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Abstract

The collisional Variscan (Early Carboniferous) evolution of the greenschist facies metamorphic basement of Sardinia is
characterized by three deformation phases and two 90° reorientations of shortening direction. During the first phase of
deformation N-S shortening occurred, with south-facing isoclinal folding, south-directed nappe emplacement and mylonitiza-
tion in central and southeastern Sardinia, and large-scale E-W striking upright folds in southwestern Sardinia. Emplacement of
the Barbagia, Meana Sardo, Gerrei and Riu Gruppa units took place during this event. This deformation phase was followed by
E-W shortening, with W-directed emplacement of the Sarrabus and Arburese units along the Villasalto thrust and upright to E-
dipping large-scale N—S striking upright folds in southwestern Sardinia. During the third deformation event, the shortening
direction again rotated 90°, and N-S shortening produced kilometer-scale antiforms and synforms, the most prominent features
in the metamorphic basement of Sardinia. The limbs of the kilometer-scale antiforms and synforms are vertically shortened
during gravitational collapse, with contemporaneous faulting and conjugate shear zone development. Presence of large-scale
E-W oriented antiforms was therefore critical for the formation of late Variscan extensional features, such as E-W striking,
low-angle normal faulting. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction of nappe emplacement during the Variscan deforma-

tion of central Sardinia. Neverthless, W-directed

In Sardinia, the most continuous outcrops of Paleo-
zoic rocks deformed during the Variscan orogeny are
found in the central, southeastern and southwestern
part of the island (Fig. 1). In each one of these regions
a different tectonic evolution is documented during
the Early Carboniferous collisional phases of Varis-
can deformation.

Earlier studies pointed out that overall S-directed
transport is recognized as the most important direction
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nappe transport is recognized in southeastern Sardinia
instead. The whole nappe stack of central and south-
eastern Sardinia was subsequently refolded by E-W
kilometer-scale antiforms and synforms. In southwes-
tern Sardinia, a single shortening direction did not
predominate during collisional tectonics, and the
area is considered one of the best exposed examples
of dome and basin structures, originating by interfer-
ence between N-S and E-W shortening (Arthaud,
1963; Poll and Zwart, 1964; Carmignani et al., 1982).

Some questions still remain open in unraveling the
Variscan evolution of central-southern Sardinia,
namely: (a) why predominant S-directed shortening
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Fig. 1. Tectonic map of the Variscan basement of Sardinia.
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is recognized only in central Sardinia and not in south-
ern Sardinia; (b) why westward nappe transport is
reported only in southern Sardinia and not in central
Sardinia; (c) why two shortening directions are
reported only in southwestern Sardinia (Iglesiente-
Sulcis area) and not elsewhere; (d) why post-colli-
sional antiformal structures bounded by low-angle
normal faults are developed only in central and south-
eastern Sardinia and not in southwestern Sardinia. To
explain such different tectonic evolutions between
southwestern Sardinia and central-southeastern Sardi-
nia, in this paper we correlate deformation phases in
southeast Sardinia with deformation events in south-
west Sardinia. In this attempt, we first critically
review the main tectonic features in all those areas
described by earlier authors, and then we give account
of new field work results that permit us to propose a
single tectonic scenario for the collisional Variscan
evolution of southern Sardinia and to explain the
different tectonic evolution between southwestern
and central-southeastern Sardinia. The role of colli-
sional structures in localizing deformation during the
late orogenic extension of this sector of the Variscan
orogen is also discussed.

2. Geological setting

Collision between the northern Armorican and the
southern Gondwana continents during the Early
Carboniferous produced deformation in the Paleozoic
basement of Sardinia (Matte, 1986, and cited refer-
ences), with closure of oceanic domains whose
remnants outcrop now in the northern part of the
island along the Posada-Asinara line (Cappelli et al.,
1992). Deformation and metamorphism in Sardinia
increases from south to north, i.e. approaching the
Posada-Asinara line. In the foreland area of southwes-
tern Sardinia only non-metamorphosed to lower
greenschist facies metamorphic rocks are exposed.
East of the Tertiary Campidano graben, greenschist
facies metamorphic rocks prevail (phyllites and
schists), whereas amphibolite facies metamorphic
rocks (gneisses), migmatites and eclogites crop out
in the northern part of the island (Fig. 1).

Development of the nappe stack of central and
southern Sardinia has been investigated over the last
20 years (Carmignani et al., 1978, 1982, 1994; Naud,

1979). The deepest tectonic unit is the Riu Gruppa-
Castello Medusa unit (Fig. 2), above which lies the
Gerrei unit overridden by the Meana Sardo unit, in
turn overthrust by the Barbagia unit. All these tectonic
units are emplaced with a top-to-the-S transport direc-
tion (Carmignani et al., 1978, 1994; Carosi et al.,
1991). The Sarrabus unit is the southernmost tectonic
unit of southeastern Sardinia, and lies above both the
Gerrei and the Meana Sardo units. The Sarrabus unit
finds its prolongation west of the Campidano graben
in the Arburese unit, which overthrusts the Iglesiente-
Sulcis units in southwestern Sardinia. The Sarrabus
and Arburese units were emplaced with a top-to-the-
W transport direction (Carmignani and Pertusati,
1977; Conti and Patta, 1998). After nappe emplace-
ment, the nappe pile of central and southeastern Sardi-
nia was refolded by kilometer-scale upright synforms
and antiforms striking WNW-ESE, refolding older
foliations and thrust planes. All these deformation
events were followed by post-collisional extensional
tectonics (Carmignani et al., 1994), with normal fault-
ing and vertical shortening that led to recumbent fold-
ing, granite intrusion and later strike-slip tectonics.
Those events are summarized in Fig. 3. The Meso-
zoic—Tertiary sequence non-conformably overlies the
Variscan basement, and shows little or no evidence of
Alpine deformation in central-southern Sardinia.

