age



Isochrone age



LT age



HT age



Methodb



2B25 ph 2B2 ph 2B28 ph 2B28 ph 2B31 ph



39.4±0.4 24.9±0.2 30.9±0.3 36.8±0.4 32.6±0.3



– 25.2±0.2 32.2±0.3 38.9±0.5 –



– 25.9±0.3 – – –



26.6±1.3 21.4±0.5 25.8±2.0 28.4±1.1 24.1±2.3



46.6±1.2 27.2±2.0 32.7±0.4 39.3±0.3 36.7±0.5



Conc. Conc. Conc. Sing. Conc.



2B3 ph 2B7 ph 2B8 ph 2B9 ph 2B17 ph 2B17 ph 2B17 ta 2B20 ph 2B22 ph 2B35 ph



31.7±0.3 37.4±0.4 54.3±0.5 62.3±0.6 30.7±0.4 34.6±0.6 26.1±1.0 27.9±0.3 29.4±0.4 25.3±0.3



31.9±0.3 – – 63.9±0.6 32.8±0.4 34.6±0.6 – 27.6±0.3 – 25.4±0.2



– 40.2±0.4 54.1±0.8 58.9±0.8 – – – 24.7±0.7 27.9±0.3 25.7±0.3



30.4±1.0 32.4±1.9 52.2±1.7 55.3±4.3 25.8±2.3 32.9±3.5 21.9±6.3 21.4±2.3 28.0±1.9 23.9±4.6



33.2±0.4 40.2±0.9 58.2±0.5 65.3±0.7 33.5±0.8 34.7±1.6 32.0±2.2 31.2±0.2 32.5±2.2 26.3±0.2



Conc. Conc. Conc. Conc. Conc. Sing. Sing. Conc. Conc. Conc.



Average age Tenda ETSZ: Mt. Guppio U. Schistes Lustre´s Monte Pinatelle Bracolaccia



2B28 ph



34.9±0.4



30.8±0.4



36.5±0.4



Spot



2B9 ph A 2B9 ph B 2B17 ph



42.9±0.7 46.7±0.6 34.5±0.4



27.1±5.4 40.8±1.2 32.1±0.5



47.7±2.5 55.5±2.8 38.3±1.9



Spot Spot Spot



a Minimum and maximum ages for % 39Ar>1% and % 40Ar atmospheric≤40%. b Conc., step-heating of mineral concentrates with furnace; Sing., step-heating of single-grain mineral with laser probe; Spot, spot fusion on single-grain mineral with laser probe.



Lustre´s nappe in the Serra di Pigno-Oletta unit and the Morteda-Farinole unit between Saint Florent and Bastia and along the eastern coast of Cap Corse; and (c) the Centuri gneiss in the Cap Corse. The whole set of samples covers a complete cross-section of Alpine Corsica. In the Tenda massif samples were selected in two domains, one from the core of the massif where D and the MP-LT parageneses are well 1 preserved, a second corresponding to the East Tenda Shear Zone ( Fig. 5) where D and the 2 greenschist retrogression are predominant. All the samples derive from a former variscan granodiorite. In the Schistes Lustre´s, samples were taken mainly within the continental units intercalated within the Schistes Lustre´s, the Serra di Pigno-



Oletta unit and the Farinole-Morteda unit, with the exception of a marble of the Sisco unit (Castagniccia s.s.) collected along the eastern coast of Cap Corse, as well as two samples from the Centuri gneiss in the north. Samples were then taken from the Schistes Lustre´s of Gorgona island and from the Verrucano schists and conglomerates in Monte Argentario ( Fig. 6) and Monte Uccelina (Fig. 2). 4.1. Alpine Corsica 4.1.1. Tenda massif (Table 1) One sample from the central high-pressure gneissic core and three samples from the East Tenda Shear Zone were analyzed (Fig. 7). Phengite 2B25 from the core has a discordant age spectrum
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Fig. 7. Corsica, Tenda 39Ar/40Ar results.



(Fig. 7A) that regularly increases during step-heating from a minimum value of 23.3±2.5 Ma to a maximum age of 46.6±1.2 Ma. The atmospheric contamination is high in the very first steps and remains stable for the subsequent argon release. The 36Ar/40Ar versus 39Ar/40Ar plot reveals strong scattering of the representative data points, suggesting that different argon reservoirs contributed to the gas release. No laser probe analysis has been conducted on this sample because of the small size of phengites. Three populations of phengite from the East Tenda Shear Zone give contrasting results. Two of them containing phengite porphyroclasts (2B28 and 2B31) display increasing age spectra from 22 to 25 Ma to maximum values in the range 32– 36 Ma, with integrated dates of 30.9±0.3 Ma and



