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In an ophiolitic nappe of Alpine Corsica, a major fault zone superimposes metagabbro over serpentinite and peridotite. Ductile and brittle deformation structures are observed in the fault damage zones. In the metagabbro damage zone, early deformation culminates in blueschist or eclogite facies conditions and consists of west-verging mylonitization alternating with pseudotachylyte-forming faulting with undetermined vergence. This early deformation is likely coeval with west-verging seismic (pseudotachylyteforming) reverse faulting in the footwall peridotite or with aseismic distributed cataclastic deformation of footwall serpentinite. These early events (aseismic mylonitization or distributed cataclasis and seismic faulting) are interpreted as reverse faulting/shear in an east-dipping subducting oceanic lithosphere in Cretaceous to Eocene times. Late deformation events consist of ductile shear and seismic faulting having occurred under retrograde greenschist conditions. Kinematics of the ductile shear is top-to-the-east. These events are interpreted as the result of syn-to post-collision extension of Alpine Corsica in Eocene to Miocene times. The heterogeneous distribution of pseudotachylyte veins along the fault zone (abundant at peridotite-metagabbro interfaces, rare or absent at serpentinite-metagabbro interfaces) is interpreted as the consequence of contrasted frictional properties of the rocks in contact. High-friction peridotite-metagabbro contacts could correspond to asperities whereas low-friction serpentinite-metagabbro contacts could correspond to creeping zones. © 2016 Elsevier Ltd. All rights reserved.
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1. Introduction Subduction zone seismicity is a major concern in terms of seismic hazard assessment and mitigation. Indeed, on average, it accounts for more than 85% of the seismic energy released in the world (Scholz, 2002). Particularly worrisome are seismic ruptures at the plate interface, at depths shallower than 60 km (so-called shallow depth seismicity, Frohlich, 2006). Such ruptures are able to trigger giant tsunamis that can add to devastation resulting from ground shaking (Satake and Tanioka, 1999). Though less concerning than the shallow one, intermediate-depth seismicity, with hypocenters between 60 and 300 km, still constitutes a major threat in coastal areas, either through direct shaking (Frohlich, 2006) or through indirect loading of shallower close-to-failure faults (e.g.,
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Astiz et al., 1988). Earthquake studies indicate that seismic rupture surfaces are not homogeneous but are constituted of patches or domains with contrasted physical characteristics. Such heterogeneities, basically taken into account in the concepts of asperities or barriers, are observed in intra-plate as well as in inter-plate seismic fault surfaces (Das and Aki, 1977; Kanamori and Stewart, 1978; Aki, 1979; Lay and Kanamori, 1981; Lay et al., 1982; Bakun and McEvilly, 1984; Nadeau et al., 1995; Igarashi et al., 2003; Seno, 2003; Yamanaka and Kikuchi, 2004; Bürgmann et al., 2005; Semmane et al., 2005). Heterogeneities are tentatively characterized by differences in earthquake physical parameters such as coseismic slip, seismic moment release, stress drop, seismic coupling ratio, frictional properties (friction coefﬁcient or rate-and-state dependent friction law a e b parameter, Gutenberg-Richter law b parameter) or pore pressure. Some asperities seem to be spatially persistent, at least at the scale of several years or several tens of years (Bakun and McEvilly, 1984; Nadeau et al., 1995; Igarashi et al., 2003; Okada
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et al., 2003; Hasegawa et al., 2007). Such a spatial persistency suggests that the location of asperities is, at least partly, controlled by speciﬁc rocks that in turn likely inﬂuence the values of the above-mentioned physical parameters. In subduction zones, asperities are mostly described along the plate interface seismogenic zone (megathrust) of the upper 50e60 km. At depths larger than 60 km, asperities are less commonly reported and are poorly localized (Igarashi et al., 2003; Hasegawa et al., 2007; Legrand et al., 2012). Pseudotachylytes containing blueschist to eclogite facies mineral assemblages are considered to result from earthquake faulting at intermediate to large depths in subduction zones (Austrheim and Boundy, 1994; Lund and Austrheim, 2003). Their study can thus provide insights on the physical or chemical processes that trigger, accompany or follow intermediate-depth seismic