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Abstract-The Alpine metamorphic units of Corsica were exhumed in the footwall of an Oligo-Miocene 
detachment. New structural data are used to describe the ductile deformation within the footwall and its 
evolution from greenschist facies metamorphic conditions to the surface. Regional variations in the type of 
kinematic indicators show a partitioning between vertical coaxial shortening and localized non-coaxial flow on 
extensional ductile shear zones. Coaxial flow results in folding with axial-plane crenulation cleavage that is 
horizontal or gently W dipping. Slightly curved fold axes and a general asymmetry indicate a minor component of 
eastward shear. Non-coaxial flow results in the formation of a mylonitic foliation dipping to the E associated with 
top-to-the-east sense of shear. This distribution is seen at all scales from the thin section to that of the crust. At 
crustal-scale, vertical coaxial shortening occurs within large boudins bounded by plurikilometric extensional 
shear zones. As exhumation proceeded, the footwall entered the brittle field. Late deformation is then 
characterized by subvertical shear and large scale folding, interpreted in terms of isostatic re-equilibration during 
denudation. Tectonic activity ends with normal faulting and deposition of marine sediments in asymmetric 
grabens. This description illustrates the behaviour of the ductile crust beneath upper crustal tilted blocks. 

INTRODUCTION 

During the past decade, studies dealing with metamor- 
phic core complexes have mostly focused on precise 
descriptions of detachment faults and only a few papers 
have described internal deformation of the footwall. 
However, several lines of reasoning show that a large 
amount of strain has to be distributed in the footwall of 
major detachments. For example, Block & Royden 
(1990) and Wdowinsky & Axen (1992) have shown that 
when the crust is unloaded by the activity of a detach- 
ment fault, it yields in a viscous manner that can 
explain some major features observed in metamorphic 
core complexes: doming of foliation, late layer parallel 
contraction and subvertical shear (Wernicke & Axen 
1988, Bartley & Fletcher 1990). These features are 
known to develop in the latest history of metamorphic 
core complexes. Earlier ductile deformation often pre- 
dates these events. For example, Miller et al. (1983) 
described pervasive vertical coaxial shortening as an 
early result of extension, before the inception of local- 
ized simple shear. In addition, Bird (1991) demon- 
strated that the lower crust can flow when a topo- 
graphic high exists. 

Alpine Corsica was isolated from the Alps when 
lithospheric stretching started in the Early Oligocene in 
the Liguro-Provenqal Basin and then in the Middle 
Miocene in the Tyrrhenian Sea (Fig. 1) (Burrus 1984, 
RChault et al. 1984, Sartori et al., 1987, Dewey et al. 
1989). Jolivet et al. (1990) and Fournier et&. (1991) have 
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shown that Alpine Corsica can be considered as a 
metamorphic core complex of Oligo-Miocene age simi- 
lar to the Basin and Range and Aegean Sea. Below a 
sharp detachment between metamorphic and non- 
metamorphic units, deformation of the footwall results 
in both pervasive flattening and localized simple shear at 
all scales. 

GEOLOGICAL SETTING 

Main units 

Alpine Corsica is a nappe stack formed in the Late 
Cretaceous and Eocene by underthrusting of the conti- 
nental margin of Europe made of Hercynian plutonic 
rocks, under Ligurian oceanic units (Caron 1977, Caron 
et al. 1981, Mattauer et al. 1981, Amaudric du Chaffaut 
1982, Durand Delga 1984). The nappe stack can be 
described as follows (Figs. 2 and 3), from base to top: 

External units. The Tenda Massif mainly consists of 
granitic rocks belonging to the European margin. It has 
been deformed and metamorphosed during Late 
Cretaceous/Eocene thrusting of the Schistes Lust& 
Nappe toward the west (Mattauer et al. 1981, Gibbons & 
Horak 1984, Warburton 1986, Jourdan 1988). It is 
thought to be either the autochthonous basement (Mat- 
tauer ef al. 1981, Gibbons & Horak 1984, Waters 1990) 
or a thrust sheet slightly displaced toward the west 
during shortening of the European margin (Warburton 
1986, Jourdan 1988). 

To the south, the Corte Units are imbricated in a 
nappe stack which involves basement and its sedimen- 
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Fig. 1. Location map of Corsica between the Liguro-Provenqal Basin and the Tyrrhenian Sea. Lighter shading shows 
highly thinned continental crust and darker shading shows oceanic crust. Double arrows show the approximate direction of 

Cenozoic extension or compression. 

tary cover (Amaudric du Chaffaut 1982, BCzert & Caby 
1989, Egal 1992), along the contact between Alpine 
Corsica and autochthonous Western Corsica. The latter 
is mainly made of Hercynian rocks, locally overlain by 
Eocene sediments. 

The Schistes Lustr& Nappe sensu lato. This rests upon 
the Tenda Massif by a shear zone initially formed in high 
P-low T conditions, with top-to-the-west sense of shear 
(Mattauer et al. 1981), later reworked as a ductile 
normal fault during retrogression in the greenschist 
facies (Waters 1989, Jolivet et al. 1991). This nappe 
comprises several oceanic and continental units. Ocea- 
nic units are similar to the Schistes Lust& Nappe of the 
Western Alps (Caron 1977) in terms of lithofacies and 
metamorphic grade. In the south of Alpine Corsica, the 
Schistes Lust& Nappe is in contact with either the 
Corte Units, or the Hercynian basement and its Eocene 
cover. 

