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[1] The western Mediterranean subduction zone
(WMSZ) extends from the northern Apennine to
southern Spain and turns around forming the narrow
and tight Calabrian and Gibraltar Arcs. The evolution
of the WMSZ is characterized by a first phase of
orogenic wedging followed, from 30 Ma on, by trench
retreat and back-arc extension. Combining new and
previous geological data, new tomographic images of
the western Mediterranean mantle, and plate
kinematics, we describe the evolution of the WMSZ
during the last 35 Myr. Our reconstruction shows that
the two arcs form by fragmentation of the 1500 km
long WMSZ in small, narrow slabs. Once formed,
these two narrow slabs retreat outward, producing
back-arc extension and large scale rotation of the
flanks, shaping the arcs. The Gibraltar Arc first formed
during the middle Miocene, while the Calabrian Arc
formed later, during the late Miocene-Pliocene.
Despite the different paleogeographic settings, the
mechanism of rupture and backward migration of
the narrow slabs presents similarities on both sides of
the western Mediterranean, suggesting that the slab
deformation is also driven by lateral mantle flow that
is particularly efficient in a restricted (upper mantle)
style of mantle convection.  INDEX TERMS: 8120
Tectonophysics: Dynamics of lithosphere and mantle—general;
8102 Tectonophysics: Continental contractional orogenic belts;
8158 Tectonophysics: Plate motions—present and recent
(3040); 8150 Tectonophysics: Plate boundary—general (3040);
KEYWORDS: Mediterranean, subduction, arcuate belt, tomography.
Citation: Faccenna, C., C. Piromallo, A. Crespo-Blanc,
L. Jolivet, and F. Rossetti (2004), Lateral slab deformation and
the origin of the western Mediterranean arcs, Tectonics, 23,
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1. Introduction

[2] Arcs are characteristic features of subduction systems.
Most of them face the overriding plate reflecting undula-
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tions in the subducting slab, as detected by earthquake
hypocenters distribution [e.g., Isacks and Molnar, 1971].
The Mediterranean area shows a large number of unusually
narrow arcs, defining an irregular and rather diffuse plate
boundary. In particular, the boundary between Africa and
Eurasia runs parallel to the north African coast and then
turns northward forming the tight arcs of Gibraltar and
Calabria, at the western and eastern sides of the western
Mediterranean, respectively (Figure 1). The external domain
of the two arcs is constituted by foreland thrust belts,
whereas the inner domain is occupied by extensional basins.
Hence the genesis of both arcs should be related to the
transfer and migration of crustal material outward for some
hundreds of kilometers, while preexisting structures are
passively rotated along the two flanks. The migration rate
is high, reaching 5—6 cm/yr, in the Calabrian-Tyrrhenian
system [Patacca et al., 1990] and is higher than the rate of
convergence, which is of the order of 1-2 cm/yr [e.g.,
Dewey et al., 1989]. Hence their formation cannot be related
to the kinematics of the plate system in a rigid escape
fashion [e.g., Tapponnier, 1977] but should be somehow
connected with the deep internal dynamics of the system.
The presence of a back-arc-trench system also suggests that
those arcs can be related to the retreat of the subduction
zone. Malinverno and Ryan [1986] first proposed that the
Calabrian Arc formed by trench retreat in correspondence of
the narrow Ionian oceanic lithosphere. However, the radius
of curvature of the western Mediterranean arcs is one order
of magnitude smaller than other trench curvatures (10° on
average [Tovish and Schubert, 1978; Jarrad, 1986]). Hence
it is difficult to imagine that those structures can simply
form as a consequence of slab bending. For example, three-
dimensional laboratory experiments fail to reproduce the
narrow radius of curvature of the Calabrian Arc [Faccenna
et al, 1996]. Nur et al. [1991] overcome this limitation
suggesting that the arcs of the Tyrrhenian system formed as
a consequence of the retreat of a narrow slab, and Dworkin
et al. [1993] analyze the possibility that subslab mantle
material can flow around the slab sides, enhancing the
retreat velocity. The hypothesis of slab retreat has been also
extended to the case of the Gibraltar Arc [Royden, 1993;
Lonergan and White, 1997]. However, application of the
retreat model to this area has been criticized [Vissers et al.,
1995; Calvert et al., 2000] as the formation of the Gibraltar
region occurred during continental convergence. An alter-
native hypothesis for the formation of this structure stems
from the possibility to generate radial compression by
removing the dense and thickened mantle portion of the
lithosphere in the inner side of the arc [Platt and Vissers,
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1989; Vissers et al., 1995]. On the other hand, this scenario
is not realistic for the case of the Calabrian Arc as the well-
defined Wadati-Benioff zone suggests the presence of an
active subduction [Isacks and Molnar, 1971; Giardini and
Velona, 1988; Selvaggi and Chiarabba, 1995].

[3] Despite the similarity in the geometry and in the
structure of the two arcs (Figure 1), it is then evident that
a unique, simple explanation for their genesis has not yet
been proposed. However, it seems inescapable, when look-
ing at the tectonic evolution of the western and central
Mediterranean, that the formation of the Gibraltar and
Calabrian Arcs results from the same process. It is thus
tempting to look for a single mechanism which would
adequately explain the evolution of both.

[4] We reconstruct the Tertiary evolution of the western
Mediterranean exploring the kinematics of the subducting
system. We use geological data, seismic tomography of the
lithosphere-mantle and plate kinematics to formalize a
geological consistent tectonic scenario at the scale of the
upper mantle. From this reconstruction we conclude that the
mechanism leading to the formation of the two arcs is
similar, deriving from the fragmentation in narrow tongues
of a single, wider subduction zone.

2. Geology of the Western Mediterranean
Subduction Zone

[5] The western Mediterranean subduction zone (WMSZ)
shows along its length common geological features in terms
of tectonic architecture, age, and style of deformation. Three
distinct domains can be distinguished. The inner orogenic
domain, outcropping in northern Apennines, Calabria,
Kabylie and in Rif-Betic belt, is constituted by metamorphic
units and preserves the oldest trace of a subduction process.
It separates the extensional back-arc domain (Tyrrhenian,
Liguro-Provencal, Valencia, Algerian and Alboran basins)
from the external domain, where slices of the sedimentary
cover derived from the paleomargins are piled up (Apen-
nines, Magrebides, Atlas, external Rif and sub-Betics). Over
the whole WMSZ, the extensional back-arc domain deforms
contemporaneously with the external domain. Only a small
portion of this once vigorous subduction zone is now active:
a rather well-defined Wadati-Benioff zone is present only
below the Calabrian Arc [Selvaggi and Chiarabba, 1995].

2.1. Inner Orogenic Wedge

[6] Boudins of the Alpine metamorphic belt, stretched
and drifted apart during the Neogene extensional episodes
represent the oldest remnants of the subduction process.
They are present along the WMSZ in the Calabrian Arc, in
the Kabylie and in the Betic-Rif belt (Figures 1, 2, and 3).
The metamorphic belt is constituted by the stacking of slices
of continental Variscan basement and its cover, continental,
oceanic and metasedimentary rocks. Extensive outcrops of
ophiolites are present only in the Calabria belt, suggesting
that the Jurassic ocean narrows westward [Dercourt et al.,
1986]. Alpine metamorphism overprint covers the entire
range of possibilities from greenschist to blueschist facies,
and, locally, to eclogitic. Pressure-temperature (P-T) cali-
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bration for the main metamorphic units reveals an increas-
ing thermal gradient moving westward along the WMSZ. In
Calabria, pressure estimates range from 0.5 to 1.2 GPa
while temperatures are less than 350°—450°C [Piccarreta,
1981; Cello et al., 1991; Rossetti et al., 2001]. In the
Kabylie and in the Alboran domain, temperatures up to
600°C are documented for rocks that have suffered pres-
sures up to 1.0—1.4 GPa [Goffé et al., 1989; Bouybaouene
et al., 1995; Saadallah and Caby, 1996; Azaiion et al.,
1998; Caby et al., 2001]. Geological and radiometric data
indicate that the Alpine metamorphic signature occurs
between the Paleogene and the early Miocene (Calabria
[Borsi and Dubois, 1968; Shenk, 1980; Beccaluva et al.,
1981; Rossetti et al., 2001], Kabylie [Monié et al., 1988;
Saadallah and Caby, 1996; Caby et al., 2001], and Rif-
Betic [DeJong, 1991; Monié et al., 1991; Zeck et al., 1992;
Vissers et al., 1995; Sanchez-Rodriguez et al., 1996;
Balanya et al., 1997; Martinez-Martinez and Azarion,
1997; Platt et al., 1998; Platt and Whitehouse, 1999;
Azaiion and Crespo-Blanc, 2000]).

