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Abstract

A major detachment fault related to the post-orogenic extensional process and linked with rifting and drifting stages of the Liguro-Provençal
and Northern Thyrrhenian sea, is described in recent literature for the eastern border of the Tenda Massif, North East Corsica, Western Med-
iterranean. New field mapping, meso/microstructural analyses and petrological investigations have been carried out in this area. Along the east-
ern border of the Tenda Massif, continental and oceanic units with epidote-blueschist facies metamorphic peak conditions are juxtaposed. After
their coupling in a deeper part of the Alpine Corsica subduction wedge, the two units were deformed together by greenschist facies folding and
shearing.

Structural geometries and metamorphic records of the studied units, the regional tectonic settings and the available thermochronological data
disclaim recent interpretations and suggest only a post-orogenic extensional reactivation. The main greenschist facies fabric and structures were
related to syn-orogenic processes in response to intra-wedge deformation and strain delocalization during exhumation in a continental subduc-
tion setting.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Exhumed regional scale fault zones commonly show evi-
dence for a long geological history often reflected by the com-
plex geometry of deformation and/or superimposed fabrics
recording accommodation of successive crustal deformation
phases (e.g. Schmid et al., 1989; Marquer et al., 1996; Holds-
worth et al., 1997; Nussbaum et al., 1998 and references
therein). Superimposed fault-related fabrics with contrasting

* Corresponding author. Dipartimento di Scienze della Terra, Università di
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kinematic features (shear direction and shear sense), however,
can be the result of a non-steady flow produced by a progres-
sive deformation history, heterogeneously developed during
changing boundary conditions (plate tectonic or orogenic-
scale), changes in metamorphic conditions (e.g. structural
level) and/or rock rheology through time (Passchier, 1984;
Baudin et al., 1993; Jiang and White, 1995; Passchier, 1997;
Jiang and Williams, 1999).

The eastern border of the Tenda Massif is described as a re-
gional scale fault zone, the East Tenda Shear Zone of Jolivet
et al. (1990), with a quite long (>20 Ma) and complex kine-
matic history. It was interpreted in terms of a thrust zone re-
lated to the emplacement of the ocean-derived ‘‘Schistes
Lustres’’ on the Corsican continental crust under HP/LT
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metamorphic conditions by Faure and Malavieille (1980),
Mattauer et al. (1981), Gibbons and Horak (1984), Warburton
(1986). More recently, Jolivet et al. (1990) proposed a two
stage history with an early thrust-related deformation (the ki-
nematics of which is considered unclear by Jolivet et al., 1998;
Rossetti et al., 2002) and a younger eastward shearing event.
The latter was associated with retrograde metamorphism that
began under low-pressure greenschist facies conditions and
terminated at subsurface structural level (Jolivet et al., 1990;
Fournier et al., 1991; Daniel et al., 1996; Gueydan et al.,
2003). In this view, the major thrust fault of Mattauer et al.
(1981) is considered to be a strongly or completely reactivated
crustal scale structure active as a detachment fault during the
Late Oligocene-Early Miocene regional scale extensional pro-
cess affecting the Corsican belt. Within this framework, the
Tenda Massif is considered and modelled as a post-orogenic
metamorphic core complex of Cordilleran Type (Gueydan
et al., 2003; Rosenbaum et al., 2005). Our contribution aims
to present results of new structural investigations coupled
with petrological and microstructural studies, which allow us
to discuss the geometry of deformation, the kinematic
history and the tectonic significance of the East Tenda Shear
Zone.

2. Geological background of North East Corsica

Alpine Corsica (Fig. 1) shows a complete structural build-
ing of oceanic and continental upper crust units metamor-
phosed at different structural levels, as the result of the
Mesozoic-Cenozoic convergence between the Iberian, Euro-
pean and African plates and the resulting closure of the Ligur-
ian Tethys ocean (Mattauer et al., 1981; Lagabrielle, 1987;
Molli and Tribuzio, 2004 and references). During the Oligo-
cene and Miocene, the northwest Mediterranean area includ-
ing the Corsican belt was affected by a regional scale
extensional process leading to the rifting and oceanization of
the Liguro-Provençal basin (30e16 Ma) and the following for-
mation of the Thyrrenian sea (16 Maepresent) (Faccenna
et al., 1997; Gueguen et al., 1997; Jolivet et al., 1998; Doglioni
et al., 1998; Speranza et al., 2002; Rollet et al., 2002).