The upper unit (called hereafter the Balagne Nappe). 
This is characterized by a lack of metamorphism and 
ductile deformation. It is constituted chiefly of ophiolitic 
material and oceanic sediments of Late Jurassic age as 
well as Late Cretaceous flysch (Durand Delga 1984). It 
rests upon all metamorphic units by a sharp contact 
subsequently folded into broad antiforms and synforms. 
It is distributed in three areas: (1) the Balagne Nappe 
sensu strict0 rests upon non-metamorphosed Eocene 
autochthonous sediments west of the Tenda Massif; (2) 
the Nebbio Klippe; and (3) the Macinaggio Klippes in 
the Centuri region rest upon the Schistes Lust& Nappe. 
This superficial nappe was emplaced in the Middle 
Eocene above Western Corsica, as attested by the pres- 
ence of olistostrome deposits in the autochthonous 
Eocene Basin below the Balagne Nappe sensu strict0 

(Durand Delga 1984, Jourdan 1988). Beneath the Neb- 
bio Klippe, poorly metamorphosed acidic rocks crop out 
within the contact zone. They are similar to various 
facies of the Tenda Massif, though less deformed. 

All these units are unconformably overlained by ter- 
restrial to shallow marine deposits of Early Miocene age 
(Francardo and St Florent Basins). 

Geological evolution 

There is a general agreement about the early history 
of Alpine Corsica. The first stage is represented by the 
occurrence, in several units, of eclogitic associations 
indicating a minimum pressure of 11 kb for temperatures 
about 400°C (Caron et al. 1981, Harris 1984, Lahondere 
1988, Fournier et al. 1991). These associations were 
retrogressed in the blueschist facies, during the Late 
Cretaceous and Eocene. Blueschist facies parageneses 
are widespread in Alpine Corsica and correspond to 
pressure and temperature in the range of 6-7 kb and 
330-4OO”C (Harris 1984, Gibbons et al. 1986, Lahondere 
1988, Waters 1989). Occurrence of jadeite and almost 
pure glaucophane argue for even higher pressure, up to 
10 kb in the same temperature range (Peterlongo 1968, 
Essene 1969, Ohnenstetter et al. 1976, Evans 1990). 
Related deformation, referred as D1 in the literature 
(Gibbons et al. 1986 for a review), leads to the formation 
of the Schistes Lustrts Nappe which was emplaced on 
the Hercynian basement of Western Corsica (Gibbons 
& Horak 1984) and its Eocene cover (Egal & Caron 
1988, Egal 1992). D1 is characterized by the develop- 
ment of strong LS fabrics (with L1 striking approxi- 
mately east-west at the latitude of Bastia) and top-to- 
the-west sense of shear (Faure & Malavieille 1981, 
Mattauer et al. 1981). D1 ended in the Late Eocene 
(Egal & Caron 1988, Bezert & Caby 1989). 
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Fig. 2. Simplified geologxal map of alpine Corsica after Jolivet et al. (1990) (the Balagne Nappe is not metamorphosed). 

Deformation continued under greenschist facies con- scale folds (Faure & Malavieille 1981, Amaudric du 
ditions (02) (Table 1) with the activity of shear zones Chaffaut 1982) (Figs. 2 and 3). Unlike D1, the geodyna- 
associated with top-to-the-east movements and the mica1 significance of D2 and D3 is disputed. Three main 
development of SE verging folds with an axial planar models (Table 1) have been derived using the obser- 
cleavage (Malavieille 1982, Harris 1984, Warburton vations summarized above: (1) Compression continued 
1986, Waters 1989, Jolivet et al. 1991, Egal 1992). The during D2, considered as a backthrusting event and 
latest deformation (0s) mainly consists of normal and ended with folding (D3) in the Early Miocene (Harris 
strike-slip faulting (Maluski et al. 1973, Egal 1989, 1984, Warburton 1986); (2) D2 started with extension 
Waters 1990). Finally, after the deposition of the St limited to the upper part of the accretionary wedge along 
Florent limestones in the Early Miocene, the whole ductile normal faults with top-to-the-east sense of shear 
structure was gently folded by N-S trending kilometre while compression continued at depth in the way de- 
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Fig. 3. Synthetic southwest-northeast cross-section at the latitude of Bastia after Fournier et al. (1992) (in black: Balagne 
Nappe scxsu lam). 

Table 1. 

Structures 
Syn-greenschist shear zones and 

recumbent folds 

Syn- to post-greenschist shear zones 
and E-SE verging folds with axial 

plane cleavage 
Brittle normal and strike-slip faulting 

and post-Earlv Miocene foldine 

Model 1* D3: backthrusting D4: last increments of shortening in 
the crustal wedge 

Model 2t 

Model 3$ 

D2: extension in the upper part of the D3: backthrusting Dd: last increments of shortening in 
accretionary wedge the crustal wedge 

Post-Orogenic extension Post-Orogenic extension D,: end of exhumation and extension 

*Mattauer et al. (1981); 03 is referred to as D2 in Malavieille (1983) 
tWaters (1989). 
$Jolivet et al. (1990), and this paper. 

Warburton (1986). 

scribed by Platt (1986). Then, compression re-affected 
the whole wedge causing backthrusting and SE verging 
folding. It finally ended (0s) with open folding of the 
whole structure in the Early Miocene (D2, D3 and D4 in 
Waters, 1989); (3) D2 and D3 correspond to crustal 
thinning related to the opening of the Ligurian and 
Tyrrhenian Basins (Jolivet et al. 1990). Model (3) is 
based on the following observations: 

agreement with the lack of significant reverse faults in 
Miocene Basins. 

(1) The very sharp basal contact of the unmetamor- 
phosed Balagne Nappe represents a minimum pressure 
gap of 3 kb and has many characters of a detachment 
fault. 

(5) Alpine Corsica is located between two basins (Fig. 
1). The Liguro-Proveqal Basin contains crust of ocea- 
nic affinity (Burrus 1984, RChault et al. 1984). Rifting is 
known to have begun in the Oligocene (Rehault et al. 
1984) and continued until the Early Miocene. In Alpine 
Corsica, an extensional phase, responsible not only for 
brittle deformation but also for intense ductile defor- 
mation, is consistent with such a geodynamical setting. 

(2) The eastern margin of the Tenda Massif, where D2 
resulted in pervasive simple shear, appears as a normal 
shear zone reactivating an early high P-low T thrust 
plane. This motion is compatible with the later tilt and 
asymmetric brittle deformation of the St Florent Mio- 
cene sediments. 