ruptures (John and Schenk, 2006; Andersen et al., 2008, 2014; John et al., 2009). An example of such blueschist to eclogite facies pseudotachylytes likely formed in a subduction zone framework is provided by the Corsican occurrences initially reported by Austrheim and Andersen (2004) and subsequently analyzed from the petrographic, mineralogical or structural points of view by Andersen and Austreim (2006), Andersen et al. (2008, 2014), Deseta et al. (2014a and b),  et al. (2016). The paleo-seismic veins Magott et al. (2016) and Ferre are distributed in the vicinity of a major fault surface separating oceanic crust rocks from oceanic mantle rocks. The aim of this paper is two-fold. First, the relative chronology and the kinematics of the deformation episodes recorded in oceanic crust rocks are analyzed and then compared with the results of Magott et al. (2016) obtained in the mantle rocks. These investigations allow to distinguish aseismic ductile shear events and seismic faulting events which, for the earliest of them, took place in a subducting slab at depths around 60 km. Second, the presence or absence of seismic slip evidence is tentatively related to contrasts in friction of rocks that are in contact along faults. This tentative correlation provides information about the lithological nature of areas with strong coupling (asperities) vs. areas with weak coupling, thus suggesting a possible geological explanation for fault surface heterogeneities detected by seismological observations. 2. Geological setting 2.1. Geological setting of Alpine Corsica Three main types of tectonic units are recognized in the Corsican segment of the Alpine-Apennine orogenic system (Mattauer and Proust, 1976; Faure and Malavieille, 1981; Mattauer et al., 1981; Jolivet et al., 1990, 1991; Fournier et al., 1991; Molli and Malavieille, 2011; Vitale-Brovarone et al., 2013, 2014): (i) the Schistes Lustr es units (Tethysian ophiolitic rocks and their sedimentary cover), (ii) the Corsica continental margin units (Variscan plutonic and volcanic rocks), and (iii) the Nappes Superﬁcielles or Upper Nappes (ophiolitic units and various sedimentary rocks). The stacking or imbrication of ophiolites and continental margin-derived units is classically interpreted as the result of an Eocene collision between the Apulian and European continental blocks following an east-dipping subduction of the PiemonteLiguria Ocean and its ocean-continent transition zone in Cretaceous to Early Tertiary times (Mattauer and Proust, 1976; Mattauer et al., 1977, 1981; Fournier et al., 1991; Jolivet et al., 1991; Meresse et al., 2012; Vitale-Brovarone et al., 2013; Lagabrielle et al., 2015). More complex models call for a shift from the east-dipping ‘Alpine’ subduction of the Piemonte-Liguria Ocean to a west-dipping subduction, either intra-oceanic or beneath a continental or island-arc microblock (Guerrera et al., 1993; Malavieille et al., 1998; Durand-
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Delga and Rossi, 2002; Molli and Malavieille, 2011; Turco et al., 2012). Most of the Corsica Alpine units underwent a HP/LT (blueschist to lawsonite-eclogite facies) metamorphism, associated to a top-tore, 1996; Vitale-Brovarone et al., the-west kinematics (Lahonde 2013). This HP/LT metamorphism is considered to result from the Alpine subduction during Eocene (55-34 Ma, Brunet et al., 2000; Martin et al., 2011; Maggi et al., 2012). Vitale-Brovarone and Herwartz (2013) suggested that the metamorphic peak could be between 34 and 37 Ma. A late retrograde greenschist facies metamorphic event occurred during the exhumation of Alpine Corsica in the Oligocene-Miocene. This event is associated with non-coaxial top-to-the-east ductile shear (Jolivet et al., 1990, 1991; Fournier et al., 1991; Brunet et al., 2000; Rossetti et al., 2015). 2.2. Study area The study area is located around the Cima di Gratera peak and consists of an ophiolitic nappe thrust over continental units (sore, called Mordeda-Farinole and Pigno-Olivaccio units, Lahonde 1996; Meresse et al., 2012) through a fault zone labelled 41 (Fig. 1). The nappe, referred to as the Cima di Gratera nappe, is a part of the Schistes Lustr es complex and is composed of two units: a lower ultramaﬁc unit consisting of serpentinite including decameter to hectometer-scale elliptical masses of variably serpentinized peridotite, and an upper maﬁc unit composed of metagabbro. The contact between the two units is a fault surface referred to as 42. 