Four major composite units are traditionally recognized in
North Corsica (Mattauer et al., 1981; Durand-Delga, 1984;
Malavieille et al., 1998). From bottom to top (Fig. 1b): (1)
the ‘‘autochthonous’’ and ‘‘parautochthonous’’ Corsica (exter-
nal continental units), which mainly consists of Hercynian
granitoids with minor relics of host-rock basement and series
of sedimentary rocks of Permian to Mesozoic ages. These
external units were affected by Alpine-age deformation that
occurred at low temperature and low to high pressure greens-
chist metamorphic conditions; (2) the strongly deformed part
of the Corsican continental margin, i.e. the Tenda Massif and
the more internal Centuri/Serra di Pigno/Farinole units, with
peak metamorphic conditions in the epidote-blueschist to eclo-
gite facies and widespread greenschist facies re-equilibration;
(3) the ‘Schistes Lustres’ composite nappe formed by Ligurian
Tethys-derived ophiolitic sequences (mantle ultramafics, gab-
bros, pillow lavas and associated Jurassic to Cretaceous
metasediments), with peak metamorphism of epidote- to law-
sonite-blueschist and eclogite facies conditions, variably retro-
gressed to greenschist facies; and (4) the Balagne/Nebbio/
Macinaggio system represented by ophiolitic and continental
units, characterized by prehnite-pumpellyite assemblages in
mafic rocks (Dal Piaz and Zirpoli, 1979; Pequignot et al.,
1984; Bezert and Caby, 1988; Fournier et al., 1991; Caron,
1994; Malasoma et al., 2006). The uppermost nappes and their
contact with the underlying units are unconformably sealed by

Fig. 1. (a) Tectonic setting of Corsica within the western Mediterranean; and

(b) Tectonic sketch map and schematic cross section of northern Corsica show-

ing the main tectonic units and their geometry within the nappe stack. Rectan-

gle indicates location of the studied area.
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Early Miocene marine sediments, e.g. the St. Florent, Fran-
cardo, Aleria basins (Dallan and Puccinelli, 1995; Ferrandini
et al., 1998).

3. Structural geometries and metamorphism in
the Tenda Massif and ophiolitic unit

3.1. The Tenda Massif

The Tenda Massif forms an elongate culmination of conti-
nental-derived metamorphic rocks interposed between the
western external units (‘‘authocthonous’’ and ‘‘parauthochto-
nous’’) and the Balagne nappe, and the eastern ‘‘Schistes Lus-
tres’’ composite nappe system. The massif mainly consists of
a core of Late Hercynian granitoids surrounded by orthog-
neisses deformed during Alpine tectonics. The Late Hercynian
granitoids include gabbroic intrusions of Lower Permian age
(e.g. the Bocca di Tenda gabbro), and both granitoids and gab-
bros are locally crosscut by basalt to rhyolite dykes (Ohnen-
stetter and Rossi, 1985; Rossi et al., 1992). Scattered
remnants of pre-Hercynian low-grade basement rocks are
also present (Rossi et al., 1994). A metasedimentary cover, de-
posited from Permian to Mesozoic times, discordantly overlies
the basement rocks (Durand-Delga, 1984; Rossi et al., 1994,
2003).

The study area is located at the eastern border of the
Tenda Massif (Fig. 1b), in the eastern limb of a large-scale
antiform showing an amplitude around 20 km in the North,
between S.Florent and Ostriconi, and less than 5 km at the
southern periclinal termination north of Ponte Leccia. The fi-
nite geometry of the elongate dome is related to the activity
of a major system of wrench faults (mainly post-Eocene and
pre-Burdigalian in age) described at the western boundary of
the Tenda Massif, along the contact with the Balagne nappe
(Central Corsica Fault zone of Maluski et al., 1973; Waters,
1990), and in the southern-east part of the massif (Waters,
1990; Rossi et al., 2003). According to Jourdan (1988),
Waters (1990) and Molli and Tribuzio (2004), the domal anti-
form modifies a previously developed antiformal stack (see
below).

Structures related to a polyphase deformation history are
widely observable in cover rocks of the Tenda Massif, where
at least two generations of isoclinal folds are overprinted by
a late phase developing open and kink folds. On the contrary,
basement rocks commonly exhibit a simpler structural his-
tory. In particular, a regional-scale main foliation wrapping
up preserved undeformed domains (meter to kilometer in
scale e.g. Casta granodiorite of Rossi et al., 1994) can be rec-
ognized in granitoids. The main foliation is generally charac-
terized by greenschist facies assemblages, although relict
domains of pre-greenschist structures can be found (see be-
low). On the basis of shear directions, overprinting relation-
ships and petrologic data, the structures formed under
greenschist facies metamorphic conditions have been subdi-
vided into two groups, interpreted as developed at different
depth (Molli and Tribuzio, 2004). The younger structures
D3 (‘‘GS2’’ by Molli and Tribuzio, 2004) are characterized
by localized zones of deformation from centimeter to meter
in size, forming shear band systems associated with north-
east/southwest trending stretching and mineral lineations
(Fig. 2a) and top-to-the northeast shear sense indicators
(Fig. 3a,b). These structures can be easily recognised toward
the eastern border of the Tenda Massif, where they were firstly
described by Waters, 1990 and Jolivet et al. (1990); see also
Daniel et al., 1996; Egger and Pinaud, 1998; Gueydan et al.,
2003. D3 structures are also present inside the massif, where
conjugate shear zones were described by Molli and Tribuzio
(2004) and interpreted as related to partitioned coaxial strain
and vertical shortening far from the eastern border of the Tenda
Massif.

D3 fabrics in granitoids are associated with celadonite-poor
phengite (Si ¼ 3.2e3.3 apfu, Fig. 4a) þ epidote þ albite þ
quartz (�chlorite � calcite) assemblages. The dolerite dykes
developed chlorite þ albite þ epidote (�phengite � quartz �
calcite). Metabasites are thus characterized by the absence
of amphibole and can be related to the ‘‘lowermost greenschist
facies’’ (Spear, 1993). As a whole, these mineral assemblages
indicate that the D3 deformation occurred at temperatures of
300e400 �C and pressures lower than 0.5 GPa.