32.6±0.3 Ma, respectively (Fig. 7A, B). The third sample (2B2), with a single generation of S phen2 gite has a younger integrated date of 24.9±0.2 Ma, a plateau date 25.2±0.2 Ma for 84% of the argon released, and an intercept age of 25.9±0.3 Ma in the 36Ar/40Ar versus 39Ar/40Ar isotope correlation plot (Fig. 7A). Single grains of high Si porphyroclastic phengites were extracted from sample 2B28 for laser probe dating. A first grain was stepwise-heated with a defocused laser beam and again produced an increasing age spectrum from 28 to 39 Ma, with an integrated date of 36.8±0.4 Ma (Fig. 7B). Laser spot dating was applied on a second porphyroclast from this mylonite. Among 12 spot fusions, 11 have ages ranging from 34.0±1.7 Ma to 36.5±0.4 Ma, with no systematic core versus
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rim distribution of apparent ages ( Fig. 7C ). A single spot gives a younger age close to 31 Ma. Discarding this last analysis, an integrated age of 35.1±0.4 Ma was calculated for this grain. Compared to the data derived from step-heating of mineral populations 2B28 and 2B31, these laser probe dates from porphyroclastic phengites are systematically older than the maximum ages of the age spectra. This strongly suggests that the population separates contain at least two generations of white mica, one represented by 37–35 Ma old S 1 porphyroclastic phengite, the second one having an age close to 25 Ma as recorded by the minimum ages of 22–25 Ma in the age spectra and by the plateau date of 25.2 Ma from the most severely mylonitized sample 2B2. It is likely that the preservation of late Eocene ages in phengite porphyroclasts has been favored by the low thermal regime maintained during the exhumation of the Tenda gneissic rocks. An evolution in the shape of argon release spectra is seen across the Tenda massif from the samples which preserve D structures to samples 1 which shows a complete reworking by D . Samples 2 weakly affected by D show discordant spectra 2 with maximum ages around 45 Ma, while the most sheared samples shows a good plateau at 25 Ma. Age data suggest the existence of two generations of phengites, large ones being relics of the first HP



stage on the age around 45–35 Ma and smaller ones formed during the second shearing stage around 25 Ma. The 34–36 Ma age obtained by laser probe in a large phengite crystal (2B28) from within the shear zone can be taken as the youngest age of the HP foliation. The age for the HP event between 45 Ma and 24 Ma is not incompatible with geological evidence. The biostratigraphic post-Bartonian age (37 Ma) of HP metamorphism in the Corte slices overlaps with this narrow range. The Tenda massif is more internal than the Corte slices and might have been involved earlier in the accretionary wedge. 4.1.2. Schistes Lustre´s Phengite populations from three samples from the Serra di Pigno continental unit were analyzed ( Fig. 8). They display discordant age spectra comparable with those from the East Tenda Shear Zone. Total gas ages range from 27.9±0.3 Ma for the most mylonitized sample 2B20 up to 31.7±0.3 Ma for a gneiss on top of the Serra di Pigno (sample 2B3) ( Fig. 8A). This scattering is interpreted to reflect different proportions of S 1 and S phengites in the three mineral populations. 2 Minimum ages have a large uncertainty but seem to point again for a lower Miocene age for S 2 phengite crystallization and related D eastward 2



Fig. 8. Corsica, Pigno-Oletta 39Ar/40Ar results.



C. Brunet et al. / Tectonophysics 321 (2000) 127–155



141



Fig. 9. Corsica, Farinole-Morteda 39Ar/40Ar results (Mt. Pinatelle).



extensional tectonics. A more precise estimate for this event was obtained from a marble collected along the eastern coast of Cap Corse (sample 2B35). A phengite separate yielded a plateau date of 25.4±0.2 Ma for 91.1% of the gas released and an intercept date of 25.7±0.3 Ma in the