[7] The architecture of the wedge shows common char-
acters along the WMSZ. Its current structure, however, has
been modified significantly from its original geometry. In
fact, the late Neogene evolutionary stages of the belt, related
to the extensional processes, obliterate the structures asso-
ciated with the early thickening event. The most evident
expression of the extensional process is the formation of
large-scale detachments that place high-pressure units (HP)
below nonmetamorphosed or slightly metamorphosed units.
Kinematic indicators related to the thickening event are rare
and have been found only in Calabria where a northeast
directed shear sense has been described [Dietrich, 1988;
Monaco, 1993; Rossetti et al., 2001] (Figure 2). In the
Alboran domain, the synmetamorphic exhumation-related
linear fabric shows an overall northward directed sense of
shear turning around the arc from NE in the Betics to NNW
in the Rif [Balanya and Garcia-Dueiias, 1988] (Figure 3).
They have been related either to a compressive [Tubia et al.,
1992; Simancas and Campos, 1993] or to an extensional
regime [Platt and Vissers, 1989; Vissers et al., 1995;
Balanyad et al., 1997; Martinez-Martinez and Azarion,
1997; Platt et al., 1998; Azarnion and Crespo-Blanc, 2000].

2.2. Back-Arc Extensional Domain

[8] Over the whole western Mediterranean, back-arc
extensional processes affected both the inner orogenic belt
and the Iberian domain [Faccenna et al., 1997]. The
extensional regime is contemporaneous with the accretion
of the external fold-and-thrust belt and is more vigorous
moving eastward along the WMSZ. Indeed, in the central
Mediterranean, two triangular oceanic basins open: the
Liguro-Provencal first and the Tyrrhenian afterward
(Figures 1 and 2). Cross section AA’ of Figure 4, running
from Calabria to the Gulf of Lyon and parallel to the main
extensional direction, shows the lithospheric structure and
the age (Figure 4, top) of these two basins separated by the
Sardinia block [Finetti and Del Ben, 1986; Suhadolc and
Panza, 1989; Chamot-Rooke et al., 1999]. In the Liguro-
Provengal basin, extensional processes started at about

2 of 21



TC1012

FACCENNA ET AL.: ARCS OF THE MEDITERRANEAN

TC1012

Plate convergence
(mm/yr) Nuvel 1

transport direction:
extensional system
main thrust system

Figure 1.

Tectonic map of the western Mediterranean region. Sense of transport along main thrust

fronts (black arrows) and along the main extensional detachments (white arrows) is shown (see text for

references).

30 Ma [Cherchi and Montandert, 1982; Gorini et al., 1994;
Seranne, 1999], and from 21 to 16 Ma, oceanic spreading
took place [Burrus, 1984] during the counterclockwise
rotation of the Corsica-Sardinia block [Van der Voo,
1993]. After a pause of a few million years, extension
shifted eastward to the southern Tyrrhenian basin
(Figure 4), leading to the complete collapse of the Calabrian
orogenic wedge by large-scale extensional detachment
[Rossetti et al., 2001] (Figure 2). In this region, synrift
deposition started at ~10—12 Ma on both the eastern
Sardinia shelf and Calabria margin [Kastens and Mascle,
1990; Sartori, 1990; Mattei et al., 2002]. It was followed by
the formation of localized spreading centers (at 4—5 Ma,
Vavilov basin, and at 2 Ma, Marsili basin) [Sartori, 1990].
In a similar way, the volcanic arc migrated southeastward
from the Provengal and Sardinia margin, where calc-alka-
line suites erupted from 34—32 Ma up to 13 Ma [Beccaluva
et al., 1989], to the Tyrrhenian basin at about 5 Ma (5—

2 Ma), reaching its present-day position in the Eolian Island
(Figure 2) [Beccaluva et al., 1989; Kastens et al., 1988;
Argnani and Savelli, 1999]. In Sardinia, a new phase of
magmatic activity occurred during the Pliocene with the
eruption of alkaline to tholeitic suites [e.g., Lustrino et al.,
2000].

[v] The Valencia trough represents the westward contin-
uation of the Provengal basin (Figure 1). Cross section BB’
(Figure 4) runs from the Kabylie massif to Iberia. In the
Valencia trough, the extensional process occurred between
26 and 16 Ma [Verges and Sabat, 1999] during the clock-
wise rotation of the Balearic Islands [Parés et al., 1992].
Thrusting in the Balearic Island also occurred at that time,
from the upper Oligocene [Sabat et al., 1988] to 15—12 Ma
[Verges and Sabat, 1999]. During this stage, the extensional
process was also localized in the inner orogenic domain,
causing the collapse of the Kabylie belt with the formation
of extensional detachments with a top-to-north sense of
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shear (Figure 1) [Saadallah and Caby, 1996; Caby et al.,
2001].

[10] A few million years after, extension shifted in the
Algerian basin. The exact timing of the Algerian basin
opening is not known. It should have occurred before 6—
7 Ma, the age of the evaporites overlying the oceanic crust
[Verges and Sabat, 1999] and possibly after the compres-
sional episode present in the Balearic archipelago (12 Ma).
The volcanic arc also shifted southward following the
trench system. Calc-alkaline suite volcanism, 25—13 Ma
in age, first occurred in the Valencia trough and then
migrated along the north African coast, while in the Valen-

cia region alkaline volcanism took place since 10 Ma [Marti
et al., 1992]. In central Algeria, the subduction-related
volcanic activity spanned from 16 to 10 Ma, first with
the eruption of low-K arc tholeiites and then with the
emplacement of granitoids and acidic lavas with a strong
crustal signature [Maury et al., 2000; Fourcade et al.,
20017.

[11] Further to the west, extensional processes affected
the orogenic wedge of the Alboran domain. The ages of
synrift sediments and radiometric dating indicate that
extension in the Alboran region started around 27-25 Ma
[Comas et al., 1999]. Cross section CC’ (Figure 4) strikes
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WSW-ENE, that is, parallel to the stretching direction
associated with the Alboran rifting [Garcia-Duerias et al.,
1992; Comas et al., 1992, 1999]. It shows that both the crust
and the mantle lithosphere are strongly thinned below the
Alboran basin with respect to the outer region of the
compressional fronts (2.5 times according to Torné et al.

5

[2000]). The extensional process in the Alboran domain is
marked by the formation of a large-scale postorogenic
extensional shear zone with a westward-southwestward
sense of shear (Figure 3) [Galindo-Zaldivar et al., 1989;
Platt and Vissers, 1989; Garcia-Duenas et al., 1992;
Jabaloy et al., 1993; Martinez-Martinez and Azarion,
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from model PMO.5 [Piromallo and Morelli, 2003]. (top) Age and distribution of the geological record
related to subduction (see text for references): metamorphism (blue and green boxes represent blueschist
and greenschist facies, respectively), magmatism (red boxes represent volcanic and intrusive rocks),
synrift deposits filling extensional basins (yellow box), and oceanic crust (light blue box). See color

version of this figure at back of this issue.