2.3. The ultramaﬁc unit The ultramaﬁc unit consists predominantly of massive serpentinite (former peridotite with a volume proportion of serpentinization > 80%). However, decameter to hectometer-scale masses of fresh to moderately serpentinized peridotite are locally preserved in the serpentinite. The fresh peridotite is composed of olivine (Fo84), clinopyroxene, enstatite and minor plagioclase, Cr-spinel and magnetite, with the modal proportions of a plagioclase lherzolite (Deseta et al., 2014a). In moderately serpentinized peridotite, olivine is replaced by serpentine, talc and magnetite. Serpentinite is composed of serpentine, talc, magnetite and pyroxene, the latter being almost entirely recrystallized into bastite. Raman spectroscopy indicates that serpentine mostly consists of antigorite (Magott, 2016). Most peridotite masses are located in the center or to the west of the study area and immediately beneath 42 (Fig. 1). Rare pyroxenite and gabbro dykes were observed in the peridotite near 42. Foliated serpentinite is found locally at the top of the unit, immediately beneath 42 (see below, C type deformation zone) or scattered within the median part of the unit, away from 42. According to Deseta et al. (2014a), the peridotite underwent two greenschist facies metamorphic events leading to partial recrystallization of diopside and enstatite to tremolite and actinolite, and of olivine to talc and serpentine. The ﬁrst metamorphic event is related to the hydrothermal alteration associated with the oceancontinent-transition extension. The second metamorphic event is interpreted as retrograde metamorphism during syn-to postcollision extension (Deseta et al., 2014a). Because the peridotite composition does not allow the formation of medium-to highpressure diagnostic mineral assemblages, it is impossible to ascertain whether the ultramaﬁc unit underwent a HP/LT metamorphism or not. Peridotite is crossed by numerous pseudotachylyte fault veins (Andersen and Austreim, 2006; Andersen et al., 2008, 2014; Deseta et al., 2014a; Magott et al., 2016). Most of them are ﬂat-lying and are
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re, 1996; Meresse et al., 2012 and our observations). CdG is for Cima di Gratera Fig. 1. Structural map of the Cima di Gratera nappe (after Faure and Malavieille, 1981; Lahonde summit. Localities A to F refer to measurement sites of Fig. 7.



parallel to 42. The volume of pseudotachylyte veins increases toward the contact. Immediately below 42, the proportion of melted rock can reach about 75% in volume. As depicted in Andersen and Austreim (2006), Andersen et al. (2014) and Magott et al. (2016), such zones, up to 150 m thick, show complex and anastomosed networks of fault veins. The length of the fault veins is between 1 and 10 m and their thickness generally does not exceed 1.5 cm (although up to 10 cm thick veins are locally observed). Steeply-dipping (ca. 55 E) N20 to N40 E pseudotachylytebearing fault zones are developed at distance from 42. Close to 42, the steeply dipping veins tend to be obliterated by the ﬂat lying ones. Peridotite hosting pseudotachylyte veins is cataclastic (Magott et al., 2016). Cataclasis predates frictional melting. No pseudotachylyte vein could be found in the foliated serpentinite, whatever the latter is located in the middle part of the



ultramaﬁc unit or immediately below 42. Besides, where the serpentinite is not foliated, pseudotachylyte veins are present, although serpentinized to various degrees. In these occurrences, serpentinization post-dates pseudotachylyte formation. At the microscopic scale, this relative chronology is conﬁrmed by widespread partly or entirely serpentinized olivine or pyroxene microlites or survivor clasts (Fig. 2). 2.4. The maﬁc unit Most of the maﬁc unit corresponds to a massive or locally layered equant metagabbro which can be coarse-grained (crystal lengths up to 15 mm) or ﬁne-grained (crystal lengths less than 2 mm). The primary (magmatic) mineralogical composition of the metagabbro consists of commonly sericitized plagioclase (An92),
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Fig. 2. Photomicrographs showing that serpentinization post-dates pseudotachylyte formation in the Cima di Gratera ultramaﬁc unit (locality D). A: serpentinized host peridotite (left) crossed by a pseudotachylyte vein (center and right). The vein contains numerous white, lath-shaped microlites which consist of antigorite and which result from serpentinization of olivine or pyroxene. The chilled margin in the central part of the photograph is characterized by smaller microlites than in the rest of the vein. B: serpentinized olivine or pyroxene survivor clast embedded in an antigorite microlite-laden pseudotachylyte (same vein as A). Note the roundness of the clast and the embayment at the upper left side of it.