36Ar/40Ar versus 39Ar/40Ar isotope correlation plot ( Fig. 8B). Four samples from the Farinole-Morteda continental unit have been studied using population and single grain 40Ar/39Ar dating (Fig. 9). They are representative of the main metamorphic stages
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recorded by P-T paths in this unit, from eclogitic to blueschist facies conditions until greenschist facies ones. Phengite 2B9 was extracted from a well-preserved eclogitic boudin in the Farinole gneisses. A discordant age spectrum was produced by a population separate (Fig. 9A), with ages increasing from a minimum of 55.3±4.3 Ma up to a maximum of 65.3±0.7 Ma. An age of 63.9±0.6 Ma was calculated for 63% of the 39Ar released on the least discordant portion of the spectrum. A younger intercept date of 58.9±0.7 Ma was obtained in the isotope correlation plot, with an initial 40Ar/36Ar ratio of 456±162 which is apparently indicative of excess argon contamination. Spot fusion laser probe experiments were carried out on two phengite grains from this sample. In the first mica (Fig. 9B), 11 spots give discordant results ranging between 27.1±5.4 Ma and 47.7±2.5 Ma and corresponding to an integrated date of 42.9±0.7 Ma. Among these spot fusions, six record concordant ages of 46.3±0.6 Ma. It is noteworthy that all these analyses are characterized by a high and variable 40Ar atmospheric contamination (10 a` 89% of the total 40Ar level ) which is significantly higher than the contamination recorded by micas during this study. No systematic correlation between age and38Ar / Cl 39Ar variations is observed. K Fifteen spot fusions were performed within a second phengite grain from this eclogite ( Fig. 9C ). Apparent ages scatter between 40.1±1.4 Ma and 55.5±2.9 Ma and have a random distribution perpendicular to the cleavage of the mica. An integrated age of 46.7±0.6 Ma has been calculated on the total argon released from these spots. Interestingly, this grain has a 40Ar atmospheric contamination that is much lower than in the previous grain (~10–20%). The origin of this contamination remains largely unknown and the isochron plot does not provide additional information on the isotopic composition of initially trapped argon. However, strong variations in the potassium content of these phengites (from 4 to 10%) are revealed by microprobe analysis suggesting the presence of a secondary phyllosilicate interlayered with phengite. The lack of calcium and sodium in these analyses indicates that it could be



talc and not margarite or paragonite as frequently observed in Alpine eclogites. The age spectrum of a phengite population from the glaucophanitic rim of the previous eclogite (sample 2B8) is portrayed in Fig. 9A. The sample yields a total gas date of 54.3±0.5 Ma but produces a hump-shaped pattern with ages ranging from 51.9±0.4 Ma up to 58.2±0.5 Ma. This shape has been alternatively attributed to mixture effects ( Wijbrans and McDougall, 1986; Monie´, 1990) or to excess argon (Scaillet et al., 1992). However, the isochron diagram reveals little insight regarding the initial 40Ar/36Ar ratio in this sample. Phengite 2B7 from the enclosing retrogressed albite gneisses has been analyzed (Fig. 9A). The bulk separate has an age spectrum showing a progressive increase of apparent ages during incremental heating from 32.4±1.9 Ma to 40.2±0.9 Ma and a total gas date of 37.4±0.4 Ma. Taken as a whole, samples 2B9, 2B8 and 2B7 from the same coherent outcrop display consistent results with respect to their metamorphic evolution. Total gas dates of phengite populations decrease as the greenschist facies overprint on the HP assemblages increases ( Fig. 9A). However, the corresponding age spectra are discordant, which could be attributed to the combined effects of argon loss, excess argon, mica recrystallisation or mixed phases. Moreover, 40Ar/39Ar results on mineral bulk separates and single grains from samples 2B8 and 2B9 provide evidence for strong isotopic heterogeneities between and inside single grains. The apparent ages resulting from spot fusion analyses are younger than expected from the age spectrum of the population. These features suggest that phengites are much more heterogeneous than indicated by laser probe analyses. A possible explanation for the apparent discrepancy between laser probe and conventional 40Ar/39Ar data is that phengites contain an excess argon component which is heterogeneously distributed between and inside individual grains, as suggested by Boundy et al. (1997) for Caledonian eclogites. The variability of apparent ages is interpreted as reflecting the dominant effects of alteration of the phengite grains by intergrowth of a K-poor mica such as talc. As suggested by Ruffet et al. (1991) for chloritized biotite, the close association of K-poor
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and K-rich phyllosilicates can have originated strong recoil effects during irradiation with older ages in phengite and younger ages in the interlayered talc. For comparison, we studied the isotopic behavior of high-pressure phengites from an eclogite outcrop, 5 km west of the previous one (sample 2B17ph). A bulk separate yielded a pseudo-plateau date of 32.8±0.4 Ma for 76% of the 39Ar released (Fig. 10A), whereas younger ages in the range 20– 25 Ma are recorded by the first heating increments. Laser probe step-heating and spot fusion experiments were carried out on two single grains from this sample. A plateau date of 34.6±0.6 Ma was obtained with the first grain ( Fig. 10A). Fifteen spots performed on a 1×0.6 mm phengite give apparent ages between 32.1±0.5 Ma and 38.3±1.9 Ma (Fig. 10B), with a corresponding integrated date of 34.5±0.4 Ma which is consistent with the plateau date of the first grain. However, these results reveal little intragrain and intergrain age scattering compared to the results reported from the eclogite sample 2B9. This is consistent with the fact that the chemical composition of 2B17 phengite is nearly constant. Laser probe analyses were undertaken on the potassic blue amphibole (taramite) from this sample (2B17ta) to evaluate the ability of this mineral for providing reliable age information and for checking the presence of excess argon. Five heating steps performed on a single grain give ages increasing from 21.9±6.3 to 32.0±2.2 Ma and an integrated date of 26.1±1.0 Ma (Fig. 10C ). Argon was mainly released during a single heating step with an age of 24.3±1.0 Ma and a Ca/K ratio of 2.7. A second grain was directly fused in a single experiment and yielded an age of 25.2±7.1 Ma and a high Ca/K ratio of 21.2. Despite the restricted number of results, these dates suggest a younger cooling age for blue amphibole than for the coexisting phengite. Moreover, they suggest the lack of an identifiable excess argon component. From the above results we can draw the following conclusions concerning the evolution of the Schistes Lustre´s during the Alpine orogeny. High-pressure phengites from eclogitic to blueschist metamorphic assemblages (samples 2B9, 2B8 and 2B17) yield discordant 40Ar/39Ar ages