1997]. Extension was associated with a thermal event, as
revealed by magmatism and by the clustering of most
radiometric ages around 22—18 Ma (Figure 4) [Sanchez-
Rodriguez et al., 1996; Monié et al., 1991; Zeck et al., 1992,
Monié et al., 1994; Platt and Whitehouse, 1999; Zeck, 1999;
Sanchez-Rodriguez and Gebauer, 2000; Lopez Sanchez-
Vizcaino et al., 2001]. Volcanism started in the early
Miocene with the tholeiitic dike swarm of Malaga [Turner
et al., 1999] and inside the Alboran basin (20 Ma) with a
calc-alkaline signature [Comas et al., 1999]. Afterward, it
migrated northward in southeastern Spain [Benito et al.,
1999; Turner et al., 1999] and southward, along the
Morocco-Algerian border [El Bakkali et al., 1998; El Azzouzi
et al., 1999; Maury et al., 2000; Coulon et al., 2002]. In
both areas, the transition from calc-alkaline products to
transitional, in the Tortonian, and to alkali basaltic from the
Pliocene is documented [El Azzouzi et al., 1999; Maury et al.,
2000]. In particular, in Morocco, volcanism spans from

15 Ma to Quaternary [El Bakkali et al., 1998; El Azzouzi et
al., 1999; Maury et al., 2000; Coulon et al., 2002]. It must be
stressed that the Miocene-to-Pliocene volcanic centers are
scattered along a NNE-SSW directed belt extending from the
inner back-arc region to the external foreland region, both on
the Maghrebian and the Iberian margin (Figure 3) [Pigué et
al., 1998].

[12] Over the whole WMSZ the decay of extensional
processes migrated progressively in time and space, from
west to east. The recent tectonic evolution of the Gibraltar
Arc area is marked by north-south convergence from lower
Messinian onward. Kilometric-scale open folds formed,
together with large-scale strike-slip structures and minor
N-S normal faults [Comas et al., 1999] (Figure 3). From
the Pliocene onward a NW-SE trending compressional
regime and a complex pattern of active strike-slip structures
affected also the internal zones and passive Algerian margin
[Pondrelli et al., 1995; Meghraoui et al., 1996]. Finally, in
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the back-arc region of the Calabria subduction zone, exten-
sion is presently diminishing as indicated by the seismically
active strike-slip and compressive structures [Pondrelli et al.,
1995].

2.3. External Foreland Thrust Belt

[13] The external envelop of the orogenic wedge is
constituted by a stack of Meso-Cenozoic sedimentary units
derived from the African-Iberian-Adria margin (Figure 1).
These foreland fold-and-thrust belts formed during the
Neogene and turn around both arcs. The southern Apennine
is constituted by a system of NW-SE directed thrusts with a
NE directed sense of transport (Figures 1 and 2) [Patacca et
al., 1990; Roure et al., 1991; Consiglio Nazionale delle
Ricerche, 1991], while the Sicilian Maghrebian thrust belt
trends regionally E-W across Sicily with a mainly south-
ward sense of transport (Figure 2). The timing of deforma-
tion of the Apennine-Maghrebian thrust belt is bracketed
between the Tortonian and the lower to middle Pleistocene
[Patacca et al., 1990] (Figure 2). After a sharp bend in
Tunisia, probably due to the reactivation of preexisting
structures [Outtami et al., 1995], the fold-and-thrust belt
continues all along North Africa. The E-W directed thrust
front of both the internal Tell and external Atlas shows a
main southward transport direction active in the more
external portion up to Pleistocene time [Frizon de Lamotte
et al., 2000].

[14] Around the Gibraltar Arc, the internal zone over-
thrusts the African and Iberian paleomargins and the upper
Cretaceous to lower Miocene flysch deposits (Figure 3).
These fold-and-thrust belts formed during the middle and
late Miocene. The sense of transport during this episode is
globally W-SW directed in the western Rif [Morley, 1992;
Frizon de Lamotte et al., 1991], west directed in the Flysch
units [Lujan et al., 2000], and WNW in the Betics (Figure 3)
[Frizon de Lamotte et al., 1991; Platzman et al., 1993;
Crespo-Blanc and Campos, 2001]. Platt et al. [2003]
recently presented the pattern of stretching lineations around
the arc and their orientation if restored for vertical axis
rotation and shortening. The main conclusion of this study
is that the outer front of the belt shows that the Betics and
the Rif show a WNW and WSW motion, respectively. The
transport direction in the external Rif is also attested by the
presence WSW trending left-lateral shear zones [Frizon de
Lamotte et al., 1991] acting as lateral ramp and separating
the Rif from the Tell belt (Figures 1 and 3). As described
before, the Algerian Tell thrust belt at that time underwent a
prevalently southward directed shear (Figure 1). Therefore,
during the middle Miocene the Rif and the Tell belts
separated following diverging transport directions. In the
late Miocene the deformational front propagated in the more
external portion. However, the outer deformational front of
the Atlas shows a rather continuous E-W striking direction
over the whole African margin, from Morocco to Tunisia,
apart from the Middle Atlas which strikes obliquely due to
the orientation of preexisting structures [Gomez et al.,
1998]. The southward transport direction of the Atlas front
is consistent with the major plate convergence direction
[Frizon de Lamotte et al., 2000; Gomez et al., 2000].
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Recently, Gutscher et al. [2002] showed evidence west of
Gibraltar of an active accretionary prism.

2.4. Evidences of Lateral Discontinuities in the WMSZ

[15] In the previous paragraph, we outline how the
WMSZ extends from northern Apennine to Southern Spain.
Nevertheless, the continuity in the geological features
related to the WMSZ is interrupted. Along the northern
Apennines, Royden et al. [1987] first documented the lateral
segmentation of the subducting lithosphere on the base of
the Pliocene foredeep architecture. Here we focus on the
presence of two slab ruptures placed along the southern
portion both arcs. The first is located in the Sicily channel,
whereas the second interruption lies in the Oranie-Melilla
region (Figures 1, 2, and 3).

[16] In the Sicily channel, the Maghrebian foreland thrust
belt is crosscut by a system of NW trending faults and related
basins [Tricart et al., 1994], active from the late Miocene-
Pliocene onward (Figure 2) [lllies, 1981; Jongsma et al.,
1987; Argnani, 1990, 1993; Tricart et al., 1994]. The rift
system is better developed in the African foreland region,
where extensional basins and magmatic activity spread over a
200 km wide belt from northern Tunisia to Sicily. The
kinematics of the rift system is characterized by the super-
position of Pleistocene strike slip [Cello et al., 1985;
Jongsma et al., 1987; Grasso et al., 1990] over late Messi-
nian-Pliocene extension [/llies, 1981; Jongsma et al., 1987;
Grasso et al., 1990; Argnani, 1993]. Magmatic activity is
mainly Quaternary in age [Consiglio Nazionale delle
Ricerche, 1991], but traces of Tortonian volcanic rocks have
been dredged off of southern Sicily [Argnani, 1990]. The
northwestern continuation of the rift belt can be observed in
Southern Sardinia, in the Campidano graben (Figure 2). The
Sicily channel rift system therefore could represent the
surface manifestation of a break in the WMSZ: it crosscut
the fold and thrust belt running from the foreland to the inner
extensional domain, and opened contemporaneously with the
opening of the Tyrrhenian basin from the late Messinian-
Pliocene onward.

[17] Gvirtzman and Nur [1999] suggest that the Malta
escarpment fault zone (Figures 1 and 2) also represents the
surficial evidence of a lateral break in the subducting system.
Indeed, the Malta escarpment is a major Mesozoic disconti-
nuity, as it represents the passive margin of the Ionian basin
[Catalano et al., 2001]. However, this structure was not
active during the main Neogene phases of activity of the
WMSZ, and has been partly reactivated only during the upper
Pleistocene [Cernobori et al., 1996; Hirn et al., 1997,
Monaco et al., 1997; Doglioni et al., 2001; Argnani et al.,
2003].