3. Nappe emplacement and deformation in central
and southern Sardinia

3.1. Nappe emplacement in central Sardinia

We first discuss the tectonic evolution during Varis-
can collisional tectonics of the nappe stack outcrop-
ping in central Sardinia, i.e. the Riu Gruppa-Castello
Medusa unit, the Gerrei unit, the Meana Sardo unit
and the Barbagia unit (Fig. 1). These tectonic units
were emplaced during the Early Carboniferous with a
top-to-the-S sense of thrusting (Figs. 4(a) and 5(a)), as
reported by many authors and well recognizable all
over the area (Carmignani et al., 1978, 1982; Carosi et
al., 1991). The lithostratigraphic succession in south-
eastern Sardinia is similar in all the tectonic units. It
begins with Cambrian—-Lower Ordovician meta-
sandstones, phyllites and quartzites at the base,
followed by metaconglomerates and metavolcanic
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rocks (rhyolites, andesites, metatuffites, metabasites,
etc.) of Middle Ordovician age. The Upper Ordovi-
cian is characterized by meta-arkoses and metasilt-
stones passing into Silurian—Lower Devonian black
shales, phyllites and marbles. Middle—Upper Devo-
nian is represented by thickly bedded marbles,
covered by Lower Carboniferous synorogenic flysch
deposits (metaconglomerates, metasandstones, phyl-
lites and quartzites with large olistolithic bodies).

The tectonic setting of the Barbagia and Meana
Sardo units has been discussed by various authors
(Minzoni, 1975; Carmignani et al., 1982; Dessau et
al., 1982; Carosi and Pertusati, 1990; Gattiglio and
Oggiano, 1990), all agreeing on the top-to-the-S
sense of emplacement for both units, the presence of
isoclinal folding under greenschist facies conditions,
the development of a ubiquitous foliation and
NNE-SSW oriented stretching lineations (Fig. 5(a)).
Deformation is recognized to be polyphase, and two
folding events are reported in both tectonic units by
Dessau et al. (1982) and Carosi and Pertusati (1990)
based on evidence that older folded foliations cut by
the main regional foliation (Fig. 6(a)). Microstructural
investigations (Conti et al., 1998) point to widespread
mylonitic deformation in both tectonic units, not only
to below main thrusts, accompanied by dynamic
recrystallization (dislocation creep in quartz and
calcite) under greenschist facies conditions. Isoclinal
folds are often present, usually rootless and sheared
along the foliation, at outcrop and thin section scale.
We consider the Barbagia and the Meana Sardo units
as a thick sequence of highly sheared rocks deformed
under non-coaxial mylonitic conditions. Overprinting
relationships between the main mylonitic foliation
and older foliations (Fig. 6(a)) and the presence
of refolded folds only testify to the polyphase char-
acter of the deformation and not the presence of two
regionally distinct folding events. The main regional
foliation in the Meana Sardo unit is parallel to the
mylonitic foliation along the Meana Sardo thrust,
the floor thrust that emplaced the Meana Sardo unit
above the Gerrei unit. We infer therefore that main
regional foliation in the Meana Sardo unit is devel-
oped contemporaneously with thrusting onto the
Gerrei unit. Stretching lineations and sense of shear
in mylonites along the Meana Sardo thrust show a top-
to-the-S transport direction (Fig. 4(a)).

Tectonic setting of the underlying Gerrei unit is

quite different. Here mylonitic deformation is
confined to narrow zones beneath the main thrust
planes, and the tectonic unit is characterized by kilo-
meter-scale isoclinal folds facing southward (Fig. 7),
with a penetrative axial plane foliation which is the
main foliation recognizable in the field (Carmignani et
al., 1982, 1994). Anticlinal and synclinal axial plane
traces can be mapped for some kilometers in the field.
Deformation again occurred under greenschist facies
conditions. All previous authors have recognized
these folding structures and have named this folding
event “D1 phase” (Fig. 3). In order to avoid further
misunderstanding, in this paper we refer to the phase
that produced the kilometer-scale S-facing folds in
Gerrei unit as the “Gerrei phase”.

From the above discussion it is evident that a differ-
ence in internal deformation occurs between the
strongly mylonitized Barbagia and Meana Sardo
units and the regionally folded Gerrei unit. In order
to investigate the relationships between nappe empla-
cement, mylonitic deformation and folding we studied
in more detail the Gerrei unit outcropping below the
Meana Sardo thrust (Fig. 7). In the Gerrei unit below
the Meana Sardo unit and north of Riu Gruppa the
foliation and axial planes of anticlines and synclines
of the Gerrei phase are N-dipping; the same attitude as
the Meana Sardo thrust (Fig. 7). In this area the
stratigraphic contact between Middle Ordovician
metaconglomerates and the younger metavolcanic
rocks can be observed (Fig. 6(b)), and the following
observations can be made. Two foliations are
present in this outcrop: in the more competent coarse
metaconglomerates, a steeply dipping foliation (Sa),
parallel to the stratigraphic contact (S0) is the more
evident surface, cut by a spaced, flat-lying crenulation
cleavage (Sb). The metavolcanic rocks are less
competent with respect to the metaconglomerates,
and they also show two foliations: the flat-lying (Sb)
is here the more penetrative surface and cuts an older
steep foliation (Sa). We infer therefore that the flat-
lying (Sb) is a foliation younger than the steep one
(Sa), and that Sb penetratively developed only in the
less competent metavolcanic rocks.