Fig. 10. Corsica, (Bracolaccia).



Farinole-Morteda



39Ar/40Ar



results
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ranging from 64 to 35 Ma with evidence of isotopic heterogeneities related to the presence of a K-poor phyllosilicate interlayered with phengite. Accordingly, only a minimum age of 35 Ma can be proposed for the HP event in the Schistes Lustre´s, which is consistent with previous 40Ar/39Ar dates of 34–40 Ma obtained in this unit (Maluski, 1977; Lahondere, 1991). This is significantly younger than the Sm–Nd age of 83.8±4.9 Ma obtained on the Castagniccia eclogites by Lahondere and Guerrot (1997), suggesting that 50 Ma can have separated peak pressure conditions from the closure of phengite to argon diffusion. Ages in the range 35–25 Ma correspond to the time when the rocks were at greenschist facies conditions and nappes experienced an inversion of transport direction. The youngest age of 25 Ma is recorded by micas from top-to-the-east shear zones such as the ETSZ. The age spectra of bulk separates record a variety of discordant patterns that mainly reflect the coexistence of several generations of phengite in the dated rocks. 4.2. Tuscan archipelago and Tuscany (Table 2) Four samples have been analyzed, one from well preserved HP/LT assemblages in the Gorgona island and three from HP/LT relic assemblage in Verrucano outcrops in the Monte Argentario and Monte Uccelina massifs on the western coast of Tuscany. In all samples, phengite is fine-grained and only conventional step-heating of mineral population was performed. Phengite Gor5 from the Gorgona island has a plateau date of 25.5±0.3 Ma ( Fig. 11A) corresponding to 77% of the 39Ar released and an integrated date of 25.6±0.3 Ma. An intercept age of 24.8±0.3 Ma has been obtained in the 36Ar/40Ar versus 39Ar/40Ar isotope correlation plot



Fig. 11. Tuscany 39Ar/40Ar results (Gorgona, Argentario, Uccelina).



with an initial ratio of 452±84 that is likely to be indicative of excess argon. Apparent ages increase up to 36 Ma at the end of the heating procedure which could be related to the presence of some impurities in the mineral separate. In Tuscany, phengites Cia949 and Cia9413 from the Monte Argentario massif display similar discordant age spectra that regularly increase from mimimum values of 5–6 Ma up to 27–30 Ma for the last gas increments. Total gas ages are comparable for both samples, i.e., 15.4±0.2 and 16.8±0.2 Ma, respectively (Fig. 11B). In Uccelina, the age spectrum of a single mica separate corresponds to an older integrated age of 20.4±0.2 Ma. Apparent ages are climbing from 10.5±1.4 Ma to ages above 40 Ma in the last heating steps repre-



Table 2 39Ar/40Ar ages from Tuscany. Notation as for Table 1 Localization



Sample



Total age



Plateau age



Isochrone age



LT age



HT age



Method



Argentario



Cia949 ph Cia9413 ph Uc951 ph Gor5 ph



15.4±0.2 16.8±0.2 20.4±0.2 25.6±0.3



16.2±0.3 – 19.7±0.4 25.5±0.3



– – – 24.8±0.3



9.5±0.4 10.1±0.4 13.2±2.0 18.1±1.6



26.7±1.7 27.5±0.8 31.2±0.9 27.5±1.1



Conc. Conc. Conc. Conc.