[18] At the Oranie-Melilla region (Algeria-Morocco bor-
der) (Figure 3) it is possible to identify the other major
discontinuity in the WMSZ [Frizon de Lamotte et al., 1991;
Lonergan and White, 1997]. 1t is attested to mostly by the
presence of large-scale sinistral NE trending lateral ramps
on the eastern Rif (Jebha, Nekor, Temsamane). These
structures accommodate the diverging transport direction
of the Rif-Tell system. In fact, around the Gibraltar Arc,
both the external middle Miocene thrust front and the
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internal extensional detachment show an overall westward
sense of transport [Frizon de Lamotte et al., 1991]. This
different sense of transport then separates the Betic-Rif from
the Tell domain, where southward transport direction is
instead documented. The timing of this rupture episode is
bracketed in the middle Miocene. In fact, prior to (during the
collision) and after this episode, the convergence process
between the major plates dominates the whole system im-
posing a major north-south shortening [Gomez et al., 2000;
Beauchamp et al., 1999; Frizon de Lamotte et al., 1991,
20001].

2.5. When Did the Arcs Form?

[19] The precise timing of formation of the WMSZ
Gibraltar and Calabrian Arcs is still uncertain, but it is
tempting to imagine that their formation is coeval with the
opening of back-arc basins [Royden, 1993]. This is the case of
the well-documented Calabrian Arc, which attained its shape
mostly between the late Miocene and the Pleistocene, during
the opening of the Tyrrhenian Sea (Figure 2). Significant
counterclockwise rotation of the southern Apennines, in fact,
occurred after the opening of the Liguro-Provencal basin
[Mattei et al., 2002; Gattacceca and Speranza, 2002], and
part of this rotation (25°, according to Sagnotti [1992] and
Scheepers et al. [1993]) should have occurred after the early
Pleistocene. The Calabrian region itself rotated clockwise by
about 15°-25° during the Plio-Pleistocene [Scheepers et al.,
1993; Scheepers and Langereis, 1994; Speranza et al., 2000].
Moreover, an overall clockwise rotation has been detected in
the Sicilian belt [Channell et al., 1980, 1990; Aifa et al.,
1988; Scheepers and Langereis, 1993], but its timing and
magnitude are still uncertain, as it could be related to the
complex rotational pattern of single thrust sheets [Speranza
et al., 1999].

[20] The age of formation of the Gibraltar Arc is less
defined, but according to the pattern of rotation sense, it
occurred during the Alboran rifting. Indeed, paleomagnetic
data show that the external zone of the Betics thrust belt has
rotated approximately 60° clockwise [Osete et al., 1988;
Platzman, 1992; Platzman and Lowrie, 1992; Allerton et al.,
1993; Platt, 1995; Fainberg et al., 1999], whereas in the Rif]
counterclockwise rotations up to 100° have been reported
[Platzman et al., 1993, Platt et al., 2003]. Nevertheless, the
timing of these rotations has not been established. In the
internal middle Miocene basins, no significant patterns of
rotation have been observed [Allerton et al., 1994; Calvo et
al., 1997].

3. Images of Western Mediterranean
Subducting Slab

[21] Figures 4 and 5 show images of a recent tomographic
model of the upper mantle beneath the Euro-Mediterranean
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region, obtained by inversion of P wave delay times from the
International Seismological Centre [Piromallo and Morelli,
2003]. The model is parameterized with linear splines over a
three-dimensional Cartesian grid, whose nodes are spaced
0.5° x 0.5° horizontally and 50 km vertically, down to 1000
km depth. Regional and teleseismic rays from carefully
selected shallow earthquakes are grouped into summary rays
whose residuals are inverted via the LSQR algorithm [Nolet,
1985]. The resulting perturbation to the velocity field is
computed and displayed with respect to the reference veloc-
ity model sp6 [Morelli and Dziewonski, 1993]. A thorough
description of the resulting model and its reliability are given
by Piromallo and Morelli [2003].

[22] From horizontal slices through the tomographic
model (Figure 5), it is possible to observe a high-velocity
anomaly running from the northern Apennine to the
Gibraltar Arc, turning around the Calabrian Arc. This fast
belt corresponds to the WMSZ, although it shows some
discontinuities. Indeed, at a depth of 100 and 150 km
(Figures 5a and 5b), the high-velocity anomaly is located
beneath the northern Apennines, Calabria, northern Algeria
and the Gibraltar Arc. Clear interruptions of this belt occur
in three regions of low velocity: beneath the southern
Apennines, the Sicily channel and the Oranie-Melilla
region. At a depth of 250 km (Figure 5c), the first two
gaps visible at shallower depth are not present anymore,
and the Calabria high-velocity anomaly joins both the
Apennine and the Algerian anomalies. The westernmost
interruption, conversely, persists down to a depth of 400—
450 km (Figures 5e and 5f). At greater depths (Figure 5f),
the high-velocity anomaly spreads horizontally over the
whole western Mediterranean area. No evident trace of
high-velocity anomaly is present below the transition zone
[Piromallo and Morelli, 2003].

[23] Vertical cross sections through the model are shown
in Figure 4. These sections are oriented parallel to the
extensional direction of the back-arc basins. Cross section
AA’ from Calabria to the Gulf of Lyon (Figure 4) shows an
almost continuous high-velocity body below Calabria, with
a dip of 70°-80° toward the NW and then turning horizon-
tally in the transition zone. The estimated total length of the
fast velocity zone, interpreted as subducted lithosphere, is
about 1200—1400 km, measured from the base of the
lithosphere and including its lowermost flat portion. Using
different data sets and techniques, Spakman et al. [1993]
and Lucente et al. [1999] have obtained P wave velocity
models for the Mediterranean yielding a feature similar in
both geometry and total length. The high-velocity anomaly
below the Calabrian region lines up, down to a depth of
about 450 km, with a continuous, northwestward, 70°-
dipping Wadati-Benioff zone, in which seismicity is dis-
tributed in a 200 km wide and 40—50 km thick volume
[e.g., Selvaggi and Chiarabba, 1995].

Figure 5.

(a—f) Map views of tomographic results at 100, 150, 250, 350, 450, and 600 km depth and (g—i) cross sections

from model PMO.5 [Piromallo and Morelli, 2003]. Velocity anomalies are displayed in percentages with respect to the
reference model sp6 [Morelli and Dziewonski, 1993]. Sections EE’ and FF’ intersect the deep positive velocity anomalies of
Calabrian and the Alboran slab, respectively, parallel to the strike of the slab to show their limited lateral extent. See color

version of this figure at back of this issue.
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[24] Cross section BB’ from the Kabylie to the Valencia
Gulf (Figure 4) shows a less pronounced anomaly contrast,
due to reduced ray coverage caused by a paucity of stations
along the northwestern African margin [Piromallo and
Morelli, 2003]. Though resolution is not optimal, it is
possible to observe a high-velocity anomaly dipping toward
the NNW. It presents a rather steep dip in the first 300 km
where it gets thinner. In correspondence of the 410 km
discontinuity, the high-velocity anomaly apparently kinks,
and then becomes flat in the transition zone, while its
thickness increases. No intermediate or deep seismicity is
recorded along this cross section. The total length of the
anomaly measured from the base of the lithosphere is about
1000 km. Above the slab, a pronounced low-velocity
anomaly is located below the Algerian and Valencia basins.

