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[1] Reconstruction of the evolution of the
Tyrrhenian Sea shows that the major stage of
rifting associated with the opening of this basin
began at �10 Ma. It involved two episodes of back
arc extension, which were induced by the rollback
of a west dipping subducting slab. The first period of
extension (10–6 Ma) was prominent in the northern
Tyrrhenian Sea and in the western part of the
southern Tyrrhenian Sea. The second period of
extension, mainly affected the southern Tyrrhenian
Sea, began in the latest Messinian (6–5 Ma) and has
been accompanied by subduction rollback at rates of
60–100 km Myr�1. Slab reconstruction, combined
with paleomagnetic and paleogeographic constraints,
indicates that in the central Apennines, the latest
Messinian (6–5 Ma) arrival of a carbonate platform
at the subduction zone impeded subduction and
initiated a slab tear and major strike-slip faults. These
processes resulted in the formation of a narrow
subducting slab beneath the Ionian Sea that has
undergone faster subduction rollback and induced
extreme rates of back arc extension. INDEX TERMS:
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1. Introduction

[2] The Tyrrhenian Sea is a young (<10 Ma) extensional
basin that formed within a complex convergent boundary
between Africa and Europe (Figure 1a). It is surrounded by
an arcuate orogenic belt consisting of the Apennines in the
Italian peninsula, the Calabrian Arc in southern Italy and the
Maghrebides in Sicily. This arcuate belt has been subjected

to processes associated with subduction of a west dipping
lithospheric slab, and simultaneously with back arc exten-
sion in the Tyrrhenian Sea [e.g., Malinverno and Ryan,
1986]. Both crustal and lithospheric processes are well
documented by geological and geophysical data, making
the Tyrrhenian-Apennine region an ideal natural laboratory
for studying geodynamic interactions linking subduction
processes, collisional tectonics and back arc extension
[e.g., Faccenna et al., 1996, 2001a, 2001b; Gvirtzman
and Nur, 2001].
[3] The Tyrrhenian Sea is a back arc basin associated

with eastward ‘‘rollback’’ of a west dipping subduction zone
[e.g., Malinverno and Ryan, 1986; Kastens et al., 1988;
Patacca and Scandone, 1989; Gvirtzman and Nur, 1999,
2001; Faccenna et al., 2001a, 2001b]. The driving mech-
anism for slab rollback is the negative buoyancy of the slab
in comparison with the surrounding asthenosphere [e.g.,
Elsasser, 1971; Molnar and Atwater, 1978; Dewey, 1980;
Garfunkel et al., 1986], implying partial coupling of the
descending slab to the forearc. The gravitational instability
may result in a gradual steepening of the dip of the
subducting slab and in an oceanward retreat (i.e., rollback)
of the subducting hinge. If the rate of hinge rollback
exceeds the rate of convergence, then extension will start
on the edge of the overriding plate leading to the opening of
a back arc basin [Dewey, 1980; Nur et al., 1993; Royden,
1993].
[4] The purpose of this paper is to evaluate spatial and

temporal constraints that help to link the geometry of the
subducting slab with the history of subduction rollback and
back arc extension in the Tyrrhenian-Apennine region. We
show that consideration of these constraints provides an
insight into the tectonic evolution of the region and better
understanding of the tectonic responses caused by tearing of
a retreating slab.

2. Tectonic Setting

[5] The Tyrrhenian Sea can be divided into a northern
domain and a southern domain. The northern Tyrrhenian
Sea is a wedge shaped basin, bounded to the south by a
major strike-slip fault zone, the 41 parallel line (41PL), and
floored by thin continental crust (Figures 1a and 1b). Heat
flow values and the spatial distribution of crustal thickness
(Figures 1b and 1c) indicate that the lithospheric discon-
tinuity of the 41PL may continue farther southeast along
the Tyrrhenian margin of Italy and into the sinistral strike-
slip fault zone, the Sangineto line, in northern Calabria
(Figure 1).
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[6] The southern Tyrrhenian Sea is separated from Sicily
by another major strike-slip fault, the North Sicily Fault
(NSF), which continues into northeast Sicily as the dextral
strike-slip Taormina line (Figure 1). In the southern Tyr-