Uccelina Gorgona
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senting less than 3% of the argon released (Fig. 11B). The data do not reveal a linear trend in the correlation plot. Again, recoil effects can be partially responsible for the observed scattering of individual steps. These results are very similar to those obtained on the majority of Corsican samples containing multiple generations of phengite and to those reported by Kligfield et al. (1986) further north in the Alpi Apuane. The reconstruction of P-T paths (Jolivet et al., 1998) indicates that the Verrucano rocks never experienced temperatures above 400°C during their burial and subsequent exhumation. Such conditions are favorable to interpretate phengite ages as crystallization ages. As a consequence, the discordant character of the age spectra mainly reflects the existence of two tectono-metamorphic events in Tuscany: a Late Oligocene–Early Miocene thickening event during which HP/LT carpholite bearing assemblages have been formed, followed by a decompression during which the
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rocks were brought to the surface and micas recrystallized until the emplacement of Late Miocene granites.



5. Discussion In Alpine Corsica, phengitic micas record a large spread of 40Ar/39Ar ages from 65 Ma to 25 Ma ( Fig. 12). This data set illustrates the complex evolution of the samples under HP to LP conditions and LT regime as well as different effects that affect the argon isotopic distribution in minerals such as excess argon, partial recrystallization, variation in chemistry, grain size, cooling rate, dislocation density, argon recoil and others. As a consequence, the majority of age spectra obtained on bulk mineral separates are discordant, generally showing a progressive increase of apparent ages from low to high experimental temperatures. Chemical and textural observations suggest



Fig. 12. Crustal scale cross-section of the northern Alpine Corsica and 39Ar/40Ar ages.
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that the discordances are mainly due to the coexistence of two or more generations of white mica in the rock samples. This coexistence is well demonstrated by the results obtained in the Tenda massif where the combination of bulk separate and single grain studies give clear evidences for the preservation of an Upper Eocene age from a blueschist facies phengite that has been overprinted by greenschist facies deformation. One of the main factors acting for this preservation is the persistence of a low-temperature regime in the Tenda gneisses during the entire alpine metamorphic history, with a temperature that has been maintained below 400°C since the peak of pressure (Fig. 13). Closure temperature ( Tc) in white micas is still the subject of some debate. Suggestions have been recently made for a temperature 50–100°C above the classical value of 350°C that has been used in most geochronological studies ( Hames and Bowring, 1994; Kirschner et al., 1996; Hames and Cheney, 1997; Villa, 1998). Whatever the true value of Tc in white micas, and because of the low thermal conditions, it seems very likely that the phengite ages in the Tenda massif represent crystallization ages. The same interpretation can be proposed for the dates obtained in Tuscany which has been involved in a thermal regime comparable to that observed in the external units of Alpine Corsica. In Corsica, the youngest ages of 25 Ma obtained on sheared gneisses containing a single generation of low-pressure phengite record the timing of cessation of extensional ductile deformation in Corsica. High-pressure phengites with a higher celadonitic content give Upper Eocene– Lower Oligocene ages which are viewed as a minimum limit for the age of the high-pressure metamorphism in the external units. Age constraints provided by stratigraphic data are in agreement with these new dates (Be´zert and Caby, 1988). This also indicates that the whole-rock Rb– Sr age of 105±89 Ma measured on gneisses from the East Tenda Shear Zone most probably represents a mixed age due to the multistage tectonic history of this shear zone and the low temperature conditions that were unable to enhance a complete and homogeneous opening of the Rb–Sr isotopic system. In the internal units of Alpine Corsica, phen-



gites from the continental slices intercalated within the Schistes Lustre´s give discordant age spectra that are also partly the consequence of the coexistence of multiple mica generations in most rocks. Moreover, the 40Ar/39Ar dates recorded by phengites in the eclogites from the Farinole-Morteda unit provide evidence for the presence of excess argon in high-pressure micas. As revealed by laser probe data, this excess argon is heterogeneously distributed within single grains and between grains from the same sample. It is suggested that these isotopic variations could be associated with the presence of a low-K mica phase interlayered with phengite, probably talc that could have acted as a receptor of recoiled 39Ar. An age of 33–34 Ma is proposed as a minimum age for the high-pressure event in these internal units of Alpine Corsica. Retrogression under greenschist facies conditions, coeval with eastward extensional shearing, is dated at 25 Ma in the enclosing calcschists, in agreement with the dates obtained on the East Tenda Shear Zone. Extension in Corsica appears to be contemporaneous with the development of HP metamorphism in the Gorgona island and the development of the accretionary wedge in Tuscany. Our dates and available age constraints indicate that the development of the wedge lasted until the middle Miocene (10–13 Ma). In Corsica, the age of the HP metamorphism in the Schistes Lustre´s units is open to debate. On the basis of a recent Sm–Nd mineral isochron at 84±5 Ma (Lahondere and Guerrot, 1997), a Cretaceous eo-Alpine age has been proposed. However, considering Corsica in the framework of the Alpine chain of the Western Alps, the meaning of this Cretaceous age can be questioned. Indeed, the more recent age determinations appear to indicate that the eo-Alpine high-pressure metamorphism is restricted to the austro-alpine units from the internal zones such as the Sesia Zone (Ramsbotham et al., 1994; Oberha¨nsli et al., 1995; Ruffet et al., 1995; Duchene et al., 1997; Rubatto et al., 1997; Ruffet et al., 1997) or the Pillonet klippe (Cortiana et al., 1998). In the Schistes Lustre´s units, including the eclogitized ophiolites from the Monviso-Zermatt-Saas massifs, there is now a large consensus to admit that eclogitization occurred in Mid-Eocene times (Monie´ and