Most of the data supporting this interpretation have 
been collected in the region between St Florent and 
Bastia. This paper presents data concerning D2 and D3 
over the whole of Alpine Corsica which, integrated at 
large scale, make us favour model (3). Furthermore, 
they demonstrate how post-erogenic extension can lead 
to strain partitioning in the footwall of a major detach- 
ment. 

(3) The inversion of sense of shear between D1 and D2 
can easily be explained by the re-working of D1 thrusts 
as normal ductile shear zones. There is no objective 
reason to interpret some greenschist facies shear zones 
as backthrusts when others are interpreted as normal 
sense shear zones. 

D2 STRETCHING IN THE MIDDLE CRUST 

D2 ductile structures 

(4) Regions such as the Basin and Range Province or In this paper, D2 refers to deformation occurring at 
the Aegean Sea provide examples of long wavelength the greenschist facies conditions or slightly lower grade. 
folds related to extension. Thus the existence of gentle It is best characterized by a small number of large scale 
kilometre scale folds and tilt of the Lower Miocene St shear zones, mapped on Fig. 4, and by small scale 
Florent Basin is not evidence for shortening during the kinematic indicators (Figs. 5 and 6). The two major ones 
Miocene. They can be formed during extension (roll are the East Tenda Shear Zone (Waters 1989, Jolivet et 
over structures or isostatic rebound on normal fault) al., 1990) and the one that bounds the Castagniccia 
(Wernicke & Axen 1988). Such an interpretation is in antiform to the northeast. These shear zones are defined 
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by an E-NE dipping foliation, a pervasive stretching 
lineation trending from W-E to SW-NE and consistent 
top-to-the-east kinematic indicators. Along these shear 
zones, the retrograde metamorphism of the high P-low 
T paragenesis into greenschist facies parageneses is 
pervasive (Gibbons et al. 1986, Waters 1989, Jolivet 
et al., 1990). 

Between the shear zones, D2 deformation mostly 
consists of folds with flat-lying-W dipping axial planes, 
verging E-SE (Fig. 5a). At small scale, a horizontal or W 
dipping D2 crenulation cleavage is developed (Figs. 5c & 
f). There is a general agreement concerning the green- 
schist facies character of these features, referred to as D2 
by Cohen et al. (1981) and Faure & Malavieille (1981) or 
D3 by Harris (1984), Warburton (1986) and Waters 
(1989). D2 folds were described by these authors as 
evidence for E verging backthrusts. A component of 
non-coaxial flow parallel to their axial plane produced 
slightly curved hinges trending E, but Fig. 5(a) shows 
that the component of vertical shortening is predomi- 
nant. 

D2 folds and crenulation cleavage re-worked an 
earlier foliation and synfolial folds (Figs. 5b & f). These 
structures can be observed in outcrops within the core of 
major units where the crenulation cleavage is not too 
pervasive or did not develop. Figure 4 shows that be- 
tween large D2 shear zones, a stretching lineation fre- 
quently trends around N20’E, particularly in the core of 
the Castagniccia antiform. In this region, it is marked by 
elongated high P-low T relicts, containing quartz veins 
and chlorite patches. These north-south lineations are 
rotated towards southwest-northeast in the vicinity of 
D2 shear zones (Fig. 4). At outcrop scale, the related 
foliation is commonly deformed by D2 shear bands with 
top-to-the-east sense of shear trending parallel to the 
north-south lineation. Therefore, the foliation and 
lineation clearly pre-date the development of the ductile 
normal faults and the D2 crenulation cleavage. The 
discussion of the geodynamical significance of the north- 
south stretching direction is beyond the scope of this 
paper. Despite its surprising trend (N20E), perpendicu- 
lar to D1 and D2 lineations, it has not properly been 
taken into account in earlier syntheses. 

The East Tenda Shear Zone (ETSZ) 

A detailed description of Dz structures along the East 
Tenda Shear Zone (ETSZ) (Figs. 5d-f and 7) outlines 
the main characters of finite strain distribution across the 
major D2 ductile normal faults. 

The core of the Tenda Massif is made of undeformed 
granodiorite. However, deformation is sometimes local- 
ized in high P shear zones, a few metres thick, character- 
ized by E-W stretching lineation and top-to-the-west 
sense of shear (Dl) (Jourdan 1988). 

When approaching its eastern boundary the grano- 
diorite becomes more and more deformed and D, struc- 
tures are re-worked by an evolution from syn- to post- 
greenschist facies (Jourdan 1988, Waters 1989, Jolivet et 
al., 1990). North of Sorio, D2 is first defined by outcrop 

scale folds, similar to the ones found on the east side of 
the Cap Corse (Fig. 5a). Their axial planes are W 
dipping and are outlined by a crenulation cleavage Sz 
(Fig. 5f). A D1 crossite-bearing foliation is folded be- 
tween crenulation planes. A few hundred metres from 
the boundary, Sz becomes more pervasive, but is still 
dipping 30” to the west. Sz is locally deformed by E 
dipping shear bands indicating top-to-the-east sense of 
shear. Approaching the contact with the Schistes 
Lustres Nappe, S2 is progressively rotated to the hori- 
zontal and shear bands becomes more abundant (Fig. 
5d). In the ETSZ itself, Sz is developed as an E dipping 
mylonitic foliation. On S2 planes, a strong SW-NE 
stretching lineation is observed. Within the ETSZ shear 
bands always trend perpendicular to stretching lineation 
and consistently indicate top-to-the-east sense of shear 
(Fig. 5d). In the centre of the shear zone, curved folds 
axes often tend to be parallel to the D2 stretching 
lineation, indicating an increase of finite strain. 