[25] Cross section CC’ runs from northwest Morocco to
south Spain (Cartagena) (Figure 4) and shows a rather
continuous high-velocity anomaly dipping 40° ENE down
to 400 km. It turns then horizontally and thickens near the
bottom of the upper mantle. Deep seismic events in
the region cluster near this deeper anomaly [Blanco and
Spakman, 1993; Seber et al., 1996]. The total length of the
anomaly is on the order of 800 km, while its lateral width is
a few hundreds of km (Figure 5). As observed below the
other back-arc basins, a low-velocity anomaly is present at
shallow depth below the thinned Alboran region. This
section is similar to the EW one presented by Calvert et
al. [2000], Blanco and Spakman [1993], and Gutscher et al.
[2002]. As already noted by Calvert et al. [2000], shallow
and intermediate south dipping seismicity clusters inside the
low-velocity anomaly.

[26] In Figure 5, three additional cross sections better
illustrate the lateral distribution of the velocity anomaly.
Section DD’ (Figure 5g) runs across the Sicily channel,
where a rather well-defined shallow (from the surface down
to 150—200 km) low-velocity anomaly corresponds to the
area where volcanic centers are distributed, whereas no
high-velocity anomaly (which could indicate continuity
with the north African margin) is present. Cross section
EE’ (Figure 5h), approximately perpendicular to DD’, shows
the same structure below the Sicily channel. In addition, the
section crosscuts the Calabrian slab along strike in its
middle portion, hence illustrating the limited lateral extent
(about 350 km) of the subducted lithosphere. To the north,
the Calabrian slab is also limited by a low-velocity window
located below the southern Apennines [Lucente et al., 1999;
Wortel and Spakman, 2000; Piromallo and Morelli, 2003].
Section FF' runs N-S over the Oranie-Melilla region and
then crosses the Alboran basin (Figure 5i). It illustrates the
presence of a low-velocity anomaly in the topmost layers
below the Alboran region. Below this region, an elongated
subvertical high-velocity anomaly is observed from approx-
imately 300 km depth down to the 660 km discontinuity.
This cross section, usually selected as the most representa-
tive [Blanco and Spakman, 1993; Spakman et al., 1993;
Calvert et al., 2000], has been used in tectonic reconstruc-
tions as an indication of slab detachment [Blanco and
Spakman, 1993; Carminati et al., 1998; Zeck, 1999].
However, it must be stressed that the N-S section, crossing
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the Gibraltar Arc, strikes subperpendicular to the dip of slab
and can be used only to assess its width, which for the
Alboran case does not exceed about 250 km.

[27] Summing up, tomographically detected high-velocity
anomalies can be followed discontinuously below the
WMSZ. The high-velocity anomaly belt is laterally broken
beneath the southern flank of the Gibraltar and Calabrian
Arcs. The deep slab breaks line up with the main disconti-
nuities in the geological trends, the Sicily channel and the
Oranie-Melilla region. Below the arcs we observe a narrow
(250-350 km), rather planar, and continuous high-velocity
anomaly descending from the surface to the transition zone.
The length of the high-velocity anomaly, mainly confined to
the upper mantle, varies from 1200—1400 to 800 km, and
decreases westward.

4. Amount of Subduction

[28] The total amount of subduction along the three
sections of Figure 4 can be evaluated by summing the
amount of back-arc extension to the amount of net conver-
gence related to Africa/Eurasia convergence along the
WMSZ trench. This value can be compared with the length
of the high-velocity anomalies obtained from the tomo-
graphic sections.

[29] Estimates of the rate and the amount of back-arc
extension are performed by restoring the thickness and
length of the crustal cross sections of Figure 4. This is done
by subtracting the oceanic-floored area of each basin and
then, using an area balancing technique, by restoring the
crust to the thickness of the surrounding undeformed
domain. The results of this exercise are shown in Figure 6b.

[30] Restoration of the Calabrian section (Figure 4) has
been already presented by Faccenna et al. [2001a]. In the
Liguro-Provencal and Tyrrhenian region the total amount of
back-arc extension (~780 km) is partitioned roughly equally
between the two basins (Figures 1 and 4), with alternating
episodes of rifting (~7 Myr) and oceanic spreading (~5 Myr).
The rate of extension has an average of 2.6 cm/yr, with a peak
of 5.6 cm/yr during the last few million years and with a
pause between 15 and 10 Ma, when the velocity of retreat
drastically decreased (Figure 6b). Our estimates are in
good agreement with previous evaluations [Burrus, 1984;
Malinverno and Ryan, 1986; Mauffret et al., 1995; Spadini et
al., 1995; Gueguen et al., 1998; Chamot-Rooke et al., 1999].

[31] Restoration of the Algerian section (Figure 4) has been
performed by Verges and Sabat [1999]. The total amount of
extension (~340 km) is also partitioned between the Valencia
trough (~80 km) and the Algerian basin (~260 km). The
mean rate of extension is around 1.7 cm/yr, but extension also
occurred episodically, with a peak rate of about 4 cm/yr
during the opening of the Algerian basin, with a pause
between 16 and 12 Ma (Figure 6b). We should remark,
however, that the exact timing of Algerian basin oceanic
accretion is only inferred.

[32] Restoration of the Alboran section (Figure 4) to a
crustal thickness of about 40 km (stretching factor of 2.5,
according to Torné et al. [2000]) leads to ~210 km of
extension and an average rate of 1 cm/yr. This value
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Figure 6.

(a) Displacement trajectories of Africa and Apulia motion with respect to stable Eurasia

(calculated from Dewey et al. [1989], see inset for stages division), assuming that Adria moved
coherently with Africa. The displacement trajectories related to back-arc extension (numbers are million
years) are also shown. Details of the calculation are in the text. A, B, C refer to the traces of the
Tyrrhenian, Algerian, and Alboran cross sections, respectively. (b) Amount of relative plate convergence
and back extension calculated along the Tyrrhenian, Algerian, and Alboran cross sections (indicated in
Figure 6a as A, B, and C, respectively). Calculations have been performed by measuring the component
of relative convergence (as shown in Figure 6a) and extension perpendicular to the trench during the last
64 Myr. The total amount of subduction is derived by summing up the amount of convergence with the

amount of back-arc extension.

represents a minimum estimate as it is not possible to state if
the westernmost portion of the Algerian basin belongs to the
Alboran stretching regime (Figure 6b). This value is in
agreement with what estimated by Platt et al. [2003]

palinspastic restoration (about 250 km) and is far lower
than the one estimated by Lonergan and White [1997].

[33] The amount of subducted material due to Africa-
Eurasia plate convergence is calculated using the Dewey et
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Figure 7. Comparison between predicted (see Figure 6b) and observed (see tomographic sections of
Figure 4 and Piromallo and Morelli [2003] slab length). The observed length is always higher than the

predicted length, notably on the westernmost area.

al. [1989] model for the last 67 Myr, by measuring the net
convergence perpendicular to the western Mediterranean
trench (Figure 6a). To this purpose, no substantial difference
exists between Dewey et al. [1989] model and other ones
[Savostin et al., 1986; Ricou, 1994]. During the last 67 My,
the amount of convergence along the western Mediterra-
nean trench ranges from the 200 km of the Gibraltar to the
300 km of the Algerian region and is mostly attained during
the last 35 Myr (Figure 6b). This is because prior to that
time lapse, the trench was oriented parallel to the Africa-
Eurasia convergence vector.

[34] The total amount of subduction during the Tertiary
can be then estimated summing these values to those related
to back-arc extension (Figure 6b). The amount of subduc-
tion during the Tertiary progressively decreases westward
from the 1050 km of the Tyrrhenian to 600 km of the
Algerian and to the 450 km of the Alboran system. Figure 7
shows the comparison between these values and the length
of the high-velocity anomalies as measured from Figure 4
cross sections. We also note that the length of the high-
velocity anomaly is always greater than the predicted
length, especially on the western side of the subduction
system.