C. Brunet et al. / Tectonophysics 321 (2000) 127–155



147



Fig. 13. P-T-t evolution for the Corsican and Tuscan metamorphics units. After Jolivet et al. (1998) for P-T data from Corsica and Tuscany; Egal (1992) and Lahonde`re (1991) for P-T data from Corsica; Theye et al. (1997) for P-T data from Monte Argentario; Di Sabatino et al. (1977) for P-T data from Alpi Apuane; Giglia and Radicati di Brozolo (1970), Kligfield (1980), Kligfield et al. (1986) and Radicati di Brozolo and Giglia (1973) for 39Ar/40Ar datations from Alpi Apuane.
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Fig. 14. Crustal scale cross-section evolution with increase of the slab dip.
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Philippot, 1989; Bowtell et al., 1994; Duchene et al., 1997; Cliff et al., 1998). Therefore, assuming a paleogeographic continuity between Corsica and the Western Alps, these dates put into question the validity of an eo-Alpine age for eclogitization in the Schistes Lustre´s of Corsica. It could reflect a diachronous exhumation of the Schistes Lustre´s along the Alpine Belt as it seems well documented in the Cycladic Blueschist in the Aegean (Lips et al., 1998). More geochronological investigations are needed to decipher this problem.



6. Conclusions As a general conclusion we can propose the following tectonic timing (Figs. 13, 14): (a) 90?–60? Ma: HP/LT eclogite facies metamorphism in the Farinole-Morteda unit and the Castagniccia schist. The kinematics of this event remains to be clarified. (b) 45–38 Ma: exhumation of the Cap Corse eclogites up to the blueschist facies conditions and burial of other continental (Serra di Pigno-Oletta) or oceanic units under the blueschist facies conditions. This stage corresponds to the formation of a thick accretionary complex at the expense of the oceanic domain and the thinned margin of Corsica. Top-to-the-west shear senses are predominant. (c) 45–32 Ma: underthrusting of the Tenda massif and Corte slices below the Cap Corse Schistes Lustre´s. This stage corresponds to the westward migration of the thrust front onto Western Corsica. (d ) 33–22 Ma: inversion of shear sense and reworking of thrust contacts as extensional shear zones. This stage corresponds to the rifting of the Liguro-Provenc¸al basin and the Tyrrhenian Sea. During the same period HP/LT metamorphism is recorded further east in the Tuscan archipelago and the Alpi Apuane. (e) 22–16 Ma: end of the extensional process and formation of sedimentary basins in asymmetric grabens in Corsica and high pressure and low temperature metamorphism in Tuscany. (f ) 16 Ma to the Present: continued eastward migration of the Apennines thrust front and of the front of extension.
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Three major conclusions can be drawn from this study: (1) The Late Oligocene–Early Miocene age of the top-to-the-east sense of shear in Alpine Corsica is demonstrated. Previous studies (Jolivet et al., 1991, 1998) showed the geometry of the extensional stage and only a few isotopic ages were available to constrain its timing. The kinematic compatibility between the easten Tenda shear zone and the asymmetry of the Saint Florent and Francardo basins suggested a recent Late Oligocene–Early Miocene age. This study shows ages bracketed between 32 and 25 Ma for the related ductile deformation. This corresponds to phengite resetting and possibly to the crystallization of new phengites along the major extensional shear zones. It is probable that some ductile deformation occurred more recently at a lower temperature. There is only a short time gap between the youngest radiometric age and the oldest sediments in the Saint Florent basin. This result suggests the existence of a continuum of extension from the Liguro-Provenc¸al basin to the Tyrrhenian Sea instead of two distinct episodes as often postulated. (2) The transition from compression to extension is dated around 33 Ma which corresponds to the age of the inception of rifting in most of the Liguro-Provenc¸al basin. We thus can assume that until 33 Ma a thick accretionary complex was being built in Corsica. At 33 Ma the boundary conditions changed from compression to extension and the prism started to collapse. (3) HP/LT conditions and the compressional front then migrated eastward from 33 Ma in Corsica to 17 Ma in Tuscany, and extension and greenschist retrogression followed a similar eastward migration. The compressional front then migrated until its present-day position in the Adriatic Sea while extension reached the axis of the Apennines. The time lapse between the presence of compression at one given distance to the present-day trench and subsequent extension tends to decrease with time. Extension has nowadays almost caught up with compression. The migration of compression occurs at an approximate rate of 1 cm/year. Extension migrates at a rate of 2–3 cm/year. We do not observe any major change in the rates of
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migration but only a slight acceleration with time. The slight acceleration is compatible with a migration driven by slab rollback (Faccenna et al., 1996). The slab pull component of subduction which leads to slab rollback can only increase with time if there is no abrupt modification such as a slab detachment. The faster migration of extension can be interpreted as the consequence of an increase of the dip of the slab with time as the distance between the thrust front and the volcanic arc also decreased with time. As argued in Jolivet et al. (1998), the locus of extension is controlled by the position of the volcanic arc which induces a weak zone in the lower crust. A progressive increase of the slab dip to its present-day vertical position would decrease the distance between the trench and the arc, and thus the distance between the thrust front and the backarc extension. This steepening supports that the slab pull component was predominant in the backarc rifting process from 32 Ma to the recent period.