Even close to the contact, the ETSZ is not a homo- 
geneous shear zone. Figure 7 shows that it is composed 
of several large scale shear bands. Only the two major 
ones, 100 m thick, can be mapped in a region covered 
with dense vegetation. Between these shear zones, a 
crenulation cleavage is preserved, more or less rotated 
parallel to D2 foliation. At outcrop scale, lenses of 
preserved crenulation cleavage are also observed, of 
various sizes. Both the size reduction and the progress- 
ive rotation of the D2 cleavage are compatible with 
increasing shear intensity the contact. The intersection 
of the crenulation cleavage and the foliation is almost 
horizontal (Fig. 7). The stretching hneation always lies 
perpendicular to this intersection (Fig. 7). These geo- 
metrical relations are somehow similar to those between 
S and C planes on a small scale (Choukroune & Lagarde 
1977, Berthe et al. 1979). In the same way as the S-C 
angle is reduced when shear strain is increased, D2 
crenulation cleavage tends to become parallel to the 
mylonitic foliation near the contact. These structures are 
also similar to an extensional crenulation cleavage (Platt 
& Vissers 1980). However, the D2 crenulation cleavage 
post-dates thrusting events and is closely related in space 
and is kinematically compatible to ETSZ. Therefore, 
these D2 structures can be considered as synchronous as 
discussed in a later section of this paper. The fact that the 
crenulation cleavage is deformed by late, more local- 
ized, shear bands near the contact (Fig. 5e) and by small 
scale normal faults, illustrates the progressive character 
of D2. It is consistent with unroofing of the Tenda Massif 
toward the brittle domain. 

These observations, summarized in Fig. 8, demon- 
strate that, in contrast to previous descriptions (Mat- 
tauer et al. 1981, Gibbons & Horak 1984), the ETSZ is 
an illustration of how a ductile thrust is re-worked as a 
normal shear zone (see also Waters, 1989). Away from 
the main shear zones, planes of flattening of D, and D2 
are almost perpendicular and strain intensity is lower. 
This domain is characterized by the presence of outcrop 
scale folds in the field. Approaching the shear zone, 
increasing shear intensity is associated with more pene- 
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Fig. 5. Variation of deformation pattern along an east-west transect of alpine Corsica: (a) hectometric D2 folds on the 
eastern coast of Cap Come. (b) Detail of (a); 0; isoclinal fold, refolded by 6, (lens cap for scale). (c) Thin section showing 
D, blue amphiboles broken by D7 crenulation cleavage (black minerals in the centre). (d) D, shear band below the ETSZ 
(lens cap for scale). (e) Relation-between D2 cren&tidn cleavage and D3 shear bands m the ETSZ (lens cap for scale). 

(f) Dz crenulation cleavage in the Tenda Massif (lens cap for scale). 
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Fig. 6. Aspects of Dz deformation in Centuri region: (a) top-to-the-west shear band in Centuri orthogneisses (pen for 
scale). (b) Thin section: broken crossite parallel to 02 lineation (epidote, chlorite) in Centuri orthogneisses. (c) Fold with 
minor simple shear component in Centuri Orthogneisses (lens cap for scale). (d) Top-to-the-east shear bands at Monte San 
Antonino (lens cap for scale). (e) Crenulation cleavage and top-to-the-east shear bands in calcschists (pen for scale). 

(f) Crenulation cleavage, top-to-the-east shear bands and boudinage in Centuri orthogneisses (lens cap for scale). 

48 
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orthogneisses near the contact with the Schistes Lust& Nappe, whereas stereoplot D deals with the data within the Nappe. 
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ETSZ (plot C). 

trative LIZ crenulation cleavage. The frequent asym- (Fig. 4). However, in this case, the existence of a former 
metry of folds toward the east can be linked to the thrust cannot be proven. 
obliquity between the D, foliation and D2 axis of short- 
ening. Close to the contact, D, fabrics are so intensely 
re-worked by D2 deformation that both phases cannot 

Evolution of the Centuri region 

be easily separated. 
The shear zone that bounds the Castagniccia antiform Deformation in the Centuri region, at the northern- 

to the northeast displays the same deformation pattern most tip of the Cap Corse, is characteristic of D2 geom- 
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Fig. 8. Block diagram summarizing the main features observed along the East Tenda Shear Zone (see text for explanation). 

etry as developed in the Schistes Lust& Nappe between 
major O2 shear zones. 

Main tectonic units. Five tectonic units may be defined 
in Centuri region (Guillou 1962, Ohnenstetter et al. 
1976, Jackson & Ohnenstetter 1981, Guiraud 1982, 
Malavieille 1982, 1983, Harris 1984, Lahondere 1988, 
Lahondere & Lahondere 1988), from base to top (Figs. 9 
and 10): (1) talc-schists; (2) metabasites of ophiolitic 
origin; (3) ortho- and paragneiss of continental origin 
(Centuri gneiss); (4) ultramafics (strongly foliated ser- 
pentinites and the well-preserved Monte Maggiore peri- 
dotites); and, at the top of the pile, on the Western 
coast, (5) small remnants of the Balagne Nappe. Except 
for (5), the tectonic units presented above are part of the 
Schistes Lust& Nappe and exhibit typical low P-high T 
assemblages and high P-low T relics. 

Dz structures. In the continental basement unit, Dz is 
very similar, at a smaller scale, to deformation in the 
vicinity of the ETSZ. It is localized along shear zones 
bounding the unit and becomes less penetrative inward 
(Harris 1984, Waters 1989). Within shear zones, D2 led 
to the formation of L-S tectonites with a stretching 
lineation consistently striking N60”E. Quartz grains are 
ductilely deformed forming elongated ribbons, whereas 
K-feldspar is deformed in a brittle fashion and locally 
replaced by sericite. This type of deformation occurs 
near the brittle/ductile transition and is coeval with 
retrogression in the stability field of greenschists. D2 is 
also indicated by isoclinal folds and boudinage of basic 
lenses seen in SW-NE striking planes of outcrop (Fig. 
6f). Where Dz is less penetrative, it produced a W 
dipping (30”) crenulation cleavage reworking a high P- 
low T foliation (DI). South of Centuri in a small ortho- 

gneissic klippe, one can observe open folds with a nearly 
horizontal axial plane parallel to the crenulation cleav- 
age described above, similar to those described several 
hundred metres away from the ETSZ and on the east 
coast of Cap Corse (Fig. 5a). These microstructures are 
syn- to post-greenschist facies metamorphism (Fig. 5~). 
They re-work D1 structures and high P-low T associ- 
ations are only found as relicts. For example, the core of 
boudins in Fig. 6(f) preserve early glaucophane which 
crystallized under static conditions. Also, at a larger 
scale, gradients of retrogression are linked to strain 
gradients. A cross-section along the coast north of 
Centuri demonstrates that retrogression increases 
toward the contact between oceanic and continental 
units, where deformation is localized (Fig. 10). On this 
cross-section, Si is transposed by Sz (Fig. 6b), but south 
of Centuri, within the orthogneisses, Si is better pre- 
served and is only folded by the D2 crenulations. 