Meter- to pluridecameter-sized D3 open to close folds as-
sociated with sub-horizontal to medium steep crenulation
cleavage can be locally observed. They commonly show
fold axes sub-parallel to the stretching lineation of the sur-
rounding D3 shear zones (Fig. 3c). Semi-brittle shear bands
and cataclasite-bearing fault zones (late- and post-D3 struc-
tures) geometrically and kinematically coherent with D3
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Fig. 2. Equal area projection plots (lower hemisphere) of: (a) stretching/min-

eral lineation of D3; (b) late- and post-D3, great circles for shear bands and

faults with sense of movement and slicklines; (c) D2 and (d) D1 stretching/

mineral lineations. In (d) black dots and mean trend refer to lineation in D1

domains unaffected by D2/D3 overprint, whereas black dots with grey rims

refer to D1 lineation in relicts domains within D2 or D3 dominant fabrics.



1751G. Molli et al. / Journal of Structural Geology 28 (2006) 1748e1766
B 3,5 mm

SW NE

A 15 cm

SW NE

D3

C

NW SE

60 cm

NE SW

D
40 cm

C

To

Fig. 3. (a) D3 shear bands in granitic mylonites observed on XZ plane of finite strain ellipsoid; (b) photomicrograph of XZ thin section under natural polarized

light, sample 86; (c) asymmetric southeast vergent D3 folds refolding D2 isoclinal folds at the contact between Tenda orthogneiss (To) and ophiolitic calcschists

(c) East Calaverte bay; and (d) post-D3 brittle fault, coast-line west of S.Florent.
structures are locally present (Figs. 2b and 3d). They are inter-
preted as related to a progressive deformation at lower tem-
perature conditions in the uppermost crust. D3 structures
therefore evolved toward shallower depths with late- and
post-D3 structures.

The main fabric along the eastern border of the Tenda Mas-
sif (as well as inside it) can be attributed to the D2 stage of
greenschist facies deformation (‘‘GS1’’ by Molli and Tribuzio,
2004). This fabric shows stretching and mineral lineations
(Fig. 2c) oriented east-northeast/west-southwest (mean atti-
tude toward 60�). Shear sense indicators such as asymmetric
porphyroclasts and shear band systems of C- and C 0-type
show both top-to-west (southwest) and predominant top-
to-east (northeast) kinematics (Fig. 5aed). D2 structures in
granitoids are associated with celadonite-rich phengite
(Si w 3.5 apfu, Fig. 4a) þ epidote þ albite þ quartz (�calcite
� chlorite � actinolite) assemblages. Quartz microstructures
(Fig. 5c) show typical features of recrystallisation regime 3
of Hirth and Tullis (1992); recrystallised grains (mean grain
size around 0.05e0.1 mm) formed by both grain boundary mi-
gration and sub-grain rotation.

Mafic dykes within orthogneiss show locally (e.g. at Bocca
di Spizzico, kilometric coordinate 567.4/264.2; near the
contact with the Casta Granodiorite, kilometric coordinate
655.6/263.6 and in the Pilocaccia area kilometric coordinate
568.2/263.3) a D2 fabric characterized by spaced crenulation
with large Na-amphibole in the microlithons (D1 relicts see
below) and fine-grained Na-amphibole in the crenulation.
This finding has thus indicated that D2 deformation started un-
der blueschist facies conditions. The rather high celadonite
content of phengites from D2 orthogneisses is consistent
(e.g. Massonne and Schreyer, 1987) with a deformation event
that started at relatively great depth. Remarkably, the fine-
grained Na-amphibole in the crenulation of the mafic dykes
shows an outward decrease of Al contents, thus suggesting
that the D2 blueschist facies evolution, which preceded the
transition to the greenschist facies stability field, was
associated with a pressure decrease (cfr. Egger and Pinaud,
1998).

Mafic rocks recording D2 deformation under greenschist
facies conditions are also present and characterized by a para-
genesis of actinolite þ albite þ chlorite þ epidote þ phengite.
In particular, we have found a microgabbro body (Rue de
Morello bridge along the D62, kilometric coordinate 567.7;
263.2) displaying two generations of greenschist facies amphi-
bole (Fig. 6). The earlier one (Act 1) occurs as coronas around
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Ti-pargasite of igneous origin. Such coronitic structures are in-
volved in top-to-west shear band systems characterized by re-
crystallisation of actinolite (Fig. 5d). The amphiboles
developed in the shear bands (Act 2) have lower Na/Ca þ Na,
Al/Al þ Si and Ti than Act 1 (Fig. 6a,b). These compositional
variations indicate (e.g. Spear, 1993) that the greenschist fa-
cies evolution predating the D3 event was characterized by
a concomitant decrease of both pressure and temperature con-
ditions. As a whole, the different parageneses and mineral
compositions developed in mafic rocks recording the D2 de-
formation provide evidence for a decompression evolution as-
sociated with a temperature decrease.