[35] No definitive answers can be proposed to justify this
misfit. Smearing of high-velocity anomalies in regions of
insufficient ray sampling could in principle lead to overes-

timate the slab length. However, according to the sensitivity
analyses performed to assess the tomographic model reli-
ability [Piromallo and Morelli, 2003], this region is fairly
resolved and smearing along rays can hardly explain a
misfit in length larger than 200 km. A possible explanation
is that the high-velocity anomaly reflects chemical (rather
than thermal) differences in the mantle, and therefore is not
representative of subducted material. This possibility, how-
ever, is at odds with the geological and seismological data.
Conversely, assuming that the high-velocity anomalies
derive from the thermal contrast, it is possible that a
significant amount of lithosphere was consumed at the
trench during the Late Cretaceous. This solution would also
explain the Late Cretaceous high-pressure metamorphism
found in the Kabylie [Monié et al., 1988]. However, the
models of Africa/Eurasia relative motion [see also Jolivet
and Faccenna, 2000] show that at that time the convergence
vectors were subparallel to the trench, which precludes the
possibility that a large amount of subduction occurred.
Another possibility is to consider that the slab is significantly
stretched or even broken. This was proposed for the Algerian
section by Carminati et al. [1998], and it can indeed account
for the reduced thickness of the high-velocity anomaly at an
intermediate depth of about 200—300 km observed along the
westernmost segments (Figure 4). Severe stretching or
breaking of the slab has been commonly observed in
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subduction simulations [e.g., Tao and O’Connell, 1993;
Becker et al., 1999] and appears to be a common feature
throughout the Mediterranean [ Wortel and Spakman, 2000].
A reasonable solution to explain the difference in length
between the high-velocity anomaly and the estimated
amount of subduction along the WMSZ consists in evoking
both the presence of a late Cretaceous to early Tertiary slab,
thought to be immature, which is stretched and eventually
broken in its middle portion during its latest evolution stage
[Wortel and Spakman, 2000].

5. Reconstruction of the Western
Mediterranean Subduction

[36] On the basis of the geological and kinematic con-
straints and of the tomographic images, we are able to
reconstruct the evolution of the WMSZ in four main steps
from 35 Ma to present-day. The main assumption behind
this model is that the high-velocity anomalies, imaged by
tomography, are related to cold subducted material.

[37] Around 35 Ma, the WMSZ extended for more than
1500 km from southern Iberia to the Ligurian region
(Figure 8a). It was NW dipping and consumed the land-
locked Jurassic oceanic basin (Figure 9a) [Le Pichon et al.,
1988]. The position of the trench, running along the Iberia
margin, has been reconstructed by restoring the amount of
back-arc extension. The trench terminated to the northeast
in correspondence to the Ligurian region, where subduction
flipped dipping southward beneath the Alps, and to the
southwest in correspondence with the Gibraltar region
where the Tethyan seaway got narrow or even disappeared
(Figure 8a). At this time, the WMSZ was probably contin-
uous and already well developed, reaching a depth of 300—
400 km and dipping at rather shallow angle (Figure 9a).
Therefore the infant stage of the slab should be traced back
at least to the Paleogene, as attested to by evidences of HP
metamorphism in Calabria, Kabilye and in the Betics. The
velocity of subduction decreased westward. In the Betics, is
probably reduced to a few millimeters per year (Figure 6b)
and collision is nearly occurred. This difference in subduc-
tion rate is attested to by the thermal gradient recorded by
the metamorphic assemblages, which is lower in Calabria
with respect to the Betics-Rif region. At about 30 Ma, the
back-arc extensional process started throughout the Medi-
terranean [Jolivet and Faccenna, 2000]. It initiates in the
northeastern sector, in the Liguro-Provencal area. Calc-
alkaline volcanism spreads over the region, attesting to
the efficiency of the subduction process. This large-scale
reorganization of the subduction process over the whole
Mediterranean region is related to an increment of the
retrograde motion of the slab under the concurrent action

Figure 8. Reconstruction of the evolution of the Medi-
terranean region in relative (Eurasia fixed) reference frame
in four stages, from 35 Ma to present-day. Deep basin
domains are marked in grey. The locations of the magmatic
centers and their bearing with subduction process are
marked with solid (anorogenic) and open (subduction-
related) squares.
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Figure 9. Three cross sections (locations in the inset) illustrate the evolution of the subduction process
along the Alboran (inspired from tomographic cross section CC’ of Figure 4), the Algerian (inspired from
tomographic cross section BB’ of Figure 4), and the Tyrrhenian (inspired from the tomographic cross
section AA’ of Figure 4) at the same four time stages of Figure 8. Solid arrows indicate the net motion of
the trench, large open arrows indicate the lateral flow of the mantle. Small volcanoes indicate the

approximate position of the arc, if any.

of increased slab pull level and decreased Africa rate of
motion [Jolivet and Faccenna, 2000].

[38] From 30 to 23 Ma, back-arc extensional processes
propagated southward from the Liguro-Provengal basin to
the Valencia and the Alboran basin. Extensional processes
localized not only in the back-arc region, but also in the
orogenic wedge by means of large-scale extensional detach-
ments in Calabria [Rossetti et al., 2001], Kabylie [Saadallah
and Caby, 1996; Caby et al., 2001], and Betics [Garcia-

Duerias et al., 1986; Jabaloy et al., 1993]. The velocity of
subduction, mainly related to the slab retrograde motion,
progressively increased, reaching its maximum in southern
Sardinia (Figures 6b and 8b), and produced the formation of a
first smooth arc in front of the oceanic seaway. In the western
sector, retreat occurred during subduction of the African
paleomargin. There, it is possible that continental subduction
occurred, scraping off the crustal layer and delaminating it
from the dense mantle material [Serri et al., 1993; Jolivet et
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al., 1999; Calvert et al., 2000]. Calc-alkaline subduction
related volcanism was widespread over the whole area from
Sardinia to the Valencia and Alboran region.

[39] Between 23 and 15 Ma (Figure 8b), the Liguro-
Provencal and Valencia trough basin completed their open-
ing. At that time the entire Alboran domain is strongly
extending toward WSW. The Alboran domain motion then
diverged from the Algerian slab, which underwent southward
retreat. The transition between the two areas was localized in
the Melilla-Oranie region, where NE-SW left-lateral shear
belt is activated, accommodating the diverging motion of the
two belts. The initial rupture and the formation of a 200—
300 km wide segment of slab at the western termination of the
WMSZ could be achieved at that time. Once broken, this
small slab was free to retreat toward the W-SW independently
from the rest of the eastern, larger, Algerian slab. The
formation of a narrow slab tongue likely produced a complex
pattern of mantle circulation around it. An expected conse-
quence of this new configuration is that subslab mantle
material can rapidly flow laterally around the slab during
its retrograde migration reaching the inner back-arc region
[Funiciello et al., 2003]. The vigor of this lateral flow,
coupled with the return flow generated by the delaminating
continental lithosphere, not only can accelerate extension in
the back-arc region [Dworkin et al., 1993] but can also
produce thermal erosion at the base of the overriding litho-
sphere and consequently, the sudden increase of the thermal
gradient below the area. This can explain the impulse of
heating observed in metamorphic units which floor the
Alboran region between 22 and 18 Ma [Platt et al., 1998].
Magmatism, however, still preserves the imprinting of a
mantle metasomatized by subduction of crustal material also
in the region where the rupture of the slab occurred [E]
Bakkali et al., 1998; Maury et al., 2000; Coulon et al.,2002].

[40] Around 16-15 Ma (Figure 8b), the retrograde
migration of the western Mediterranean slab stopped.
Back-arc extensional processes produced two triangular-
shaped back-arc basins facing each other: the oceanic
floored Liguro-Provengal basin and the smaller Valencia
trough. No appreciable extension took place during this
time interval in the central western Mediterranean basins,
except in the Alboran basin, which followed an independent
drift path. The geometry of the WMSZ already attained a
sharp curvature in the proto-Calabrian area possibly related
to the lateral extent of the Tethyan oceanic seaway. Recon-
struction of slab geometry reveals that in the central portion
of the subduction zone (Algeria and Calabria), subducted
lithosphere already reached and interacted with the deeper
part of the transition zone (Figure 9b). The interaction and
deformation of the slab at its arrival at the 660 km
discontinuity is proposed as a primary cause for the
decrease in the rate of rollback [Faccenna et al., 2001a].
The whole WMSZ was still characterized by the presence of
calc-alkaline volcanism whose melt was generated from
crustal contamination of a mantle metasomatized melt [E/
Bakkali et al., 1998; Benito et al., 1999; Maury et al., 2000;
Fourcade et al., 2001; Coulon et al., 2002].