rhenian Sea, there are stretched fragments of continental
crust and deep basins (Vavilov and Marsili Basins) that
contain Pliocene to Recent (<5 Ma) mid-ocean ridge basalt
(MORB)-type basalts [Kastens et al., 1988]. These basins
are considered to represent seafloor spreading in a back arc
position with respect to a northwest dipping subduction
zone, presently located beneath Calabria (Figure 1a).
Further evidence of lithospheric stretching in a back
arc environment is based on high values of heat flow
(>150 mW m�2) measured in the Tyrrhenian Sea [Della
Vedova et al., 1984] (Figure 1c).
[7] The Tyrrhenian-Apennine system has been subjected

to simultaneous extension in the Tyrrhenian Sea and
shortening in the Apennine-Maghrebide orogen since the
late Miocene (�10 Ma) [e.g., Malinverno and Ryan,
1986; Lavecchia, 1988] (Figure 2). Deformation in the
Tyrrhenian-Apennine system followed an earlier deforma-
tional event during the late Oligocene-early Miocene that
involved the opening of the Ligurian-Provençal Basin
(Figure 1a) as a result of the rollback of an older
northwest dipping subduction zone [e.g., Faccenna et
al., 1997; Rollet et al., 2002; Rosenbaum et al., 2002a].
Rift basin sediments related to the earlier extensional
event outcrop in eastern Corsica because they are located
on the footwall of the younger fault. The opening of the
Ligurian-Provençal Basin was accompanied by a counter-
clockwise rotation (with respect to Europe) of the Corsica-
Sardinia microplate, which led to progressive collision of
Corsica-Sardinia with the former western margin of Adria
(Apulia), and gave rise to the formation of the Apennines
[Patacca et al., 1990]. Paleomagnetic results indicate
that Corsica and Sardinia stopped rotating at �16 Ma
[Speranza et al., 2002, and references therein], at the
same time that back arc extension terminated in the
Ligurian-Provençal Basin.
[8] Opening of the Tyrrhenian Sea is recognized in rifted

margins of Corsica and Sardinia, which expose Tortonian
synrift sediments [Mauffret and Contrucci, 1999; Sartori et
al., 2001]. The locus of extensional tectonism, as well as the
front of shortening, moved eastward through time, leading
to the ongoing destruction of internal parts of the orogen by
extensional processes. The same process is reflected by the
present-day tectonic activity in the Apennines, which is
characterized by thrust tectonics in external parts of the

Figure 1. Tectonic setting of the Tyrrhenian Sea. (a) Map
showing main structural features (modified after Patacca et
al. [1993]) and locations of cross sections (Figure 3). The
boundary between the northern domain and southern
domain is marked by a major fault zone (41PL) that may
be linked to the sinistral strike-slip fault in northern Calabria
(SL). The southern margin of the Tyrrhenian Sea is marked
by a dextral strike-slip fault (NSF), which continues into
Sicily as the Taormina line (TL). Abbreviations are 41PL,
41 parallel strike-slip fault zone; LP, Ligurian-Provençal
Basin; PM, Peloritan Mountains; SL, Sangineto line, Tyr,
Tyrrhenian Sea. (b) Crustal thickness [after Gvirtzman and
Nur, 2001]. (c) Heat flow [after Della Vedova et al., 1991].
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orogen and extension in the internal zone [e.g., Mariucci et
al., 1999; Montone et al., 1999].

3. Constraints on Crustal Deformation

[9] Observations show that deformation in the Tyrrhe-
nian-Apennine region involved simultaneous shortening
and extension. Since the Miocene, shortening has been
taking place in the front of the Apennine belt, and is
currently occurring in the most external parts of the orogen

(Figure 3). In contrast, more internal parts of the orogen
have been subjected to extension associated with the for-
mation of the Tyrrhenian Sea (Figures 3 and 4).