Field mapping has shown that Sb foliation becomes
more penetrative approaching the Meana Sardo thrust
and is parallel to the thrust plane. At the same time
small-scale folds linked with Sb foliation develop-
ment become tight to isoclinal in shape again
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Fig. 6. (a) Polyphase folding and foliation development in the Barbagia unit. The foliation “Sa” is the main regional foliation, and cuts the earlier foliation “Sb”. (b) Outcrop in the
Gerrei unit (north of Arcu ‘e Pesu, UTM coordinates 32SNJ38188168, see Fig. 7 for location) where the stratigraphic contact between Ordovician metaconglomerates (“Rio Ceraxa
formation”, RC) and the younger metavolcanic rocks (“Porfiroidi formation”, P) is exposed. SO:bedding, Sa and Sb: foliations, y:younging direction. (c) Drawing after photograph
of the normal fault marking the top of the Riu Gruppa unit, along the Riu Gruppa river (see Fig. 7 for outcrop location). A thick mylonite zone (in gray in the figure) developed
during normal faulting, with a pervasive mylonitic foliation (Sm in the figure) at a high angle to the main regional foliation in the Riu Gruppa unit (S in the figure). (d) Shear sense
indicators in mylonite (same outcrop as (c), UTM coordinates 32NJ37437546). Calcite nodule derived from deformed veins form o-type porphyroclast system, asymmetry
indicating sinistral (top-to-the-S) shear sense. Shear bands are also widely developed, again indicating top-to-the-S shearing.
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approaching the Meana Sardo thrust. Strongly non-
cylindrical folds (sheath folds) are found below the
thrust plane, with fold axes oriented parallel to the
stretching lineations and the transport direction of
the thrust. Sb foliation shows all the characteristics
of a crenulation cleavage, with only small displace-
ment along Sb surfaces. Shearing and recrystallization
of quartz along Sb surfaces is only restricted to just

below the thrust plane. We therefore infer that Sb is
linked with S-directed emplacement of the Meana
Sardo and Barbagia units.

The Sa foliation instead is the axial plane foliation
of the large-scale isoclinal south-facing folds in the
Gerrei unit. From the above observations it follows
that isoclinal folding in the Gerrei unit (Gerrei phase)
predates mylonitic deformation and S-directed final
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emplacement of the Barbagia and Meana Sardo units.
We name the phase of late mylonitic deformation and
final emplacement of the Barbagia and Meana Sardo
units “Meana phase”.

Folds and foliation developed during the Gerrei
phase may still be preserved in the Barbagia and
Meana Sardo units, but owing to strong mylonitiza-
tion and polyphase evolution during the Meana
phase, we could not unequivocally ascribe older
foliation to the older regional folding event (Gerrei
phase) rather than to a continuous deformation
during the Meana phase. These difficulties are also
enhanced by the lack of change in metamorphic
conditions between the Gerrei and the Meana phases.
In the Barbagia and Meana Sardo unit we therefore
ascribe the main regional foliation to the Meana
phase, and do not ascribe all the earlier foliations
and folds to the Gerrei phase.

The Gerrei unit was thrust above the Riu Gruppa
unit with a S-directed transport. During this deforma-
tion a mylonite zone up to 500 m thick developed, the
Baccu Locci mylonite zone (Fig. 7). Microstructure
and deformation mechanism evolution during defor-
mation in the Baccu Locci mylonite zone are
described by Conti et al. (1998) as internal deforma-
tion of the Riu Gruppa unit. During field work we
were not able to definitively establish overprinting
relationships between the main foliation in the
Baccu Locci mylonites and the axial plane foliation
of the kilometer-scale folds in the Gerrei unit,
although the kilometer-scale isoclinal folds in the
Gerrei unit nowhere refold the Baccu Locci mylo-
nites. We therefore ascribe development of the
Baccu Locci mylonites and resulting deformation in
the underlying Riu Gruppa unit generically to the
D1 S-directed deformation, without differentiating
between Gerrei or Meana phase.

Following Gattiglio and Oggiano (1992), an over-
turned succession crops out in the Riu Gruppa unit,
although strong D1 polyphase folding and foliation
development (Carosi et al., 1990), and internal thrust-
ing occur. The rocks in the Riu Gruppa unit just below
the Baccu Locci mylonites (Cambrian sandstones and
Ordovican volcanic rocks) show intense polyphase
deformation with overprinting relationships between
two foliations, with a flat-lying foliation cross-cutting
a steeply dipping foliation, and thrusts generally
parallel to the stratigraphic boundaries. The flat-

lying foliation becomes more penetrative northward
and is parallel to the main foliation of the Baccu Locci
mylonites. This geometry resembles what we
described before for the Gerrei unit below the
Meana Sardo thrust, and accordingly we regard the
internal deformation in this part of the Riu Gruppa
unit to be related to the Gerrei and Meana phases.
Mylonitic deformation linked with tectonic exhuma-
tion as reported by Gattiglio and Oggiano (1992) and
Carmignani et al. (1994) is restricted to the southern
part of the Riu Gruppa unit, in the footwalls of late
Variscan normal faults.

3.2. Nappe emplacement in southern Sardinia

In southern Sardinia W of the Campidano graben
the Arburese unit was emplaced above the Iglesiente-
Sulcis unit, whereas E of the Campidano graben
emplacement of the Sarrabus unit occurred (Fig. 1).
Stratigraphic studies establish a direct correlation
between the Arburese and the Sarrabus units (Barca
et al., 1981, 1988; Pittau, 1984; Palmerini et al.,
1985), and now the Arburese unit is generally
regarded as the western prolongation of the Sarrabus
unit.