Widespread relics of pre-greenschist facies assemblages and
structures (D1) can be observed all along the eastern border of
the Tenda Massif (Fig. 7). For instance, a well accessible expo-
sure is located near Fontana Porraghia (Figs. 7e9), along the
D62 (kilometric coordinate 567.5/262.07). In this outcrop,
the orthogneisses show a main foliation defined by Na-amphi-
bole (Fig. 9a,b) þ celadonite-rich phengite (Si w 3.5 apfu,
Fig. 4b) þ epidote þ albite þ quartz (�chlorite � K-feldspar).
White mica cores locally preserve celadonite- (Si ¼ 3.1e
3.3 apfu) and Ti-poor compositions (Fig. 4b), which can be
attributed to a low-pressure stage of the prograde path. Mineral
relics that can be referred to the prograde metamorphic
evolution were also found in the blueschist facies mafic
rocks from the Bocca di Tenda area (kilometric coordinate
565/252) (Tribuzio and Giacomini, 2002). In this area, orthog-
neisses and mafic rocks with epidote-blueschist facies mineral
assemblages are common (Lahondère et al., 1999) and

Fig. 4. Phengite compositions from metagranitoids deformed under greens-

chist (a); and blueschist (b) facies conditions; Si vs. Altot (atoms per formula

unit, apfu). D1, D2 and D3 ¼ phengites related to D1, D2 and D3 fabrics,

respectively.
associated with blueschist facies meta-rhyolites displaying
jadeite-bearing aegirine, Na-amphibole, celadonite-rich phen-
gite, quartz, albite and K-feldspar (Tribuzio and Giacomini,
2002), and Mg-rich gabbros with epidote-amphibolite facies
metamorphic peak assemblages (Al-poor hornblende, celadon-
ite-rich phengite, epidote and albite; Molli and Tribuzio, 2004).
The different high-pressure parageneses from the Bocca di
Tenda rocks permitted to estimate the peak metamorphic con-
ditions at 450 � 50 �C and 1.0 � 0.1 GPa (Tribuzio and Giaco-
mini, 2002; Molli and Tribuzio, 2004). This agrees with the
previous estimates of Egger and Pinaud (1998), who gave
peak temperature and pressure conditions of 350e450 �C and
0.8e1.4 GPa.

The blueschist-facies fabric shows lineations of mineral
(Na-amphibole) and stretching (quartz aggregates) types ori-
ented east-west (mean toward 268�), with top-to-west kine-
matics well defined by asymmetrical porphyroclast systems
of s-type and widespread shear band systems in metadolerites
(Figs. 9aec). Centimeter to decimeter-scale E-vergent folds
deforming the blueschist foliation can be observed in orthog-
neisses interposed between mylonitic metadolerites (Fig. 8e).
The Na-amphibole fabric around the folds is not retrogressed
to greenschist-facies assemblages, thus allowing us to interpret
the folds as related to the back-rotation of blueschist foliation
in a progressive history of top-west shearing. This event pos-
sibly occurred during the development of shear bands in meta-
dolerites, in the latest stages of blueschist shearing. Fig. 8g
illustrates fold/shear zone relationships as observed from deci-
meter to microscale and their interpretation according to the
model described by Harris et al. (2002).

The blueschist foliation grades to orthogneisses charac-
terized by greenschist facies assemblages, and the transition
shows a gradual variation normal to the foliation and along
the strike. Toward the west, the blueschist facies foliation
coplanarly grades to a greenschist foliation characterized
by a well-developed lineation of stretching and mineral
type oriented toward southwest (248�) (Fig. 8b). In this do-
main, asymmetric porphyroclast systems and well-developed
shear bands define a top-southwest kinematics (Fig. 8d).
East of Fontana Porraghia, the transition to greenschist foli-
ation occurred through a decameter thick domain of
strongly crenulated orthogneisses. This domain shows the
partial to total breakdown of blueschist facies Na-amphibole
(Fig. 8f).

3.2. The ophiolitic unit

At its eastern border the Tenda Massif is in contact with
a typical ophiolitic unit formed by serpentinites, metabasites
and a metasedimentary cover (Figs. 1b, 7 and 10). The latter
shows significant variations from northermost to southernmost
exposure areas. In the North, the metabasites are stratigraphi-
cally followed by quartzitic-micaschists and calcschists,
whereas pure quartzites, marbles and calcschists crop out to
the South near S. Pietro di Tenda, at the south-eastern edge
of the Tenda Massif. Our observations and cross-sections
(Fig. 11) support the proposal of Caron and Delcey (1979),
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Fig. 5. (a) D2 structures with well developed top-to-northeast shear sense indicators (asymmetric porphyroclasts, asymmetric mylonitic folds and shear bands); (b)

decimeter-scale S/C structures pointing to a top-to-southwest shearing in granitic mylonite; (c) cross polarized micrograph of granitic mylonite with dynamically

recrystallized quartz, sample Te 70; (d) mylonitized portion of microgabbro dyke (sample Te102) showing top-to-southwest shear bands observed along the D62 at

Rue de Morello bridge (567.7; 263.2).
who considered the Santo Pietro di Tenda sequence as a Late
Jurassic-Cretaceous ophiolite-cover. The presence of continen-
tal-derived debris in carbonates, which led Warburton (1986)
and Durand-Delga (1984) to consider the Santo Pietro di
Tenda sequence as a Mesozoic continental crust cover unit
is, in our view, the result of the influx from a nearby continen-
tal margin, similar to what is documented in other Corsica
ophiolitic units (e.g. Durand-Delga, 1984; Lahondère, 1991;
Marroni and Pandolfi, 2003 and references therein).