[41] Around 12—10 Ma, the locus of extension jumped
southward from the Liguro-Provencal to the Tyrrhenian
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region and probably also from the Valencia trough to the
Algerian basin. In this frame, calc-alkaline magmatism was
present nearly over the whole Algerian margin up to 10 Ma.
In the southern Alboran region, between Melilla and Oranie,
transitional alkali-basalt volcanism took place.

[42] Between 10 and 5 Ma (Figure 8c), rifting migrated
eastward within the Tyrrhenian domain. There, the velocity
of extension increased and led to the emplacement of
isolated oceanic spreading centers from about 5 Ma onward.
The increase in the extensional velocity began during the
break of the slab along the Sicily channel. From this
moment, the two portions of the slab retreated in different
directions: southward in northern Africa and southeastward
in Calabria, where trench retreat was faster, consuming the
oceanic seaway lithosphere. The formation of the slab
window was marked by a change in the nature of volca-
nism, and alkali-basalts erupted during the late Miocene-
Pliocene in northern Tunisia, in Sardinia, and along the
southern Tyrrhenian seamounts. Extension ceased in the
Algerian and Alboran basin, around 7 Ma, probably because
of the large amount of continental material consumed at
trench (Figure 9c). In the Alboran region, alkali basalts and
basanites erupted along a 100 km corridor located above the
slab window. Contemporaneously, the whole Alboran re-
gion was submitted to a convergence process, producing a
network of strike-slip faults and a renewed phase of
underthrusting [Morales et al., 1999; Calvert et al., 2000].

[43] At present (Figure 8d), the remnant of the once
vigorous WMSZ is preserved only in the narrow tongue
below Calabria and partly in the northern Apennine
[Selvaggi and Amato, 1992]. Despite the slab is still defined
by the narrow Wadati-Benioff zone below Calabria
[Selvaggi and Chiarabba, 1995], the trench should have
nearly stopped its retrograde motion as suggested by geo-
detic data [Hollenstein et al., 2003]. This suggests that
subduction in the central Mediterranean is decaying.

6. Uncertainties and Comparisons With
Previous Models

[44] Although the general outline of the paleogeographic
models of Figure 8 is widely accepted [Dercourt et al.,
1986; Dewey et al., 1989; Gueguen et al., 1998; Jolivet and
Faccenna, 2000], the tectonic pattern and the vergence of
subduction in the western Mediterranean system have been
subjects of debate. From our reconstruction it turns out that
the extensional process in the Mediterranean is driven by
the retreat of the subducting slab. Hence the model pro-
posed here, though based on different data sets, is similar to
that proposed, for example, by Malinverno and Ryan
[1986], Royden [1993], Lonergan and White [1997], Wortel
and Spakman [2000], and Faccenna et al. [2001a, 2001b].
A common criticism that has been put forward against these
models is that the subducted lithosphere in the westernmost
region is continental [Platt and Vissers, 1989; Calvert et al.,
2000]. The lack of unquestionably identified oceanic rem-
nants, the nappe pile stacked in the orogenic wedge, and the
paleogeographic reconstruction all indicate that in the
Alboran area more than 400 km of continental material
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belonging to the north African paleomargin has been sub-
ducted during the last 35 Myr. In fact, although the consump-
tion of continental lithosphere has been described in many
regions, it is not common for continental lithosphere to
produce slab rollback in a western Pacific-like fashion. A
viable solution for that, already proposed for the northern
Apennines [Serri et al., 1993; D Offizi et al., 1994; Jolivet et
al., 1999; Faccenna et al., 2001b], is that the light crustal
portion of the lithosphere is off-scraped from the denser
mantle lithosphere which can readily sink into the mantle.
This mechanism can be favored if oceanic lithosphere is
attached to continental lithosphere, driving with its negative
buoyancy the process of delamination of the mantle litho-
sphere. Indeed, in the Betic-Rif wedge both sedimentary pile
and basement slices scraped off from the underlying mantle
are involved in the construction of the orogenic prism.

[45] An alternative to the slab rollback mechanism to
explain the Alboran region evolution is the possibility of a
convective removal of the roots of a previously thickened
mantle lithosphere [Platt and Vissers, 1989; Seber et al.,
1996]. This model, however, is not supported by the
tomographic images which show the presence of a slab-like
feature [Blanco and Spakman, 1993; Calvert et al., 2000;
Piromallo and Morelli, 2003; Gutscher et al., 2002]. An
alternative to this model is the possibility that extension of
the Alboran region occurred as a consequence of slab break
off [Carminati et al., 1998; Zeck, 1999]. This latter model is
based on the N-S oriented tomographic section (FF' of
Figure 5). However, this section is not representative of
the subduction processes in the region, as the narrow slab
dips ENE. Zeck [1999] proposes that the high-velocity
anomaly depicted along this section could represent the
remnant of the subducted slab, vertically detached from
the north African plate around 20—-25 Ma. If this is the case,
the rate of sinking of the detached portion into the mantle
should have been of the order of only 1 mm/yr. This rate is
actually too low: it implies an anomalous upper mantle
viscosity (one or two orders of magnitude higher than
predicted [e.g., Hager, 1984; Mitrovica and Forte, 1997]
and the possible smearing out by thermal erosion of the
high seismic velocity [e.g., de Jonge et al., 1994].

[46] The model presented here emphasizes the lateral
deformation of the WMSZ. Three points of rupture along
the WMSZ are observed: a window below the southern
Apennines, a second rather vertical window below the
Sicily channel and another larger rupture along Morocco-
Algeria border. The southern Apennine break probably
formed in the middle Pleistocene, while the Sicily channel
tear formed from the Pliocene. It is more difficult to define
the exact timing of slab rupture along the Morocco-Algerian
border, although it could have occurred during early Mio-
cene. Indeed, the 22—19 Ma timing of the heating episode
observed in the metamorphic rocks of the Alboran basin
basement and the divergent sense of shear recorded in the
Betic-Rif region with respect to the Kabilie-Tell can be
interpreted as the result of the initial phase of rupture. If this
is the case, the transition from calc-alkaline (derived from a
slab-metasomatized mantle source) to alkali (derived from a
mantle source) magmatism would have occurred only some
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10 Myr after the slab break, during the late Miocene [Maury
et al., 2000]. We are then left to suppose that the arrival of
alkali magmatism at the surface reflects the complete
opening of the slab window to the point that the subslab
mantle material predominates over the supraslab metasom-
atized one. Geodynamic models [Thorkelson, 1996; van de
Zedde and Wortel, 2001], indeed, show that the occurrence
of a rapid and transient heating pulse should occur only a
few millions years after the break off of the slab.

[47] The mechanism suggested here predicts the presence
of a lateral and, most probably, also vertical slab deforma-
tion. In this sense, our model contains ingredients of
previous works of Royden et al. [1987], Carminati et al.
[1998], and Wortel and Spakman [1992, 2000], who iden-
tify both styles of slab deformation in the western Mediter-
ranean. In particular, Carminati et al. [1998] propose that
the slab detached vertically from the African plate during
the Langhian, inducing the opening of the Algerian basin.
Resolution of our tomographic model (BB’ section of
Figure 3) is unable to distinguish if the slab is still attached
or not to the African plate.