Data on the tectonic setting of the Sarrabus unit
are provided by Carmignani and Pertusati (1977) and
by Barca and Maxia (1982). These authors recog-
nized E-W shortening, local westward thrusting
and large-scale folds with N-S striking axes, facing
W. Carmignani and Pertusati (1977) also recognized
the kinematics of the Villasalto thrust, a top-to-the-
W thrust plane that places the Sarrabus unit onto the
Gerrei unit. Later on Conti and Patta (1998) demon-
strated that: (a) regional kilometer-scale thrusting
affected the whole Sarrabus unit, with a top-to-the-
W transport direction, (b) the Villasalto thrust is not
the southernmost prolongation of the Meana thrust,
and (c) the Sarrabus unit cannot be correlated with no
tectonic units outcropping in central and southern
Sardinia, except for the Arburese unit. Field work
in the San Vito area (Fig. 7) indicates that the Sarra-
bus unit not only overthrust the Gerrei unit, but also
the Meana Sardo unit, NE of San Vito. This means
that W-directed thrusting of the Sarrabus unit follows
S-directed emplacement of the Meana Sardo unit
above the Gerrei unit (Gerrei phase and Meana
phase). W-facing folds linked with W-thrusting are



Thrust
A V_
v A

*.| Anticlines and
-.+| synclines trending

i A
..s| Anticlines and
synclines trending
S

.. -
Domusnovas

A : M. Acqua thrust
10 km G : Gonnesa fault
1 GA : Gonnesa anticline

IS : Iglesias syncline
RS : Reigraxius syncline
I:I Post-Variscan cover
m Conglomerates, sandstones, phyllites
(Upper Ordovician-Silurian)

=] Phyllites (Cabitza Fm., Middle Cambrian-
Lower Ordovician)

I:I Limestones (Gonnesa Fm., Lower Cambrian)

=] : -
Sandstones (Nebida Fm., Lower Cambrian)

Fig. 8. Geological map of the Iglesias region (modified after Carmignani et al., 1982). See Fig. 1 for map location.

99¢

££2-6ST (1002) €€ sa1skydouotday / v 12 1uo) “d



P. Conti et al. / Tectonophysics 332 (2001) 255-273 267

well exposed along the sea at Porto Tramatzu, just
outside the area of the map in Fig. 7, and described
in detail by Carmignani and Pertusati (1977). We
name the tectonic phase of W-directed thrusting in
southern Sardinia the “Sarrabus phase” (Fig. 3).

In the Arburese unit structural geological investiga-
tions are scarce and only deal with the northernmost
part of the unit, south of Oristano (Fig. 4), whereas in
a small tectonic window rocks of the Gerrei crop out
beneath the Arburese unit (Mazzarini and Pertusati,
1991; Barca et al., 1992). These authors assert the
similarity between the internal structure of the Arbur-
ese unit and the Sarrabus unit, with the same style of
folding, internal local thrusting and the same meta-
morphic conditions during deformation. In the central
and southern part of the Arburese unit, only a thick
sequence of sandstones and phyllites crop out and
recognition of large-scale folds and thrusts is more
difficult. We investigate the base of the Arburese
unit in order to infer transport direction during empla-
cement: owing to bad outcrop conditions shear sense
indicators are scarce, but a penetrative foliation devel-
oped only near the floor thrust and parallel to the
thrust plane. This foliation bears E—W striking
stretching lineations; because foliation and lineations
are not recognized away from the thrust plane, we
interpret this foliation and the E-W stretching linea-
tions to develop during nappe emplacement, follow-
ing E-W transport. This inference about transport
direction again supports the striking similarity
between the Arburese and the Sarrabus units.

3.3. Deformation in southwestern Sardinia

In southwestern Sardinia, lower greenschist facies
metamorphic rocks (Iglesiente-Sulcis unit) crop out
beneath the Arburese unit (Fig. 1). The Iglesias area
(Fig. 8) is well known for its Zn—Pb ore deposits and
for excellent outcrop conditions, and for these reasons
has been the object of intense geological investigation
since the last century. Taricco (1912) and Novarese
(1914) first recognized N—-S and E—W oriented folds
in the Iglesiente area, as regional-scale anticlines and
synclines relate to these two directions of folding.
Teichmiiller (1931) first reported the occurrence of a
thick conglomeratic succession (“Puddinga” Auct.,
Middle Ordovician) that rests with angular unconfor-
mity on all the older rocks. The conglomerates are

considered moreover to rest unconformably on both
limbs of the Iglesias syncline and the Gonnesa anti-
cline (Fig. 8) From this it follows that the Iglesias
syncline and the Gonnesa anticline are of pre-Middle
Ordovician age, i.e. linked with Caledonian deforma-
tion. Most subsequent authors shared this interpreta-
tion (Vardabasso, 1956; Arthaud, 1963; Poll and
Zwart, 1964; Poll, 1966; Dunnet, 1969; Arthaud,
1970; Carmignani et al., 1982), ascribing to the Cale-
donian deformation the E-W trending folds of the
Iglesiente area. In this area it is also evident that
post-Ordovician rocks suffered Variscan deformation
and folding again along an E-W trend. No superposi-
tion of E-W Variscan folds on E-W Caledonian folds
has been reported up to now, and for this reason it is
usually assumed that the Variscan orogeny developed
E—W folding in the post-Ordovician rocks and only
tightened earlier E-W striking Caledonian folds in
pre-Ordovician rocks.