3.1. Movement of the Thrust Front

[10] The spatiotemporal distribution of shortening is
inferred from the ages of thrusting along Apennine-Magh-
rebide nappe structures and from depositional ages in
foreland basins [e.g., Boccaletti et al., 1990a]. The pattern
of shortening in the Tyrrhenian-Apennine system is charac-

Figure 2. Chronology of synrift sedimentation, shortening and magmatism in the Tyrrhenian Sea and
the Apennine-Maghrebide belt. See text for discussion. Timescale is after Remane et al. [2000].
Abbreviations are AI, Aeolian Islands; IP, Italian Peninsula; NA, northern Apennines.

Figure 3. Schematic cross sections (a) AA0, (b) BB0, (c) CC0, and (d) DD0 across the Apennines-
Maghrebides (see location map in Figure 1a) showing the approximate location of the thrust front through
time and the present-day location of the thrust front and the extensional front (thick lines). Cross sections
are modified after Finetti et al. [2001], Mariucci et al. [1999], Cipollari et al. [1999], Cello and Mazzoli
[1999], and Roure et al. [1990]. Abbreviations are M, Messinian (7.5–5.3 Ma); P, Pliocene-Pleistocene
(<5.3 Ma); T, Tortonian (11–7.3 Ma).
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terized by movement of thrust faults toward external parts
of the orogen (Figure 3). In addition, deformation in the
southern Tyrrhenian-Apennine system is relatively young
compared with the timing of deformation in the north.
[11] Structural evidence from the northern Apennines

points to a northeastward movement of shortening [Jolivet
et al., 1998] (Figure 3). Shortening structures are associated
with northeastward verging folds and thrusts and with
deposits in foreland basins that become progressively youn-
ger toward external (i.e., northeasterly) parts of the orogen
[Lavecchia, 1988; Boccaletti et al., 1990a]. The timing of
deformation also becomes younger in the central and
southern Apennines. In the southern Apennines, shortening
occurred predominantly during the Pliocene and the Pleis-
tocene and was characterized by eastward and southeast-
ward movement of the thrust front [Roure et al., 1991].

[12] The pattern of deformation in Calabria is more
complex, showing evidence for a prolonged tectonometa-
morphic history that involved several Alpine deformational
episodes [e.g., Knott and Turco, 1991; van Dijk and Okkes,
1991; Cello et al., 1996; Rosseti et al., 2001]. Rock units in
Calabria were subjected to high-pressure metamorphism
during the Eocene (�44 Ma), and were later exhumed to
shallow crustal levels in a period of extension (at �30 Ma
[Rosseti et al., 2001]). In the framework of the Tyrrhenian-
Apennine system, the Calabrian block (including the Pelor-
itan Mountains of northeast Sicily; Figure 1a) is considered
to be an allochthonous terrane that originated �800 km
northwest of its present location, and moved southeastward
since the Oligocene (�30 Ma) to become thrust onto
the Adriatic continental margin during the Miocene
[Rosenbaum et al., 2002a, and references therein].
[13] Shortening in Sicily involved progressive under-

thrusting during southeastward movement of the thrust front
and clockwise block rotations [Oldow et al., 1990; Roure et
al., 1990]. Shortening in western Sicily began in the early
middle Miocene (20–15 Ma) [Oldow et al., 1990], which is
somewhat earlier than the start of deformation in the
southern Apennines.

3.2. Movement of the Extensional Front

[14] The spatial distribution of the earliest synrift sedi-
ments in the Tyrrhenian Sea and its margins indicates that
extension moved toward the northeast in the northern
domain and toward the southeast in the southern domain
(Figure 4). The earliest synrift sediments are late Oligocene
to Burdigalian (�25–16 Ma) deposits in the Corsica Basin
[Mauffret and Contrucci, 1999] (Figure 4). This rifting stage
took place prior to or during the opening of the Ligurian-
Provençal Basin (Figure 1a) and before Corsica and Sardi-
nia reached their present positions (with respect to Europe)
at 16 Ma [Speranza et al., 2002]. The Oligocene-early
Miocene extensional deformation in the northern Tyrrhenian
Sea may have resulted from subduction rollback of an
earlier Oligocene northwest dipping subduction zone
[Rosenbaum et al., 2002a]. The locus of that extension
was located in the Ligurian-Provencal rift system. In
Pianosa Island, there is evidence that synrift sedimentation
continued also during the Langhian (16 – 15 Ma)
[Carmignani et al., 1995]. Nevertheless, rifting did not
seem to play a major role in the northern Tyrrhenian Sea
between 16 and 10 Ma [Mauffret and Contrucci, 1999].
[15] The major rifting event associated with the opening