1. Appendix A: Sample description Alpine Corsic Tenda Massif Gneiss 2B25 was taken near Truscialzia bridge in the center of the Tenda massif. It shows a welldeveloped subhorizontal crenulation cleavage and post-kinematic crossite needles. Fine-grained phengite crystallizes in the crenulation cleavage and has a constant Si4+ content close to 3.5 that would correspond to a pressure above 1.0 GPa, according to the geobarometer of Velde (1967) modified by Massonne and Schreyer (1987). High celadonite contents were found elsewhere in the Tenda massif as well as in the autochtonous Eocene deposits. However, according to Egal (1992) and Be´zert and Caby (1988), it seems unlikely that pressures above 0.5 GPa were reached for a temperature close to 300–350°C. LP conditions are confirmed by the absence of glaucophane and Na-pyroxene in the Tenda massif. A late folding with horizontal axial planes is the only effect of the extensional D tectonics in this sampling site. 2



Gneiss 2B28 and 2B31 were taken within the East Tenda Shear Zone, respectively near Mt. Guppio and the Fornali inlet. In both samples, D developed a dense crenulation cleavage and a 2 strong N45°E stretching lineation with top-tothe-NE shear bands. In thin sections, remains of S foliation with large phengite clasts are preserved 1 within the S crenulation cleavage. S represents 2 2 the main foliation, underlined by a second generation of smaller phengites. However, microprobe analyses do not reveal distinct mica composition, giving a similar Si4+ content of 3.4 for both phengite generations. No blue amphibole is preserved in these samples. Sample 2B2 is a highly sheared gneiss taken from a mylonitic band west of Punta di Cepo where D has almost totally erased previous D 2 1 compressive structures. It is representative of the most highly deformed rocks in the East Tenda Shear Zone. No compositional discrimination can be made with the microprobe between scarce S 1 phengite clasts and the smaller abundant S phen2 gites, Si4+ being close to 3.3 for both. Note that the general trend of phengite composition found at the scale of the massif, i.e., Si4+ being higher where D is best preserved and lower where D is 1 2 the most pervasive, is in agreement with a decrease of pressure between D and D . 1 2 Schistes Lustre´s Samples 2B3 (Serra di Pigno crest), 2B20 (Bastia garbage station) and 2B22 (Col de Teghime) from the Serra di Pigno unit display similar petrographic and structural characteristics. They are highly sheared albite-quartz gneiss derived from Permian granodiorites with a strong D greenschist imprint and predominant top-to2 the-east kinematic indicators. In thin section, D 2 mylonitic deformation is more pronounced in sample 2B20, with an intense development of quartz ribbons and C/S microstructures. The Si4+ content of D phengite is in the range 3.3 to 2 3.4, and only scarce pre-D mica clasts are 2 observable. Samples 2B7, 2B8 and 2B9 were taken from the slopes of Monte Pinatelle in the Farinole-Morteda unit. The petro-structural characteristics of these rocks have been previously described Lahondere
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(1991). 2B7 is a typical albitic gneiss with scarce relicts of jadeite. The foliation contains two populations of phengite with a Si4+ content close to 3.3–3.4. Samples 2B8 and 2B9 are from an eclogite boudin enclosed in the Farinole gneisses. 2B8 is a glaucophanite from the rim of the boudin containing glaucophane, garnet, pistacite, albite and phengite (Si4+=3.45–3.5) in textural equilibrium. A limited retrogression is indicated by the sporadic occurrence of green biotite. Sample 2B9 is a mylonitic omphacite eclogite from the core of the boudin. Phengite developed synkinematically in the omphacite matrix as well as in veins parallel to the mylonitic foliation. In these micas, Si4+ content is high and ranges from 3.5 to 3.6. The last sample 2B17 in this Farinole unit was taken near the Bracolaccia cemetery. It shows a good preservation of an eclogitic assemblage made of omphacite, garnet, rutile and phengite partially overprinted by a blueschist assemblage including glaucophane and pistacites. The Si4+ content of phengite is in the range 3.45 to 3.5. Sample 2B35 is a marble from the Sisco unit along the eastern coast of Cap Corse. The marbles were folded during D and D tectonic events 1 2 (Daniel et al., 1996). Small D phengite mainly 2 occurs in thin pelitic levels within the marbles, together with large relics of lawsonite. Schistes Lustre´s, Centuri gneisses Gneiss 2B32 was collected in a small quarry near the village of Camera. It is a highly strained meta-aplite alternating with amphibolites affected by an intense boudinage and top-to-the-east shearing. Only one generation of phengite can be found on textural ground. The second sample was collected at the base of the Centuri klippe. It contains an intense E–W stretching lineation and top-tothe-east kinematic indicators. In this section, two populations of phengite are coexisting in the mylonitic foliation. Tuscan archipelago Sample Gor5 was taken in Schistes Lustre´s of lower unit of Gorgona island (Fig. 2). Highly substituted phengites (Si4+=3.35 a` 3.53) are asso-
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Tuscany Samples were taken from the Verrucano schists and conglomerates. Samples Cia949 and Cia9413 were taken along the coast near Punta di Torre Ciana in Monte Argentario (Fig. 6). The rocks are highly sheared and show phengites in close association with relics of carpholite fibers. Rocks with fresh carpholite have phengites too much small to be dated. Sample Uc 951 was taken from the same Verrucano formation in Monte Uccelina ( Fig. 2).