Field work in the Iglesiente area led us to consider
a fault contact, in agreement with Liineburg and
Lebit (1998), part of the basal contact of the Middle
Ordovician conglomerates resting on the limbs of the
Iglesias syncline and the Gonnesa anticline (Fig. 8).
East of Gonnesa the contact is a steep reverse fault of
Variscan age (the Gonnesa fault, Brusca and Dessau,
1968). It is not a local fault, but can be followed in
the field for about 10 km toward the south. North of
Domusnovas again the conglomeratic succession
does not lie stratigraphically on both limbs of the
Reigraxius syncline; the southern limb of the
syncline is affected by thrusting (M. Acqua thrust).
Again in this case we cannot demonstrate a Caledo-
nian age for the large-scale E-W syncline. Whatever
the age of the E-W oriented folding structures, all
authors agree in considering these structures
refolded by later N—S oriented folds, surely of Varis-
can age. Interference of large-scale upright E-W
folds with upright N-S oriented folds led to the
formation of “type 1 interference pattern” (Ramsay,
1967), with development of dome and basin struc-
ture. The development of N-S striking folds is also
accompanied by development of N-S striking
reverse faults dipping toward the E and the W
(Carmignani et al., 1982; Carosi et al., 1992). We
consider the kilometer-scale E-W trending anticli-
nes and synclines of the Iglesias area of Variscan
age, because direct evidence for a Caledonian age
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of these structures is still missing and because of the
similarity of the tectonic evolution of this area with
central and southeastern Sardinia, where Variscan
N-S shortening is followed by E-W shortening.

4. Change of transport direction during nappe
emplacement

On the basis of the above discussion, it can be
demonstrated that the Variscan basement of central
and southern Sardinia suffered two stages of shortening
and nappe emplacement during Early Carboniferous
time. The first deformation event is characterized by
N-S shortening, with a “top-to-the-S” nappe transport
direction (Gerrei and Meana phases, Fig. 4(a)). This
deformation is evidenced by isoclinal kilometer-scale
S-facing folds in the Gerrei unit, by “top-to-the-S”
shear sense indicators in the Barbagia unit and along
the Meana thrust, by ubiquitous NNE—SSW stretching
lineations in central Sardinia and by development of
upright E-W striking folds in the Iglesias region.

After this deformation a 90° rotation in shortening
direction occurred during the Early Carboniferous:
after S-directed emplacement, nappe transport was
toward the W. This is evidenced by “top-to-the-W”
shear sense indicators along the Villasalto thrust, by
E-W stretching lineation in the Sarrabus unit and
along the floor thrust of the Arburese unit, by wide-
spread W-facing folds in the Sarrabus unit and by
N-S striking folds in the Iglesias area (Fig. 4(b)).

5. Renewed N-S shortening

Subsequent to W-directed nappe transport and crus-
tal thickening that occurred in central and southern
Sardinia, large-scale antiforms and synforms devel-
oped throughout the area, refolding earlier thrust
planes, stretching lineations, isoclinal folds and
related axial plane foliation. This folding is character-
ized by E-W to ESE-WNW striking upright folds,
well developed in central Sardinia (Flumendosa anti-
form, Barbagia synform and Gennargentu antiform:
Carmignani et al., 1994). The most striking feature
is the kilometer-scale Flumendosa antiform (Figs. 1
and 4), and we therefore name this deformation event
the “Flumendosa phase”. Metamorphic grade is lower
than during the earlier deformation events, and only a

spaced crenulation cleavage develops in phyllites. No
thrusting occurred during this phase, and shortening
was less than in the previous deformations. Folds
show vertical axial planes, and therefore no clear
transport direction can be associated with this event.
However, if we admit that the shortening direction
had to be perpendicular to the trend of fold axes (no
evidence of strike-slip tectonics has been found in the
area during this phase), it had to be NNE-SSW
oriented, about 90° rotated from the shortening direc-
tion we infer for the Sarrabus phase.

This deformation phase also produced antiforms
and synforms in the Sarrabus unit (Conti and Patta,
1998) and in the Iglesiente-Sulcis unit (Fig. 4), where
E-W oriented fold axes deform earlier N-S striking
thrust planes. One of the best examples occurs in the
M. Orbai area (Fig. 9). The M. Orbai thrust is a
tectonic contact developed during E—-W shortening
that places Cambrian sandstones and limestones
above Ordovician schists, cutting an E-W striking
anticline and dipping to the W. In calcite mylonites
along the thrust plane, E-W oriented stretching linea-
tions are ubiquitous, associated with “top-to-the-E”
shear sense indicators. The thrust plane is folded in
a kilometer-scale open E-W syncline, the southern
limb dipping north and the northern limb dipping
south. The Flumendosa phase is therefore not
restricted to central Sardinia, but affects all of central
and southern Sardinia. It is important to notice that
shortening during this phase again decreased from
north to south. In the Barbagia, Meana Sardo and
Gerrei units folds of this phase can be followed for
several kilometers in the field, in some cases have
overturned limbs (for instance near Villasalto) and
typically are tighter folds with respect to the folds
found in the Sarrabus and in the Iglesiente-Sulcis
units. This deformation event marked the end of crus-
tal shortening phases in Sardinia.