The peak metamorphic assemblages in the metabasites de-
rived from lava flows are characterized by Na-amphibole þ
albite þ chlorite þ epidote þ phengite (�calcite). The meta-
basalts therefore display typical epidote-blueschist facies
(Evans, 1990) assemblages, similar to those observed for the
metadolerites within the Tenda orthogneisses and for the meta-
diorites from the Bocca di Tenda gabbroic sequence (Tribuzio
and Giacomini, 2002; Molli and Tribuzio, 2004). In the ophio-
lite unit, blueschist facies metabasites derived from Fe-Ti-rich
gabbroic protoliths have also been found, for instance at
Monte S. Angelo (kilometric coordinate 566.9/249). These
rocks commonly preserve mineral relics of the igneous para-
genesis (i.e. ilmenite and Ca-clinopyroxene, (Fig. 12) and
display a peak metamorphic assemblage of Na-amphibole -
þ aegirine þ albite þ chlorite. Ophiolitic Mg-Al-rich gabbros
have also been recognised and are characterized by the ab-
sence of Na-amphibole, similar to the olivine gabbronorites
from the Bocca di Tenda gabbroic sequence (Tribuzio and
Giacomini, 2002). Remarkably, Na-amphiboles from blues-
chist facies metabasites of the Tenda Massif and the ophiolitic
unit are chemically similar (Fig. 12). As a whole, these parage-
netic resemblances indicate that the Tenda Massif and the
ophiolitic unit underwent similar peak metamorphic conditions.

The blueschist facies assemblages in metabasites are com-
monly partially overprinted by greenschist facies parageneses,
with development of chlorite þ albite þ epidote (�phengite �
calcite� actinolite). A widespread re-equilibration under greens-
chist facies conditions is commonly shown by the ophiolitic
metasediments. Nevertheless, peak metamorphic assemblages
that can be referred to the blueschist facies are locally pre-
served; for instance, quartzitic-micaschists from Calaverte bay
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display a relict paragenesis of Na-amphibole þ quartz þ
phengite þ albite. The ophiolitic unit is characterized by dis-
tributed deformation associated with pervasive folding from
cartographic to thin section scale (Figs. 9d,f and 11). Two gen-
erations of isoclinal folds (D1 and D2) are associated with the
two major stages of metamorphism (under blueschist and
greenschist facies conditions, respectively), whereas later
stages of folding are characterized by sub-horizontal to sub-
vertical axial-planar disjunctive crenulation cleavage and
kink bands (D3 and late-D3; Figs. 3c and 9d). Map and
cross-sections of Figs. 7 and 11 highlight the superimposed
structures observable in the ophiolitic unit around Santo Pietro
di Tenda.

3.3. The geometries of the contact between the Tenda
and the ophiolitic unit

The geological maps of Figs. 10 and 13 describe in some
details the geometries of the contact between the Tenda and
the ophiolite unit west of S.Florent village. Key exposures
are to be found South of the Fornali lighthouse (cf. Waters,
1990; Dallan and Puccinelli, 1995), where it is possible to ob-
serve an orthogneiss and mylonitized volcano-sedimentary
cover (Tenda-derived) overlying the ophiolitic unit here
formed by metabasites and calcschists. Between Fornali
and Punta Cepu, the orthogneiss and the mylonitized
Tenda-derived cover show pervasive isoclinal folds at different
scales and strongly curved intersection lineations on foliation
planes (Fig. 14a). The axial planar foliation of the isoclinal

Fig. 6. Amphibole compositions from Tenda microgabbro with greenschist

facies metamorphism, involved in the D2 deformation event. Na/(Ca þ Na)

vs. Al/(Si þ Al) and Ti vs. Al/(Si þ Al) in apfu. Ti-Prg ¼ Ti-pargasite of igne-

ous origin; Act 1 ¼ actinolite in coronas around Ti-Prg; Act 2 ¼ actinolite in

top-to-west shear band systems (D2 event).
folds shows greenschist facies assemblages with phengite
composition (Si ¼ 3.4e3.5 apfu) similar to D2 structures in
other parts of the Tenda.