[48] Finally, the model proposed here is based on the idea
that the recent history of these narrow and deformed slabs
represents the mature evolution of a once longer and older
subduction system. Alternatively, several authors proposed
that the present-day subduction in the western Mediterra-
nean initiated only at about 35 Ma, after a subduction
reversal of a southern dipping subduction zone [Doglioni
et al., 1997; Frizon de Lamotte et al., 2000]. Our data do
not support this model. Radiometric and structural data
collected in key regions such as Calabria and Northern
Tyrrhenian suggest that the Neogene subduction process
initiated at least in the Paleocene [Faccenna et al., 2001b;
Rossetti et al., 2001]. The high-velocity anomalies shown
here indicate the presence of a long-running single subduc-
tion event producing a slab-shaped mantle signature with an
average length of about 1000 km.

7. Arc Formation as a Consequence of
Restricted Upper Mantle Convection

[499] The model proposed here identifies lateral slab
fragmentation as the key process for the formation of the
arcs. The zones of slab rupture, identified both by geolog-
ical signatures and tomographic images, are positioned at
the southern flanks of both arcs and developed during the
formation of extensional back-arc basins.

[50] The reason the WMSZ is deformed and segmented
forming narrow tongues similar to those sketched in
Figure 10 is nontrivial. In fact, this pattern requires either
the entrance at the trench of lithospheric discontinuities,
which are likely to segment the slab, or a horizontal stretch-
ing of the slab. The first scenario, however, contrasts with
the fact that the lateral rupture of the Calabrian Arc does not
occur in correspondence with the preexisting Mesozoic
margin of the Ionian ocean but within the undeformed
Pelagian plateau. Therefore we are left to speculate on the
possible mechanism for horizontally deforming the slab. Our
preferred solution is that the deformation of the slab derives

16 of 21



TC1012

FACCENNA ET AL.: ARCS OF THE MEDITERRANEAN

TC1012

660 km discontinuit

Figure 10. Cartoon of the present-day setting of the western Mediterranean slab, inspired by the
tomographic images of Figures 4 and 5, emphasizing the Sicily channel and the Oranie-Melilla slab

windows.

from the internal dynamic of a stratified viscous mantle.
Subduction simulations [Garfunkel et al., 1986; Faccenna et
al., 2001a; Funiciello et al., 2003] show that the retrograde
motion of the slab produces overpressure in the subslab
mantle material. Once the slab interacts with the deep upper-
lower mantle transition zone, the overpressure in the sub-
mantle material is high enough to stop the slab retrograde
motion [Garfunkel et al., 1986; Faccenna et al., 2001a] and
to induce the lateral deformation and break of the slab itself
[Funiciello et al., 2003]. From this moment on, the retreat of
the slab can be achieved by the lateral escape of subslab
mantle material from the sides of the deformed slab. This
characteristic sequence of events has been systematically
observed in laboratory experiments, under different bound-
ary conditions [Funiciello et al., 2003]. After a first phase of
retreat, the slab arrives at the 660 km discontinuity and then
stops, for a few million years, while deforming. The second
phase of retreat can be achieved only if the slab is deformed
enough (arcuating and creating slab window) to permit the
lateral escape of submantle material.

[5s1] The application of this model to the natural case of
the WMSZ can be done only under the assumption that the

convection process in the western Mediterranean is con-
fined to the upper mantle. Tomographic images show a
large-scale high-velocity anomaly placed in the transition
zone below the WMSZ [Piromallo et al., 2001]. The
distribution of the velocity anomaly then supports the idea
that the direct slab penetration into the lower mantle is
inhibited by the combined effects of the endothermic phase
change and of the viscosity increase at depth.

[52] Theevolutionary scenario presented in Figures 8 and 9
fulfils the sequence of deformations predicted by our model.
In fact, we observe a first phase of retreat that terminates
after the slab encounters the 660 km discontinuity. This is
followed by a second phase of retreat that is achieved during
the lateral break of the slab. In a layered convecting system,
this is the only possibility that a slab can have to continue its
retrograde motion [ Garfunkel et al., 1986]. The fact that both
slab windows, the Sicily Channel and the Oranie-Mellila,
formed with the main opening phases of the back-arc basins
supports this hypothesis. In addition, as indeed observed, the
rate of trench retreat of a narrow slab should be further
enhanced by the presence of this induced lateral side flow
[Nur et al., 1991; Dworkin et al., 1993].
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[53] The consequence of slab rupture is the progressive
release of pressure of the subslab mantle material, as it
flows inside the windows. The formation of the slab
window should be then imagined as a progressive process
that may propagate from the initial point of rupture down-
ward and foreland-word in the subducting plate. A conse-
quence of the formation of slab window is the mixing
between the subslab and supraslab mantle reservoirs. This
can cause a decrease in hydration and an increase in
temperature in the latter reservoir [Thorkelson, 1996].
Thermal and chemical anomalies are then expected. Tho-
leiitic to alkali magmatism may supplant calc-alkaline
volcanism, and its distribution should be elongated from
the forearc to the retroarc. The second effect is the increase
in the temperature of the overriding lithosphere. Both
effects are documented in the studied areas, substantiating
this model.

[s4] We are nonetheless aware that this model presents
several oversimplifications. For example, the western arc
forms nearby the westernmost slab tip, and therefore it is
likely that lateral flow existed even before the break of the
slab. In addition, it is not clear if the slab window tomo-
graphically identified below the southern Apennines repre-
sents the trace of the northern side flow of the escaping
mantle material beneath the Calabrian Arc or if it is a
younger middle Pleistocene feature, as attested to by the
uplift of the foreland region [Bordoni and Valensise, 1998].

[s5] Finally, the role of the advancing African plate in
terms of entrained mantle flow is not taken into account,
mostly because the rate of this process is significantly lower
than the one related to the internal slab dynamics. However,
the kinematic pattern observed in the Gibraltar Arc shows
that after an episode of westward retreat, compression took
place again from late Miocene onward, nearly parallel to the
main direction of plate motion. In this sense, a decrease in
the rate of subduction, due, for example, to the entrance at
trench of continental material, may cause a surge of com-
pression related to plate convergence, causing a further
tightening of the arc. The Calabrian Arc is probably
experiencing a similar episode at present, suggesting that
in a near future the retreat process of the Calabrian slab will
end and the plate convergence could regain over the
dynamic of the system. In this sense the Calabrian Arc is
probably evolving to a stage similar to the one that
characterized the late Miocene evolution of the Gibraltar
Arc.

8. Conclusion

[s6] We have described the evolution of the western
Mediterranean mantle over the last 35 Myr. The key of this
analysis is that the two tight arcs that characterize the
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Figure 4. (bottom) Cross sections of the studied area (locations in the inset). AA” is from Calabria to the
Gulf of Lyon, BB’ is from Algeria to Iberia, and CC’ is from southwestern Morocco to Cartagena. Crustal
structure of section AA’ is from Finetti and Del Ben [1986] and Chamot-Rooke et al. [1999], of section
BB’ is from Verges and Sabat [1999], and of section CC’ is from Torné et al. [2000]. Lithospheric
structure is from Suhadolc and Panza [1989] and Torné et al. [2000]. Tomographic cross sections are
from model PMO0.5 [Piromallo and Morelli, 2003]. (top) Age and distribution of the geological record
related to subduction (see text for references): metamorphism (blue and green boxes represent blueschist
and greenschist facies, respectively), magmatism (red boxes represent volcanic and intrusive rocks),
synrift deposits filling extensional basins (yellow box), and oceanic crust (light blue box).
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Figure 5. (a—f) Map views of tomographic results at 100, 150, 250, 350, 450, and 600 km depth and (g—1) cross sections
from model PMO.5 [Piromallo and Morelli, 2003]. Velocity anomalies are displayed in percentages with respect to the
reference model sp6 [Morelli and Dziewonski, 1993]. Sections EE” and FF’ intersect the deep positive velocity anomalies of
Calabrian and the Alboran slab, respectively, parallel to the strike of the slab to show their limited lateral extent.
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