Large-scale features produced by the Flumendosa
phase play a key role in localizing deformation during
subsequent extensional tectonics (D2 phase, Fig. 3).
Normal faults developed during tectonic exhumation
are not widespread throughout the area, but are
concentrated in the limbs of the main antiforms
(Flumendosa antiform, Gennargentu antiform). As
can be seen in Fig. 7, the normal faults dip from the
hinge zone toward the limbs of the antiforms, leading
to tectonic unroofing of the antiform culminations.
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Because large-scale folds of the Flumendosa phase
are found mostly in central and southeastern Sardinia
(Gennargentu antiform, Barbagia synform and
Flumendosa antiform, Fig. 1), kilometer-scale normal
faults also occurred in this area and up to now have
not been reported from southwestern Sardinia. One of
the main normal faults crops out in the core of the
Flumendosa antiform, and it is responsible for the
uplift of the deeper tectonic unit in the nappe stack
of central and southern Sardinia, the Riu Gruppa unit.
This normal fault (Fig. 6(c)), directly places the
uppermost tectonic levels of the Gerrei unit (schists
and metasandstones) onto the lowermost levels of the
Riu Gruppa unit (schists and marbles). In the area
depicted in Fig. 7, the normal fault cuts schists and
marbles of the lower Riu Gruppa unit and calcite
mylonites developed along it. Below the normal
fault, foliation in the Riu Gruppa unit is at a high
angle to the mylonite boundary (Fig. 6(c)), and only
in the vicinity of the mylonite zone is it rotated into
parallelism with the shear zone boundary. Stretching
lineations in the calcite mylonite are N—S oriented,
and shear sense indicators (Fig. 6(d)) consistently
indicate a “top-to-the-S” sense of shear. Crystal plas-
ticity features associated with normal faulting are
observed in calcite grains, but the studied calcite
mylonites also bear scattered quartz grains. Quartz
shows evidence only of dislocation glide (undulose
extinction and deformation bands); this suggests
(together with crystal plasticity in calcite) a tempera-
ture lower than 300°C during normal faulting and
mylonite formation (Stipp et al., 1999).

6. Geodynamic significance

Discussion of the Variscan deformation phases of
Sardinia in the framework of the geodynamic
evolution of the south-European Variscan chain is
complicated by the current isolated position of the
Sardinia—Corsica block in the Mediterranean due to
the Miocene drifting (Vigliotti and Langenheim,
1995, and bibliography). Restoring Sardinia in its
pre-Permian position it comes to locate near Provence,
we must therefore discuss the deformation history we
recognized in Sardinia with the tectonic evolution of
the Iberian peninsula and southern France. Previous
authors have already pointed out the similarities

between the migmatitic complex of northern Sardinia
and the comparable high-grade metamorphic complex
outcropping in the Maures (southern France), between
the Iglesiente region and the Montagne Noire
(Arthaud, 1970; Orsini, 1976; Arthaud and Matte,
1977, Ricci and Sabatini, 1978; Matte, 1986).

In the early stages of deformation an east—west
oriented subduction zone is active in the south-
European Variscides, with north—south convergence
direction and northward underthrusting (Brun and
Burg, 1982, Fig. 10(a)). At this time Sardinia is
located in a more external position with respect to
the collision zone and this can explain the different
age of north—south shortening in the internal zone of
France and Iberia (Devonian) with respect to Sardinia
(Early Carboniferous). During this tectonic event
southward nappe emplacement occurred in Sardinia
(Gerrei and Meana phases). Tightening of the Ibero-
Armorican arc during later Variscan deformation is
related to westward motion of the Cantabrian indenter
(Fig. 10(b)), leading to sinistral shearing in Iberia,
dextral shearing in the Armorican peninsula and
thrusting in the central part of the arc (Matte and
Ribeiro, 1975; Brun and Burg, 1982; Ribeiro et al.,
1995; Dias and Ribeiro, 1995). During this event
westward nappe emplacement occurred in Sardinia
(Sarrabus phase) and most likely strike-slip tectonics
along east—west oriented faults (dextral shearing
along the Posada-Asinara line in northern Sardinia).
It is more difficult to explain the later N—S shortening
during the Flumendosa phase. This could be linked
with local transpressions during westward shearing
producing shortening transverse to the regional trans-
port direction (Ribeiro et al., 1995).

7. Conclusions

New data are presented to better constrain the tectonic
evolution of central and southern Sardinia during the
Variscan orogeny (Early Carboniferous). N-S shorten-
ing (already reported by earlier authors) predominated
during earlier phases of deformation (Gerrei phase and
Meana phase), producing polyphase isoclinal folding,
nappe emplacement and mylonitization in central and
southeastern Sardinia, and large-scale E-W striking
upright folding in southwestern Sardinia. The Barbagia
unit, Meana Sardo unit, Gerrei unit and the Riu Gruppa
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unit were emplaced during this N—S shortening. We
recognize that these deformation events were followed
by E—W shortening (Sarrabus phase), recognizable only
in the higher levels of the Variscan nappe stack, now
cropping out in southern Sardinia. During this phase, W-
directed emplacement of the Sarrabus and Arburese unit
occurred. Emplacement of the Sarrabus unit took place
along the Villasalto thrust, cutting thrusts and foliations
of the earlier phases, placing the Sarrabus unit above
both the Gerrei and Meana Sardo units. In southwestern
Sardinia, E-W shortening produced large-scale, upright
to steeply inclined folds, with N—S oriented fold axes,
and reverse faults.

Field investigations point to a deformation event
(Flumendosa phase) that again produced N-S short-
ening. Shortening was significantly less than during
the earlier phases, and only large-scale antiforms and
synforms developed. The most important antiform in
southeastern Sardinia is the Flumendosa antiform,
which developed just north of the Villasalto thrust,
producing an asymmetry in the nappe distribution
with respect to the Flumendosa antiform hinge zone:
north of the Flumendosa antiform, the Gerrei unit is
overlain by the Meana Sardo and the Barbagia units,
whereas south of the Flumendosa antiform, the Gerrei
unit is mostly overlain by the Sarrabus unit. In the
limbs of the kilometer-scale antiforms originated
during later N—S shortening developed normal faults.
From this it follows that formation of large-scale E—
W oriented antiforms were crucial for the formation of
late Variscan, E-W striking, low-angle normal faults.
These features are well recognized in central and
southeastern Sardinia but are missing in southwestern
Sardinia, where the late crustal thickening phase did
not develop large antiforms and synforms.