Within the calcschists unit, D2 lineations also trend 
around 60”N and several horizontal or E dipping thin 
shear zones with top-to-the-east sense of shear can be 
observed. Folds are tighter than in orthogneiss but still 
overturned to the east (Harris 1984), with axial planes 
dipping to the W (dip between 40 and 60”), associated 
with a crenulation cleavage. Such structures are similar 
to those observed in the continental basement unit. 
However, the relations between deformation and meta- 
morphism are more ambiguous, beacause characteristic 
greenschist facies associations are frequently lacking. 

D2 kinematics 

D2 kinematic indicators (Ghosh & Ramberg 1976, 
Choukroune & Lagarde 1977, Berthe etal. 1979, Platt & 
Vissers 1980) give both top-to-the-east sense of shear 
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Fig. 9. Geological, structural map and cross-section of Centuri region. Geological contours after Guillou (1962) and 
personal observations. Coaxial stretching means that at outcrop scale both sense of shear are observed, with sometimes 

conjugated shear bands (see text for explanation). 

(the more frequent: Figs. 6d-f) and top-to-the-west 
(Fig. 10a). As noticed by Malavieille (1982), these 
variations are not due to a late stage folding because the 
sense of shear is similar in both limbs of folds with axes 
sub-parallel to the lineation. 

The continental basement unit shows a peculiar distri- 
bution of kinematic indicators. At the base, near Cen- 
turi (Fig. lo), II2 is mostly symmetric: top-to-west (Fig. 
6a) and top-to-the east senses of shear coexist (with a 
slight dominance of the latter) and conjugate sets of 

ductile shear bands are common (Harris 1984). This is 
different from the eastern part of the unit, where 
gneisses are cut out tectonically by overlying ultrabasites 
(Fig. 9). There, S2 is rotated toward the boundary of the 
orthogneiss unit, compatible with the top-to-the-east 
sense of shear that is systematically observed below the 
upper contact (Fig. 6d). 

It is generally agreed that the predominant sense of 
shear is representative of the movement direction along 
a given shear zone. ‘Conflicting’ kinematic indicators 
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Fig. 10. Cross-section along the west coast, from Centuri toward the continental basement Unit. Numbers refer to figures 
of this paper. These figures show some examples of shear sense criteria indicating opposite senses of movement along this 

cross-section, even in a single unit. 

are sometimes supposed to be non-reliable or caused by 
small heterogeneities that locally complicate the defor- 
mation pattern. In this case, a slightly different approach 
is used because spatial variations are significant and 
consistently described by different types of Dz kinematic 
indicators (shear bands, pressure shadows and quartz C- 
axes fabrics) (Malavieille 1983). Shear sense criteria are 
taken to be representative only of the kinematics on a 
mesoscopic scale and its variation is considered to be 
informative of the geometry of deformation on a larger 
scale. A classification according to the dominant sense of 
shear at outcrop scale: (1) top-to-west; (2) top-to-the- 
east; and (3) both senses on the same outcrop (Fig. 9) is 
used to qualitatively describe spatial variations of shear 
sense. 

This approach demonstrates that during 02 the conti- 
nental basement unit suffered asymmetrical boudinage 
(Fig. 6). D, is highly non-coaxial on the eastern side, 
where a pervasive shear zone with top-to-the east shear 
is observed. Toward the west, deformation is more 
coaxial. This is indicated by conjugate shear bands, 
development of D2 crenulation cleavage and folds. At 
the map scale, deformation is asymmetric and top-to- 
the-west shear zones are scarce. This asymmetry is 
consistent with a dip toward the W of the crenulation 
cleavage and the E vergence of large scale folds (Fig. 
5a). The same geometry can be observed on a small 
scale. In Fig. 6(f), the asymmetry of deformation is 
clear, with a top-to-the-east sense of shear, and stretch- 
ing is marked by elongate amphibolitic boudins which 
are asymmetrically disrupted by E dipping shear bands. 
Two other types of structures are also present at this 
exposure: (1) folds with an axial plane parallel to the 
foliation and eastward asymmetry (Fig. 6~); and (2) a W 
dipping crenulation cleavage between shear bands (Fig. 
6f) rotated toward the shear bands. At this scale, the 
distribution of microstructures suggests asymmetric 
boudinage. The comparison between the east side (in- 
tensely sheared) and the west side (more coaxial defor- 
mation) of the continental basement unit strongly 
suggests that this unit has also suffered asymmetric 
boudinage and that the same distribution of deformation 
exists from outcrop scale, up to map scale. 

Spatial variation of Dz fabrics at the scale of Alpine 
Corsica 

Strain variation along east-west cross-sections. Obser- 
vations of the ETSZ and the Centuri region give local 
illustrations of the structure in Alpine Corsica along an 
east-west cross-section, parallel to the D2 stretching 
lineation. Beneath the detachment fault, well defined on 
the east coast, two zones of predominant coaxial defor- 
mation and minor eastward shear (Cap Corse and Tenda 
Massif) are separated by a ductile normal fault charac- 
terized by pervasive top-to-the-east shear (Figs. 4 and 
11). The Centuri region shows that this distribution is 
observed at all scales between major shear zones (Fig. 
11). This demonstrates that D2 corresponds to asymmet- 
ric boudinage of the whole middle crust. 