clinopyroxene (diopside and augite), minor olivine (Fo90) and ilmenite. According to Deseta et al. (2014a), the maﬁc unit suffered from three metamorphic events which are: (1) an early greenschist facies event associated with the partial replacement of pyroxene by actinolite, tremolite, Mg-hornblende and clinochlore, and with partial or total replacement of olivine by serpentine, magnetite and iddingsite. (2) A HP/LT metamorphic event characterized by the substitution of pyroxene, tremolite, actinolite and Mg-hornblende by glaucophane, omphacite, barroisite and clinozoisite, and the substitution of plagioclase by albite. (3) A late greenschist facies metamorphic event corresponding to crystallization of tremolite, clinochlore, epidote, pumpellyite and albite on all pre-existing minerals, including those formed during the two abovementioned events. The highest pressure/temperature metamorphic conditions recorded in the Cima di Gratera nappe correspond to blueschist to low-grade eclogite facies of the second metamorphic event, as attested by the presence of glaucophane and omphacite in the maﬁc unit (Deseta et al., 2014a). According to these authors, the peak temperature conditions range from 430 to 550  C and the peak pressure conditions range from 1.8 GPa to 2.6 GPa. These ranges are similar to those obtained by VitaleBrovarone et al. (2013) in nearby units, namely 414e471  C and 1.9e2.6 GPa. The basal part of the maﬁc unit, which will be referred to as the mylonitic sole, consists of a mylonitic metagabbro (Fig. 1) whose thickness varies from a few centimeters to about 30 m. The transition between the equant metagabbro and the mylonitic metagabbro is progressive and takes place over a few meters. Above the mylonitic sole, the equant metagabbro is crossed by ﬂat-lying to gently dipping mylonitic shear zones which can followed laterally over several tens of meters. Their thickness generally does not exceed 50 cm. In the localities where the junction is exposed, the secondary shear zones merge with the mylonitic sole.



2.5. The 42 contact and the different damage zone types The 42 contact consists of a sharp planar or gently undulating striated surface. On either side of this surface, the rock is brecciated over a few millimeters. Striations borne by this surface trend around N120 E. Sense of slip is undetermined. Differences between rock types of the hanging-wall and footwall of the 42 fault surface allow to map three different types of damage zones (DZs) labelled A, B and C (Figs. 1 and 3).



2.5.1. A type DZ A type DZ (Figs. 3A and 4) superimposes mylonitic metagabbro over pseudotachylyte-rich peridotite. The mylonitic metagabbro also includes pseudotachylyte veins, but much less than in the footwall. These pseudotachylyte veins will be described below (Section 3.2). The A type DZ is characterized by a 0.5e1.5 m thick pseudotachylyte layer intercalated between the mylonitic gabbro and the pseudotachylyte-rich peridotite (Figs. 3A and 4) and consisting of an imbrication of a large number of centimeter- or millimeter-thick fault veins and injection veins. This characteristic layer, referred to as intermediate pseudotachylyte, was already reported by Andersen et al. (2014; see Fig. 3 therein). The 42 surface is located between this intermediate pseudotachylyte and the overlying metagabbro (Fig. 4A). The contact between the intermediate pseudotachylyte and the lower peridotite is not faulted. It is a classical pseudotachylyte-host rock intrusive contact. At the outcrop scale, the intermediate pseudotachylyte is characterized by the presence of numerous rounded mylonitic metagabbro clasts whose dimensions are between 1 and 10 cm (Fig. 4C). Some clasts contain pre-brecciation pseudotachylyte veins abutting against the clast-matrix contact. The clasts are embedded in a dark green to dark blue pseudotachylyte matrix (Fig. 4D). At the microscopic scale, the pseudotachylyte matrix consists of a series of intermingled fault or injection veins, some of them being partly cataclastic, some others cutting the veins having suffered from cataclasis. In some instances, up to 4 stages of vein formation (that is, frictional melting) can be counted, alternating or not with cataclastic events. This estimate is conservative and the actual number of frictional melting events is probably larger. Due to cataclasis