2. Appendix B: Analytical procedure During this study, due to the fine-grained size of the micas in many samples, we preferentially used 40Ar/39Ar step-heating of mineral bulk separates according to a classical analytical procedure (see description in (McDougall and Harrison, 1988; Monie´, 1984). These samples have been irradiated in the Grenoble nuclear reactor ( France) together with different flux monitors including MMHb-1 (520.4 ± 1.7 Ma) and HD-B1 (24.21±0.32 Ma). For this reactor, the following correction factors for argon nuclear interferences were applied : (36Ar/37Ar) =0.000289; (39Ar/37Ar) Ca =0.000676; (40Ar/39Ar) =0.0307). Results are Ca k synthetized in Table 1 and represented as age spectra. Two sigma errors are reported. Only the errors on total ages and plateau dates include the uncertainty on the monitor age and its 40Ar/39Ar ratio. For a minority of samples, step-heating and spot fusions were conducted on single grains using a laser probe operating in the continuous or semipulsed mode (Monie´ et al., 1997). The analytical device is comparable to that described by Dalrymple (1989) and consists of: (a) a multiline continuous 6 W argon-ion laser with two main wavelengths of 488 and 514 nm; (b) a beam shutter for selection of exposure times, typically 30 ms for spot fusions; (c) an optical device to focus the laser beam down to a minimum impact diameter of 20 mm; (d) a small inlet line for the extraction
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and purification of gases; (e) a MAP 215-50 noble gas mass spectrometer equiped with a Nier source and a Johnston MM1 electron multiplier. The gain between the Faraday cup and multiplier at 2 kV is close to 200. Each analysis involves 5 min for gas extraction and cleaning and 15 min for data acquisition. System blanks were evaluated every three experiments and ranged from 3×10−12 cc for 40Ar to 6×10−14 cc for 36Ar. Isotopic corrections, age and error calculations were made according to McDougall and Harrison (1988). Mass discrimination was calculated on the basis of a 40Ar/36Ar ratio of 292.0±1.7 measured on an atmospheric argon aliquot. Individual ages are listed in Table 2. The quoted errors represent one sigma deviation and do not include uncertainty on J monitor parameter. Samples used for laser probe dating have been irradiated in the McMaster nuclear reactor (Canada) with the same flux monitors as those used for bulk separates and the following correction factors for nuclear interferences were applied: (36Ar/37Ar) =0.000254; Ca (39Ar/37Ar) =0.000651; (40Ar/39Ar) =0.0156. Ca k
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