Variations of D2 and metamorphism from south to 
north. Most of the observations concerning D2 have 
been made in the north of Alpine Corsica. To the south, 
D2 structures are less pervasive and D1 structures are 
better preserved. This is especially evident south of 
Corte, where the main anisotropy in outcrops is related 
to D1 (Counas 1986). In contrast with the D2 planar 
anisotropy, Sr there is steeply dipping and D2 is 
recorded only by gentle folds corresponding to vertical 
shortening. In this regional, although a top-to-the-east 
sense of shear related to D2 is observed, no major D2 
shear zones are seen (Fig. 4). Along the Alpine front, Sz 
is weaker than along the ETSZ and D1 structures are 
well preserved (Counas 1986). Therefore, a finite strain 
gradient exists for D2 from south to north. It is associ- 
ated with the preservation of earlier structures in the 
core of the Castagniccia antiform (the north-south 
lineation for example) and with a strong northward 
increase of retrogression. 

Figure 12 shows a map of the distribution of metamor- 
phic minerals in metasediments of pelitic composition 
(after Gaffe in preparation). Observations in metaba- 
sites suggest a northward increase of the retrogression 
blueschist into greenschist facies assemblages (Jolivet et 
al. 1990). Metasediments are most affected by this 
retrogression as illustrated by Fig. 12. The southern part 
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Fig. 11. Synthetic cross-section of alpine Corsica showing the re-working of the high P-low T foliation by extensional 
structures. Interpretation of the structure of alpine Corsica at various scales. 

of Alpine Corsica wholly or partially preserved high P 
minerals Mg/Fe-carpholite and lawsonite are well pre- 
served south of Corte, but become more and more 
retrogressed toward the north. Between Bastia and 
Centuri, only pseudomorphs after carpholite are found. 
This progressive retrogression also corresponds to a 
variation in the breakdown products of Fe/Mg- 
carpholite. South of Corte, Fe/Mg-carpholite was re- 
placed by white micas and chlorite whereas retrogres- 
sion led to the formation of albite further north. Accord- 
ing to Gaffe & Vidal (1992), this is symptomatic of the 
shape of the decompression P-T path, albite appearing 
only if temperature increases during decompression. In 
the north, decompression is therefore coeval with heat- 
ing. Such temperature increase has been described in 
metabasites (Waters 1989) with a temperature peak near 
450°C. South of Bastia it is not observed (Fournier et al. 
1993) and south of Corte the preservation of Fe/Mg- 
carpholite rather implies a decreasing temperature dur- 
ing decompression (Gaffe & Velde 1984, Gillet & Gaffe 
1988). 

shear zones and the degree of retrogression in the 
greenschist facies exist on a large scale. 

Dj STRETCHING IN THE UPPER BRITTLE 
CRUST 

Detachment and normal faulting 

The most important brittle fault is the basal contact of 
the Balagne Nappe. At the base of Macinaggio Klippes, 
in Centuri region, it is very sharp and occupied by a fault 
gouge. Riedel shear asymmetry shows that the hanging- 
wall has moved to the east. This contact, which cuts off 
the upper part of the metamorphic complex described 
above, is the detachment itself (Jolivet et al. 1991). A 
large, E dipping normal fault bounds the large Mio- 
Pliocene Basin found on the east coast of Alpine Corsica 
(Fig. 2), the western extension of the Corsica Basin. 

Brittle re-working of the thrust front 

Comparison between Figs. 4 and 12 demonstrates that The main structural boundary in Corsica is the Alpine 
the two major shear zones shown in Fig. 4 are located in thrust front. On the basis of observation of small scale 
regions almost devoid of preserved high P minerals. On strike-slip faults (Maluski et al. 1973, Waters 1990), it is 
the other hand, high P minerals are preserved in regions generally agreed that it has been re-worked as a strike- 
where D2 is not pervasive, for example south of Fran- slip fault. This major structural boundary is one of the 
cardo and Corte and especially along the margins of main topographic features of Corsica (Fig. 13). Between 
Alpine Corsica that are not highly ductilely re-worked. Corte and the Tenda Massif it corresponds to a promi- 
Therefore, a relationship between the presence of D2 nent scarp trending N-S, with a mean dip of 17” toward 
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Fig. 12. Main occurrences of high P-low T minerals (After Goffe in preparation). Symbols refer to the grade of 
replacement of high P-low Tmineral by chlorite, muscovite, paragonite and illite. Fresh: the mineral is wholly preserved in 
hand specimens; altered: it is partially replaced but still observed in hand specimen; relict: it is only observed as relict under 
optic microscope in thin section; pseudomorphs: it is not present, but macroscopic and microscopic shapes are still 
recognized. (A), (B) and (C): schematic P-Tpaths depending on the degree of preservation of high P-low Tminerals and 

the pseudomorphs after Fe/Mg-carpholite (see text for explanations). 

the E. West of it, the mean elevation is 1000 m, whereas 
it is less than 500 m in the east. As a result, thrusted units 
are at a lower elevation in eastern Corsica than unde- 
formed Hercynian rocks of western Corsica. Such a 
morphology strongly suggests that this relief is due to 
one or several normal faults. This can be confirmed by 
the observation of numerous small scale normal faults in 
its vicinity with the same trend, by the deposition of 
Miocene sediments on its hangingwall and by the tilt 
toward the west of strata in the Francardo Miocene 
Basin. If horizontal movements cannot be ruled out, 
large vertical displacements have at least to be taken into 
account. 

Apparently, tectonics in the brittle domain has been 
dominated by extension (see also Egal 1989,1992). This 
is not uncompatible with the existence of strike-slip 

faults (Waters 1990) as Gennesseaux et al. (1989) have 
shown that rifting in the Ligurian Sea included transcur- 
rent movements. 