Further North, in the Calaverte bay (Figs. 10 and 13aec),
the ophiolitic unit reappears with a sequence of tremolite
schists (possibly mantle-derived ultramafics), metabasites,
quartzitic-micaschists and calcschists forming tight folds
within the orthogneiss (Fig. 14c). Meso- and microstructural
features show that the axial planar foliation of the folds is as-
sociated with greenschist assemblages deforming an older
blueschist fabric. These two foliations (and the associated
isoclinal folds D1 and D2) are both deformed (Figs. 9d and
14d) by west-dipping disjunctive crenulation cleavage axial
planar of metric scale east-vergent open to close folds
(D3). We interpret the exposure of the Calaverte Bay as asso-
ciated with the lateral termination of a strongly non-cylindric
recumbent fold (Figs. 13b and 15). The ophiolitic unit (calcs-
chists and metabasites) is pinched within the orthogneisses,
which therefore were more competent during deformation.
These structures are considered as being due to the buckling
of the original thrust contact (with the ophiolitic unit ar-
ranged in an inverted limb of a kilometer-scale west vergent
isoclinal D1 fold above the Tenda orthogneiss, Fig. 11b), fol-
lowed by rotation and strain of the earlier fold during south-
west/northeast directed shearing. Similar geometries of
deformation can be also observed South of S.Pietro di Tenda,
around the M.Buggentone area (kilometric coordinate 567.1/
252.1) and further south, in the Ponte Leccia surroundings
(kilometric coordinate 568/244). Therefore, at the scale of
the whole eastern border of the Tenda, the contact between
the continental Tenda and the ophiolitic units appears tightly
folded in large scale recumbent D2 sheath folds (Figs. 11b,
13b and 15).

3.4. Deformation and metamorphic evolution of the units
across the Eastern border of the Tenda Massif

Fig. 16 reports the P-T-t-d evolution of the units in con-
tact across the eastern border of the Tenda Massif. Both
oceanic and continental (Tenda) units are characterized by
peak metamorphic conditions around 450 �C and 1.0 GPa,
which can be referred to the ambient conditions for D1 de-
formation. The mineral zoning observable in the core of
white micas and Na-amphiboles records the lower pressure
stages of the prograde path developed during the involve-
ment in the subduction. D2 deformation and structures can
be related to the exhumation history, which started under
HP/LT metamorphic conditions and evolved toward a lower
pressure environments, thus allowing the early greenschist
facies assemblages to develop. The following D3 structures
formed at temperature around 350 �C and pressure lower
than 0.5 GPa and were overprinted at shallow structural
levels by the late- and post-D3 semibrittle and brittle struc-
tures. D3 and late- to post-D3 structures are localized and
correlated with low displacements (from millimeters to me-
ters) across the single structure. In addition, their total effect
is negligible at a crustal scale, as observable by the
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Fig. 7. Geologic sketch map of the area North of S.Pietro di Tenda, with inset of equal area projection plots (lower hemisphere) of pole of foliation, stretching/

mineral lineation, and fold axes of D2 structures in the Tenda and ophiolitic units.
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undisrupted geometries of D2 large scale folds affecting the
contact between oceanic and continental units (Figs. 11b,
13c and 15).

4. The Eastern border of the Tenda Massif: post-orogenic
detachment fault or syn-orogenic shear zone?

In the last decades, criteria to recognize the crustal nature
of faults and shear zones in orogens have been highlighted
(e.g. Burg et al., 1984; Mancktelow, 1985; Selverstone,
1985; Platt, 1986; Malavieille, 1987; Lister and Davis, 1989;
Schmid and Haas, 1989). However, in many cases the tectonic
significance of the described structures remains debatable
(Wheeler and Butler, 1994; Ring et al., 1999), since thermal
structure, original geometry and timing of deformation are
in most cases not sufficiently constrained. Yet, two first order
tectonic features are characteristic of Cordilleran-type detach-
ment faults (e.g. Crittenden et al., 1980; Wernicke, 1981;
Malavieille, 1987): (i) the presence of a brittle fault surface;
and (ii) a discontinuity in metamorphic conditions, between
higher-grade rocks in the footwall and lower-grade rocks in
the hanging wall.

The contact between the Tenda and the ophiolitic unit is
considered as a sharp eastward shallow dipping fault by
Jolivet et al (1990), Daniel et al. (1996) and Gueydan
et al. (2003). On the basis of this interpretation, and the
widespread top to east/north-east kinematics, the structure
was considered as a detachment fault of Cordilleran-type
and framed within a tectonic setting of regional-scale ex-
tensional process. However, the data presented here do
not fit with the described structural geometries. In addition,
in contrast to what has been claimed in recent literature
(for instance Jolivet et al., 1998; Rossetti et al., 2002),
all along the eastern border of the Tenda Massif significant
structural and petrological relics of a deep seated tectonic
process associated with subduction can be found. These
data solicit a reconsideration of the regional significance
of the East Tenda Shear Zone proposed by Jolivet et al.
(1990).

In our discussion, we shall take into account the structures
along the eastern border of the Tenda Massif, as well as the
overall available regional data set. A first point to focus is
the age of the metamorphic events in the Tenda Massif,
which is a controversial topic (e.g. Handy and Oberhansli,
2004). A crude, two-step discordant 40Ar/39Ar on glauco-
phane of about 90 Ma was interpreted by Maluski, 1977 as
the age of the thermal peak. Similarly, a Rb-Sr whole-rock
age of 105 � 8 Ma was considered by Cohen et al. (1981)
as the age of the HP/LT metamorphic event. More recently,
a separate of celadonite-rich phengites (Si ¼ 3.5 apfu) from
a deformed granitoid of the Northern Tenda Massif has
yielded a discordant 39Ar/40Ar spectrum that regularly in-
creases during step-heating, from about 25 Ma to 47 Ma
(Brunet et al., 2000). According to Molli and Tribuzio
(2004), this suggests that the high-pressure metamorphism
had a minimum age of 47 Ma.
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A Late Cretaceous to Paleocene/Early Eocene age for the
subduction in the Corsican orogenic system is also supported
by regional data, such as: (1) the presence of detritic glauco-
phane in Maastrichtian sediments of North West Sardinia
(Dieni and Massari, 1982; Malavieille et al., 1998); and (2)
the observation that in southwestern Corsica Eocene sediments
lacking HP/LT assemblages rest unconformably on the base-
ment of western Corsica and Schistes Lustres (Caron, 1994;
Egal, 1992).