Deformation events recognized in Sardinia are
discussed in the framework of the tectonic evolution
of the Ibero-Armorican arc. The Gerrei and Meana
phases show shortening direction perpendicular to
the Variscan suture zone and are linked with colli-
sional evolution of the Ibero-Armorican arc, the
Sarrabus and Flumendosa phases developed during
westward shearing of the Cantabrian indenter.

Acknowledgements

Funding for this work was provided by Italian

Geological Survey-Regione Sardegna grant CARG
L. 67/88. C.J. Lewis, K. Schulman and anonymous
reviewers are thanked for their constructive comments
and suggestions, A. Ronchi for drawing Fig. 6c¢.

References

Arthaud, F., 1963. Un exemple de tectoniques superposées dans le
Paleozoique de I’Iglesiente (Sardaigne). C. R. Soc. Géol. Fr. 9,
303-304.

Arthaud, F., 1970. Etude tectonique et microtectonique comparée
de deux domaines Hercyniens: les nappes de la Montagne Noire
(France) et I’anticlinorium de I’Iglesiente (Sardaigne). Publica-
tions de 1’Université des Sciences et Techniques du Languedoc
— Série Géologie Structurale, Montpellier, 175 pp.

Arthaud, F., Matte, P., 1977. Détermination de la position initiale de
la Corse et de la Sardaigne a la fin de ’orogeénese hercynienne
grace aux marqueurs géologiques antemésozoiques. Bull. Soc.
Géol. Fr. 19, 833-840.

Barca, S., Maxia, M., 1982. Assetto stratigrafico e tettonico del
Paleozoico del Sarrabus occidentale. In: Carmignani, L.,
Cocozza, T., Ghezzo, C., Pertusati, P.C., Ricci, C.A. (Eds.),
Guida alla Geologia del Paleozoico sardo. Societa Geologica
Italiana, Guide Geologiche Regionali, Cagliari, pp. 87—93.

Barca, S., Cocozza, T., Del Rio, M., Pittau Demelia, P., 1981.
Discovery of lower Ordovician Acritarchs in the “Postgotlan-
diano” sequence of southwestern Sardinia (Italy): age and
tectonic implications. Boll. Soc. Geol. Ital. 100, 377-392.

Barca, S., Del Rio, M., Pittau Demelia, P., 1988. New geological
and stratigraphical data and discovery of Lower Ordovician
acritarchs in the San Vito Sandstone of the Genn’Argiolas
Unit (Sarrabus, Southeastern Sardinia). Riv. Ital. Paleontol.
Stratigr. 94, 339-360.

Barca, S., Ferretti, A., Massa, P., Serpagli, E., 1992. The Hercynian
Arburese tectonic unit of SW Sardinia. New stratigraphic and
structural data. Riv. Ital. Paleontol. Stratigr. 98, 119-136.

Brun, J., Burg, J.P., 1982. Combined thrusting and wrenching in the
Ibero-Armorican arc: a corner effect during continental colli-
sion. Earth Planet. Sci. Lett. 61, 319-332.

Brusca, C., Dessau, G., 1968. I giacimenti piombo-zinciferi di S.
Giovanni (Iglesias) nel quadro della geologia del Cambrico
sardo. L’Industria Miner. 19, 470-494 (see also pp. 533-556
and 597-609).

Cappelli, B., Carmignani, L., Castorina, F., Di Pisa, A., Oggiano,
G., Petrini, R., 1992. A Hercynian suture zone in Sardinia:
geological and geochemical evidence. Geodinam. Acta 5,
101-118.

Carmignani, L., Pertusati, P.C., 1977. Analisi strutturale di un
segmento della catena ercinica: il Gerrei (Sardegna sud-orien-
tale). Boll. Soc. Geol. Ital. 96, 339-364.

Carmignani, L., Cocozza, T., Minzoni, N., Pertusati, P.C., 1978.
Falde di ricoprimento erciniche nella Sardegna a Nord-Est del
Campidano. Mem. Soc. Geol. Ital. 19, 501-510.

Carmignani, L., Cocozza, T., Ghezzo, C., Pertusati, P.C., Ricci, C.A.,



P. Conti et al. / Tectonophysics 332 (2001) 255-273 273

1982. Guida alla Geologia del Paleozoico Sardo. Societa Geolo-
gica Italiana, Guide Geologiche Regionali, Cagliari, 215 pp.
Carmignani, L., Carosi, R., Di Pisa, A., Gattiglio, M., Musumeci,
G., Oggiano, G., Pertusati, P.C., 1994. The Hercynian chain in

Sardinia (Italy). Geodinam. Acta 7, 31-47.

Carosi, R., Pertusati, P.C., 1990. Evoluzione strutturale delle unita
tettoniche erciniche nella Sardegna centro-meridionale. Boll.
Soc. Geol. Ital. 109, 325-335.

Carosi, R., Musumeci, G., Pertusati, P.C., 1990. Le Unita di
Castello Medusa e Monte Grighini (Sardegna centro-meridio-
nale) nell’evoluzione tettonica del basamento ercinico. Boll.
Soc. Geol. Ital. 109, 643-654.

Carosi, R., Musumeci, G., Pertusati, P.C., 1991. Differences in the
structural evolution of tectonics units in central-southern Sardi-
nia. Boll. Soc. Geol. Ital. 110, 543-551.

Carosi, R., Musumeci, G., Pertusati, P.C., Carmignani, L., 1992.
The Hercynian backthrusts of eastern Iglesiente (SW Sardinia):
an example of inversion tectonics. In: Carmignani, L., Sassi,
F.P. (Eds.), Contributions to the Geology of Italy with special
regard to the Paleozoic basement, IGCP No. 276, Newsletter,
Siena, vol. 5, pp. 97-105.