Large scale folding 

The present day structure of Alpine Corsica is 
influenced by late large scale open folds (Fig. 3) (Faure 
& Malavieille 1981, Amaudric du Chaffaut 1982). They 
can easily be related to the activity of the large scale 
normal faults: antiforms are always located between 
major normal faults trending parallel to fold axes. Fol- 
lowing Jolivet et al. (1990) (see Table l), this folding 
event is interpreted in this paper as a consequence of 
extension. The lack of small scale reverse faults in 
Miocene basins strengthens this interpretation. 
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Fig. 13. West-east topographic profiles crossing the whole of Corsica. (A) Profiles spaced every 5.5 km. from the south of 
the Tenda Massif to the north of Inzecca. (B) Same profiles as in (A). but shifted along an east-west direction to make the 

scarp coincident. 

PROGRESSIVE EXTENSION 

Regional scale boudinage associated with an evol- 
ution towards more superficial F-T conditions of the 
whole structure (metamorphism and deformation style) 
is further evidence of the existence of pervasive ductile 
deformation (D2) during extension in Alpine Corsica 
besides that already mentioned in Jolivet et al. (1990). 
D2 and 0s can be interpreted as the result of stretching 
of a previously thickened crust. 

The post-high P-low T history corresponds to the 
progressive unroofing of ductile crust. The deepest 
extensional deformation began in greenschist facies con- 
ditions. At this depth, S2 was formed, with almost 
complete retrogression of high P-low T assemblages in 
northern Alpine Corsica. The D2 finite geometry can be 
described as an asymmetric boudinage of competent 
units. Non-coaxial flow was concentrated on normal 
ductile faults. In between, the deformation mostly pro- 

duced gently W dipping crenulation cleavage and almost 
horizontal shear zones associated with conjugate shear 
bands characterizing an important coaxial vertical short- 
ening compatible with extension. This history was 
recorded in the footwall of the basal contact of the 
Macinaggio Klippes and Balagne Nappe. During the 
activity of this detachment, the ductile crust was 
unroofed and progressively entered the brittle field 
where observed deformation ended. The activity of 
large scale normal faults induced an isostatic re- 
equilibration with vertical shear as shown by Wernicke 
& Axen (1988). Rare structures, such as steep and 
narrow shear zones, steep reverse kink bands and major 
long wavelength folding, which post-date D2, can be 
interpreted easily as direct consequences of such a re- 
equilibration (Bartley & Fletcher 1990). Finally, one can 
note the same top-to-the-east sense of shear from ductile 
to brittle structures, with E dipping normal faults. 

Metamorphic and structural data demonstrate that D2 

SG 18-1-D 
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was more pervasive in the north of the island. This 
gradient of deformation is independently revealed by 
the deepening of Miocene basins (continental deposits 
in the Francardo Basin and shallow marine deposits in 
the St Florent Basin), by northward widening of the 
western margin of Corsica (Gennesseaux et al. 1989) and 
northward shallowing of the Moho (32-22 km) (Hirn & 
Sapin 1976, Ansorge et al. 1992). The gradient of green- 
schist facies retrogression toward the north is parallel to 
the transition from mostly brittle to mostly ductile defor- 
mation, and D, occurred at higher temperature in the 
north. 

In Corsica, stratigraphic data still provide the best 
control on the timing of deformation events. Compres- 
sion affects auchtonous Eocene deposits and high P 
minerals developed in Eocene sediments (Bezert & 
Caby 1988). Preceding sections have shown that Burdi- 
galian limestones of St Florent Basin were deformed 
during extension (0s). D3 structures can then be associ- 
ated with the opening of the northern Tyrrhenian Sea 
where rifting began in the Middle Miocene along N-S 
trending normal faults (Zitellini et al. 1986). 

Our interpretation of D2 in terms of crustal thinning 
could be tested by radiochronologic dating of D2 struc- 
tures. 39Ar/40Ar ages are quite variable, which is not 
surprising giving the variations the D2 intensity. Ages 
range between 40 and 35 Ma (Maluski 1977). Along the 
ETSZ, ages as young as 33 Ma are found (Jourdan 
1988). The youngest apatite fission track age is 29 Ma 
(Mailhe 1982). This indicates that Alpine Corsica under- 
went a rapid exhumation around 30 Ma. This age com- 
pares well with the inception of rifting of the Ligurian 
Sea around 30 Ma (Fig. 1) dated by stratigraphy of the 
synrift sediments and radiochronological ages of inter- 
bedded lava flows (Burrus 1984, Debrand-Passard & 
Courbouleix 1984, Rehault et aE. 1984) or apatite fission 
tracks on the basin flanks (Morillon & Sosson 1993; 35- 
30 Ma). Although ages of D2 structures are still impre- 
cise, Dz can be related both kinematically and chronolo- 
gically to the rifting of the Ligurian Sea. 

DISCUSSION AND CONCLUSION 

Relation between coaxial and non-coaxial flow 

This paper shows that in Alpine Corsica, a detach- 
ment unroofed a middle crust internally deformed dur- 
ing extension. This deformation (D2) corresponds to the 
superposition in space of two modes of deformation, 
coaxial and non-coaxial flow, whereas the detachment is 
a zone of highly localized, non-coaxial flow. 

Progressive unroofing is accompanied according to 
Miller et al. (1983) by a progressive localization of 
deformation. Such a progressive localization is, in Cor- 
sica, indicated clearly in the latest stages: steep shear 
zones which cut across the major foliation are them- 
selves cut by normal brittle faults. In the ductile field, the 
relation between zones of coaxial and non-coaxial flow 

are rarely visible, except at a small scale. This model, 
however, predicts that ductile shear bands should always 
cut flattening planes such as the crenulation cleavages 
described. In the field this is rarely observed. Instead of 
a progressive localization we propose that the boudin- 
like finite geometry is the result of partitioning of strain 
in the middle crust within or immediately below the 
brittle-ductile transition zone. Several observations sup- 
port this idea: 

(1) Vertical coaxial shortening appears to be pene- 
trative at different levels in the crust. Late folds with 
subhorizontal axial planes even exist as late features in 
the autochthonous Eocene sediments (Egal & Caron 
1988, Egal 1992) which were never buried to great 
depth. In addition, a sub-horizontal dissolution cleavage 
characterizes the deformation of Miocene limestones 
(Egal & Caron 1988). It has the same significance as the 
D2 crenulation cleavage at ductile levels. 