The underthrusting of the Corsican continental crust is
documented to persist during the Eocene, since the external
continental units of ‘‘parautocthonous’’ and internal part of
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Fig. 10. Geologic sketch map of the area west of S.Florent, with inset of equal area projection plots (lower hemisphere) of pole of foliation, stretching/mineral

lineation, and fold axes of D2 structures in the Tenda and ophiolitic units. Rectangle indicates the location of Fig. 13.
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the ‘‘authoctonous’’ are affected by HP/LT metamorphism
(Bezert and Caby, 1988; Bezert, 1990; Molli et al., 2005;
Malasoma et al., 2006). These units contain a sedimentary
cover paleontologically dated to the early Mid-Eocene (dated
on the basis of the presence of Nummulites biarritzensis; Dis-
cociclina sp. by Bezert and Caby, 1988). Therefore, strati-
graphic data from the frontal part of the Corsican wedge
suggest that blueschist facies and associated underthrusting
and subduction of continental crust continued until at least
the Bartonian (40e37 Ma).

Ar/Ar investigations reported by Brunet et al. (2000),
who analysed deformed granitoids of the eastern Tenda,
show phengitic micas with intermediate Si compositions
(comparable to our D2 phengites), which have given values
of 39e32 Ma, whereas the low pressure phengites (compo-
sitions comparable to our D3 phengites) yielded ages in
the range of 28e21 Ma (plateau age of 25 Ma). Taking
into account all these data, the following tectonic scenario
can be envisaged for the East border of the Tenda Massif
(Fig. 17):

e Early stages of deformation (D1) developed under epidote-
blueschist facies metamorphic conditions. D1 structures
are recorded by localized shear zones showing top-
to-west kinematics in the Tenda Massif and pervasive
small to large scale isoclinal folding within the ophiolite
unit. A major large-scale structure in the ophiolite unit
appears to be present near the Tenda Massif, where
a west-vergent recumbent fold with kilometer scale in-
verted limb can be reconstructed by retrodeformation of
D2 structures. This subduction-related event affects the
Tenda continental crust at a minimum age of 47 Ma;

Fig. 12. Amphibole compositions from Fe-rich mafic rocks of the Tenda Massif

(dolerite dykes and Qtz-diorites from the Bocca di Tenda gabbroic sequence) and

associated ophiolites (deformed basalt flows and Fe-Ti-rich gabbros); Na/

(Ca þ Na) vs. Al/(Si þ Al) in apfu. Ti-Prg Tenda ¼ Ti-pargasites of igneous or-

igin in Fe-rich mafic rocks from the Tenda Massif; D1 Tenda ¼ Na-amphiboles

related to D1 deformation event in Fe-rich mafic rocks from the Tenda Massif;

D1 ophiolites ¼ Na-amphiboles related to D1 deformation event in Fe-rich

mafic rocks from the ophiolitic unit; D2 Tenda ¼ amphiboles related to D2

deformation event in Fe-rich mafic rocks from the Tenda Massif; pre-D1

Tenda ¼ prograde Na-Ca-amphiboles (winchites) in Fe-rich mafic rocks from

the Tenda Massif.
e The ophiolite and the Tenda units are later deformed to-
gether during blueschist to greenschist decompression
within a kilometer-scale D2 shear zone. The eastern bor-
der of the Tenda Massif represents the lower boundary
of this shear zone. The upper boundary is within the over-
lying ophiolite nappes stack. The D2 event is synchronous
with the underthrusting of the more external continental
units (‘‘parauthochtonous’’ and internal part of ‘‘authocth-
onous’’), whose deformation can be constrained as oc-
curred post Mid-Eocene (40e33 Ma) by the stratigraphic
age of youngest sediments. Radiometric ages between 39
and 32 Ma in the eastern border of the Tenda Massif can
be interpreted as related to D2 deformation during syn-
collision decompression;

e The following top-to-northeast shearing (D3 and late
D3) produced only partial reactivation and localized
overprinting of previous fabrics. 40Ar/39Ar ages in the
range of 28e21 Ma could correspond to partial or com-
plete reopening of phengite chronometers, during crus-
tal-scale extension setting connected with the initiation
of the rifting and drifting stages of the Ligure-Provençal
basin.

Remarkably, there is no significant difference in geochro-
nological ages across the eastern border of the Tenda Massif,
between footwall and hanging wall of the supposed detach-
ment fault, for both high (40Ar/39Ar on white micas) and
low (apatite fission track) temperature systems (Cavazza
et al., 2001; Zarki-Janki et al., 2004; Fellin et al., 2005).
This agrees with the structural data presented here, which in-
dicate a weak (low displacement) extensional-related reactiva-
tion of previous oldest and deepest fabric. In addition, the
presence of clasts of Tenda-derived granitic mylonites within
the lowermost part of the S.Florent sequence (see also Dallan
and Puccinelli, 1995; Ferrandini et al., 1998) argues against
the interpretation of the Miocene of S.Florent as a supra-de-
tachment extensional basin related to the activity of the East
Tenda shear zone at depth, as proposed by Jolivet et al.
(1990) and Gueydan et al. (2003).