and subsequent alteration or weathering, it is uneasy to identify all the pseudotachylyte veins. However, the following observations can be ascertained. (1) Some veins consist almost only of serpentine occurring as needles or as polygonal crystals. Minor greenschist-facies amphibole (possibly tremolite) is also observed. Survivor clasts are rounded and thoroughly serpentinized. Despite the lack of glass (possibly devitriﬁed) or microlites (possibly serpentinized), these veins are interpreted as pseudotachylyte veins. They likely result from frictional melting of the peridotite, before subsequent pervasive serpentinization, the latter being favored by late ﬂuid ﬂow. (2) Some veins include omphacite microlites and are interpreted as resulting from frictional melting of the metagabbro under
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Fig. 3. Schematic sections across the three types of DZs around 42 along with estimated pseudotachylyte vein density. A: A type DZ between mylonitic metagabbro and pseudotachylyte-rich peridotite, with intermediate pseudotachylyte between. The density of the peridotite-hosted pseudotachylyte fault veins increases toward the contact. B: B type DZ between mylonitic metagabbro and pseudotachylyte-rich peridotite. C: C type DZ between mylonitic metagabbro and either foliated serpentinite or metasedimentary rock. In C type DZ, pseudotachylyte veins are observed neither in the hanging-wall nor in the footwall of 42.
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eclogite facies conditions. These veins include survivor clasts of clinopyroxene and plagioclase, and also of pseudotachylyte (Fig. 5). They can be reworked together with their host metagabbro clasts, or can be secant to the clasts and to older veins. (3) Lastly, some veins contain tremolite þ Mg-hornblende microlites and clinopyroxene survivor clasts, and therefore result from frictional melting of the metagabbro, but under greenschist facies conditions. These veins crosscut all other veins, especially the omphacite-bearing ones. They are among the latest formed. In summary, the intermediate pseudotachylyte is the ﬁnal result of a number of brittle deformation events mixing frictional melting events and cataclastic events. The veins containing omphacite microlites, which are among the oldest, were formed under eclogite facies conditions while the youngest frictional events occurred under greenschist facies conditions. Both the above-lying metagabbro and the underlying peridotite supplied melt to the intermediate pseudotachylyte. 2.5.2. B type DZ Like the A type DZ, the B type DZ superimposes mylonitic metagabbro over pseudotachylyte-rich peridotite. However, it lacks the intermediate pseudotachylyte (Figs. 3B and 4). Moreover, the metagabbro contains thin (thickness < 1 mm) albite veins parallel or oblique to the foliation. The veins postdate both the foliation and the pseudotachylyte veins. Their ﬁlling consists exclusively of granular albite. 2.5.3. C type DZ The C type DZ consists of a direct superimposition of mylonitic metagabbro over foliated serpentinite or, less commonly, over metasedimentary rocks (Figs. 3C and 4). Another conspicuous difference with the two other DZ types (especially with the A type one) is the presence of abundant mineralized veins in the mylonitic metagabbro. The foliation in the serpentinite below 42 is regular, ﬁnely spaced and parallel to 42. Optical microscope observation suggests that the serpentinite foliation results from distributed cataclastic ﬂow, without clear crystal plastic deformation, similarly to the observations made on experimentally deformed serpentine samples at pressures up to 1000 MPa and room temperature (Escartin et al., 1997). With increasing distance from 42, the foliation tends to be less regular and more loosely spaced, before disappearing. At distances of about 20e30 m, the serpentinite is massive. In the localities where the footwall consists of metasedimentary rocks (marbles, meta-radiolarites, pelitic schists, basic schists), the foliation is parallel to that of the metagabbro. Near 42, pseudotachylyte veins could be found neither in the serpentinite, whatever foliated or massive, nor in the metasedimentary rocks. The foliation of the mylonitic metagabbro is parallel or slightly oblique ( 
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