(2) Pre-existing planar heterogeneities must have 
played a role early in the extensional deformation as 
planes of weakness. Early thrusts were reactivated as 
ductile normal faults (the ETSZ, for example). Ductile 
reactivation began early in the process of extension and 
continued until the inherited thrusts reached superficial 
levels. This is confirmed by the fact that the same 
greenschist facies minerals are deformed in the shear 
zones and in the Sz crenulation cleavage. Therefore, 
movement along discrete shear zones occurs at the same 
level as vertical coaxial shortening, as far as can be 
determined from mineral assemblages. 

(3) Variations in shear sense along the boundaries of 
Centuri gneisses correspond to boudinage of a com- 
petent level, a type of deformation also characterized by 
vertical coaxial shortening within boudins and non- 
coaxial flow along the boundaries. Such a hetero- 
geneous distribution of structures described at outcrop 
scale is illustrated here at the scale of Alpine Corsica 
(Fig. 11). Corsica itself can be regarded as a crustal-scale 
boudin (Moho at 30 km depth) detween two basins with 
shallower Moho (from 20 to 5 km) (Morelli et al. 1977). 

Data on the greenschist mineral assemblages give 
limits for the depth at which the ductile deformation 
took place. Both pressure and temperature for respect- 
ively admissible densities and geothermal gradient indi- 
cate depth of about 15 km. Seismological studies have 
shown that, in regions of active extension (Aegean sea), 
deformation of the brittle crust is achieved along steep 
normal faults (dip = 60”). In those cases, a gently 
dipping plane of low seismic activity is seen in the 
brittle-ductile transition zone at the base of a pair of 
conjugate normal faults. This geometry ensures move- 
ment compatibility (King et al. 1985). The megaboudi- 
nage described in this paper can be interpreted as the 
result of the deformation at the base of tilted blocks and 
the seismic plane described by King et al. (1985) can be 
envisioned as a crustal shear band similar to the ETSZ 
(Fig. 14). In this scheme, the major ductile normal faults 
observed in the field correspond to the seismic plane, the 
continuation of normal faults at depth. Coaxial flow 
within the boudins can accommodate internal defor- 
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Relations between tilted blocks and ductile deformation 

Fig. 14. Relation between crustal-scale shear bands in the ductile field and bloc tilting in the brittle domain. Geometry in 
the ductile domain correspond to Dz deformation pattern; relation with brittle domain is discussed in the text. Brittle 

deformation corresponds to 03 in this paper. 

mation within the tilted block. It is worth noting that the 
typical width of the domain of coaxial flow (10-20 km) 
and the length of ductile shear zones (20 km) are very 
similar to the width of major tilted blocks and length of 
major normal faults, respectively, as given by geophysi- 
cal data in adjacent marine areas (Gennesseaux et al. 
1989) and in Greece in a similar geodynamic setting 
(Roberts & Jackson 1991). This interpretation explains 
the existence of Miocene basins in the footwall of every 
major D2 shear zone where stretching is concentrated, 
and the similar asymmetry of major ductile shear zones 
and E dipping normal faults. 

Crustal-scale strain partitionkg 

The distribution of deformation between shear zones 
and domains of coaxial flow at all scales (Fig. 11) can be 
compared with the S-C fabric described at a small scale 
in orthogneiss (Berthe et al. 1979). The ETSZ could be 
envisioned as a pluri-km C-plane and the crenulation 
cleavage axial plane and east-verging open folds sympto- 
matic of shortening, as S-planes. However, if one con- 
siders a set of these crustal-scale shear bands within the 
middle crust, their position will surely impose a rigid 
rotation during extension, and they are then closer to C’- 
planes. But Cl-planes are late features in a shear zone. 
The comparison with ‘extensional crenulation cleavage’ 
does not hold either because of the contemporaneity of 
shear bands and crenulation cleavage. To avoid any 
misunderstanding and confusion with above-cited struc- 
tures, we choose to name these large scale structures 
crustal-scale extensional shear bands. 

Carmignani & Kligfield (1990) described extensional 
deformation in the footwall of detachment faults in the 
Alpi Apuane (northern apennines, Italy) and have 
shown that extension is achieved mostly by the activity 
of conjugate shear zones. They suggested that defor- 
mation at the ductile-brittle transition is characterized 
by megaboudinage and proposed to generalize this 
model at lower crustal levels. Observations in Alpine 
Corsica support this model, showing that in middle crust 

this type of boudinage exists, albeit with a different 
style: shear zones are more gently dipping and wider, 
with more penetrative vertical coaxial shortening in 
between. 

The deformation that we see in Corsica with its crustal 
scale shear bands has been preserved probably because 
of a limited finite extension within the lower plate. In the 
Norvegian Caledonides extension led to the exhumation 
of eclogites (Seranne & Seguret 1987, Andersen & 
Jamtveit 1990). Finite extension is thus far greater than 
in Corsica, where metamorphic rocks where uplifted 
from depth of 10-20 k only, and a more intense finite 
shear strain is expected along the detachment in Nor- 
way. Stranne & Seguret (1987) and Andersen & Jamt- 
veit (1990) described the deformation in Norway as 
concentrated in a thick zone with unambiguous consist- 
ent kinematics indicators throughout. This is what one 
could expect to see in Alpine Corsica had finite shear 
strain been stronger, leading to a rotation of S2 parallel 
to the major ductile normal fault and to the generation of 
a denser array of shear bands parallel to it. Crustal-scale 
structures described in Corsica can, therefore, be con- 
sidered as representative of the early evolution of a 
metamorphic core complex. 
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