5. Discussion and conclusions

The metamorphic and structural data presented in this
paper allow us to re-consider the tectonic significance of the
Tertiary deformation across the eastern boundary of the Tenda
Massif which, according to our new field and metamorphic
data, cannot be interpreted as a core complex of Cordilleran
type (Jolivet et al., 1990; Daniel et al., 1996; Gueydan
et al., 2003). On the contrary, the Eastern Tenda Fault Zone
shows significant structural and petrological imprints of
deep seated tectonic processes associated with subduction
and syn-collision intrawedge-deformation during the under-
thrusting of more external units. Analyses of foliation do-
mains, heterogeneous deformation and sense of shear in
mylonitized granitoids and cover rocks, coupled with petro-
logical features of syn-kinematically developed assemblages,
show that the Tenda Massif is a piece of upper continental
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Fig. 13. Geological map of the Calaverte bay and surroundings, with inset of equal area projection plots (lower hemisphere) of pole of foliation, stretching/mineral

lineation, and fold axes of D2 structures; (b) geological cross section of the Calaverte area, traced normal to the trend of D2 stretching lineation, with the inter-

pretation of the ophiolite unit exposure within the Tenda orthogneiss as lateral termination of D2 sheath-fold; (c) schematic cross-section of north-west exposure of

ophiolitic unit along the coast with observable structures (see Figs. 14c,d and 9d for micro- and meso-scale details). g are orthogneiss; CS and Q are calcschists and

quarztites; b, metabasic rocks and S actinolite-tremolite schists.
crust involved in a subduction zone (peak metamorphism at
about 1.0 GPa and 450 �C), where the coupling with the
ocean-derived ophiolitic unit occurred. These units shared
a common retrograde structural and metamorphic history dur-
ing exhumation recorded by D2 ductile fabrics in the Tenda
Massif and by the large scale D2 folds in the ophiolitic units.
These large scale D2 folds, involving the coupled continental
and oceanic-derived units, can be framed within an orogenic
wedge/subduction channel and possibly related to a process
of delocalization of the strain during exhumation.

Structures similar to the large scale D2 folds described
here, seem to be common in exhumed subducted continental
crust. Hinterland-directed large scale folding and shearing as-
sociated with retrograde fabrics characterize the contact be-
tween basement and covers units (in same cases continental
and oceanic in origin) in the Alps (e.g. Gosso et al., 1979;
Pennacchioni, 1988; Schmid et al., 1990; Wheeler and Butler,
1993; Ganne et al., 2005, 2006; Pleuger et al., 2005) and
Oman (Mattauer and Ritz, 1996; Searle et al., 2004). This
kind of structures, predicted in analogue and numerical mod-
elling (Merle and Guiller, 1989; Chemenda et al., 1995; Es-
cher and Beaumont, 1997; Allemand and Lardeaux, 1997;
Malavieille et al., 1998; Kostantinovskaia and Malavieille,
2005), does not represent bulk crustal scale extension but in-
stead reflect the relative hanging wall/footwall displacement
between tectonic units within an orogenic wedge during syn-
contractional exhumation of continental crust units. As in
the eastern border of Tenda Massif such structures can thus
be related to a complex flow pattern of rheologically heteroge-
neous multilayers (Schmid et al., 1990; Hippert and Tohver,
1999) during viscous extrusion, rather than post-orogenic
large-scale continental crust thinning.
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Fig. 17. Evolutionary schemes of Alpine Corsica with simplified cartoon diagrams showing the main stages of structural history of the Tenda Massif and overlying

units: a) subduction of Corsican continental crust in high-pressure/low-temperature gradient with development of D1 structures in continental and ophiolitic units

(a1); b) continuous shortening, underthrusting of more external continental units and syn-contraction exhumation of internal part of orogenic wedge. A crustal scale

antiformal stack involving the Tenda unit developed during this stage, while erosion and low-angle normal faulting occurred in the upper part of the wedge (low-

grade Balagne-Nebbio-Macinaggio nappe system). This event, post Mid Eocene in age, produced D2 fabrics (b1) in the eastern border of Tenda Massif and in the

overlying ophiolitic unit. Hinterland-directed D2 shearing reflect differential displacement between continental and ophiolitic unit during viscous extrusion. b2)

velocity profile (which may merely represent the deviatoric components of shear strain) resulting in a line of no shear strain (dashed) bounded by a lower top-

to-west and an upper top-to-east shearing (on the basis of Merle and Guiller, 1989 and Schmid et al., 1990); c) transpressional stage (Late Eocene-early Oligo-

cene?) with tightening of previous developed antiformal stack and further erosion-controlled exhumation; d) Late Oligocene crustal scale (trans)-extensional stage

with local reactivation of previous fabrics and development of D3 and late-D3 deformations in the eastern border of the Tenda Massif (d1).
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