Conti, P., Patta, E.D., 1998. Large scale Hercynian W-directed
tectonics in southeastern Sardinia (Italy). Geodinam. Acta 11,
217-231.

Conti, P., Funedda, A., Cerbai, N., 1998. Mylonite development in
the Hercynian basement of Sardinia (Italy). J. Struct. Geol. 20,
121-133.

Dessau, G., Duchi, G., Moretti, A., Oggiano, G., 1982. Geologia
della zona del Valico di Correboi (Sardegna centro-orientale).
Rilevamento, tettonica e giacimenti minerari. Boll. Soc. Geol.
Ital. 101, 497-522.

Dias, R., Ribeiro, A., 1995. The Ibero-Armorican Arc: a collision
effect against an irregular continent? Tectonophysics 246,
113-128.

Dunnet, D., 1969. Deformation in Paleozoic rocks of Iglesiente, SW
Sardinia. PhD thesis, University of London, 412 pp.

Gattiglio, M., Oggiano, G., 1990. L’unita tettonica di Bruncu
Nieddu e i suoi rapporti con le unita della Sardegna sud-orien-
tale. Boll. Soc. Geol. Ital. 109, 547-555.

Gattiglio, M., Oggiano, G., 1992. Stratigraphical and structural
outline of the Riu Gruppa tectonic unit (Southeastern Sardinia).
In: Carmignani, L., Sassi, F.P. (Eds.), Contributions to the Geol-
ogy of Italy with special regard to the Paleozoic basement, IGCP
No. 276, Newsletter, Siena, vol. 5, pp. 143—-146.

Liineburg, C.M., Lebit, H.D.W., 1998. The development of a single
cleavage in an area of repeated folding. J. Struct. Geol. 20,
1531-1548.

Matte, P., 1986b. La chaine varisque parmi les chaines paléozoiques
péri atlantiques, modele d’évolution et position des grands blocs
continentaux au Permo-Carbonifére. Bull. Soc. Géol. Fr. 8,
9-24.

Matte, P., Ribeiro, A., 1975. Forme et orientation de I’ellissoide de

déformation dans la virgation de Galice. Relation avec le plisse-
ment et hypotheses sur la genése de I’ arc Ibéro-armoricain. C. R.
Acad. Sci. Paris 280, 2825-2828.

Mazzarini, F., Pertusati, P.C., 1991. Structural evolution of North-
ern Arburese (SW Sardinia). Boll. Soc. Geol. Ital. 110,
747-1755.

Minzoni, N., 1975. La serie delle formazioni paleozoiche a Sud del
Gennargentu. Boll. Soc. Geol. Ital. 94, 347-365.

Naud, G., 1979. Tentative de syntheése sur 1’évolution géodynami-
que de la Sardaigne antépermienne. Mem. Soc. Geol. Ital. 20,
85-96.

Novarese, V., 1914. Il rilevamento geologico delle tavolette Iglesias
e Nebida. Boll. R. Com. Geol. Ital. 44, 29-59.

Orsini, J.B., 1976. Les granitoides hercyniens corso-sarde: mise en
evidence des deux association magmatiques. Bull. Soc. Géol.
Fr. 18, 1203-1206.

Palmerini, V., Bertorino, G., Caredda, A.M., Palmerini Sitzia, R.,
1985. 1 minerali argillosi delle unita tettoniche erciniche di
Genn’ Argiolas e dell’ Arburese (Sardegna meridionale). Boll.
Soc. Geol. Ital. 104, 151-160.

Pittau, P., 1984. Tremadocian (Early Ordovician) acritarchs of the
Arburese Unit, Southwest Sardinia (Italy). Boll. Soc. Paleontol.
Ital. 23, 161-204.

Poll, J.J.K., 1966. The geology of the Rosas-Terreseo area, Sulcis,
South Sardinia. Leidse Geol. Med. 35, 117-208.

Poll, J.J.K., Zwart, H.J., 1964. On the tectonics of the Sulcis area, S
Sardinia. Geol. Mijnb. 43, 144—146.

Ramsay, J.G., 1967. Folding and Fracturing of Rocks. McGraw-
Hill, New York (568 pp.).

Ribeiro, A., Dias, R., Brandao Silva, J., 1995. Genesis of the Ibero-
Armorican arc. Geodinam. Acta 8, 173-184.

Ricci, C.A., Sabatini, G., 1978. Petrogenetic affinity and geody-
namic significance of metabasic rocks from Sardinia, Corsica
and Provence. Neues Jahrb. Geol. Paldontol. Mh. 1978, 23—-38.

Stipp, M., Siinitz, H., Heilbronner, R., 1999. Temperature depen-
dence of quartz recrystallization regimes in naturally deformed
rocks. Deformation Mechanisms, Rheology and Microstruc-
tures, Neustadt an der Weinstrale, 22—24 March 1999, p. 139.

Taricco, M., 1912. Contributo allo studio del Cambriano della
Sardegna. Rend. Acc. Naz. Lincei, Cl. Sc. Fis. Mat. Nat. 21,
116-121.

Teichmiiller, R., 1931. Zur Geologie des Thyrrhenisgebietes. Teil 1:
Alte und junge Krustenbewegungen im siidlichen Sardinien.
Ges. Wiss. Gottingen, Math.-Phys. KIl., Nachrichten 3,
857-950.

Vardabasso, S., 1956. La fase sarda dell’orogenesi Caledonica in
Sardegna. Geotektonisches Symposium zu Ehren von Hans
Stille. Deutsche Geologische Gesellschaft, Stuttgart, pp.
120-127.

Vigliotti, L., Langenheim, V.E., 1995. When did Sardinia stop rotat-
ing? New paleomagnetic results. Terra Nova 7, 424-435.