of the Tyrrhenian Sea began in the early middle Tortonian
(�10–9 Ma) on the basis of synrift Tortonian sediments in
the northern Tyrrhenian Sea and in the western part of the
southern Tyrrhenian Sea (Figure 4). Tortonian synrift sedi-
ments are widespread in the northern Tyrrhenian Sea and
become progressively younger toward the northeast
[Bartole, 1995]. In the southern Tyrrhenian Sea, the distri-
bution of Tortonian sediments is restricted to a narrow zone
offshore of the Sardinian coast [Spadini et al., 1995; Sartori
et al., 2001]. This spatial distribution may indicate that
during the Tortonian, the movement of extensional defor-
mation in the southern domain was slightly slower than the

Figure 4. Map showing spatial distribution and ages of the
earliest synrift sediments in the Tyrrhenian Sea. The map is
based on published seismic lines, well data, and field
observations. Thick lines indicate locations of sections from
which data have been obtained. Uncertain boundaries are
indicated by dashed lines. Synrift sediments from the
Calabrian block and its margins are not shown because they
were deposited farther west. References are (1) Bartole
[1995], (2) Kastens et al. [1988], (3) Cipollari et al. [1999],
(4) Sartori et al. [2001], (5) Cavinato and De Celles [1999],
(6) Mauffret and Contrucci [1999], (7) Gamberi and
Arganani [1995], (8) Nigro and Sulli [1995], (9) Pepe et
al. [2000], and (10) Spadini et al. [1995]. Locations of
Ocean Drilling Program (ODP) sites (650–655) and an
DSDP site (373) are also shown. Abbreviations are 41PL,
41 parallel strike-slip fault zone; CB, Corsica Basin, NSF,
North Sicily Fault.
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movement in the northern domain. A wedge of synrift late
Tortonian sediments has also been reported from the rifted
margin of northern Sicily [Pepe et al., 2000], which is in a
relatively anomalous location compared with the distribu-
tion of Tortonian sediments in the southern Tyrrhenian Sea
(Figure 4). These Tortonian sediments, as well as older
(middle Miocene) synrift sediments found in Calabria [e.g.,
Argentieri et al., 1998], were probably not deposited where
they are now, but in a more westerly position, from which
they have moved eastward together with Sicilian and
Calabrian allochthonous units. We suggest that such lateral
displacements occurred due to a right-lateral strike-slip
movement along the North Sicily Fault off the north coast
of Sicily (Figure 1a).
[16] The majority of the southern Tyrrhenian Sea was

subject to extension from the Messinian to the Pleistocene
that culminated in the Pliocene-Pleistocene seafloor spread-
ing of the Vavilov (5–4 Ma) and Marsili Basins (3–2 Ma)
[Kastens et al., 1988]. We interpret the wider distribution of
synrift sediment as indicating that during this period, the
extensional front moved faster in the southern Tyrrhenian
Sea than in the northern Tyrrhenian Sea (Figure 4). These
differential rates of movement may have been accommo-
dated by left-lateral strike-slip faulting along the 41PL
(Figure 4) that was active during the Messinian and
the Pliocene [Spadini and Wezel, 1994; Bruno et al.,
2000]. On the basis of the distribution of synrift sediments
in the southern Tyrrhenian Sea, the rates of movement
of the extensional front at 7–2 Ma are estimated as
�80 km Myr�1.

4. Constraints on the Role of Subduction

Rollback

[17] The strongest evidence on the role of subduction
rollback in the Tyrrhenian-Apennine system, derived from
the distribution of subduction-related magmatism, indicates
a pattern of movement of the magmatic arc that is consistent
with rollback of the subduction hinge toward the east and
the southeast. In this section, we combine data on magmatic
activity with data derived from cross sections that are based
on seismic tomography. Using this approach, we can infer
changes in the geometry of the subducting slab with time
and reconstruct the history of rollback in different segments
of the Tyrrhenian-Apennine system.

4.1. Magmatism

[18] Neogene to Quaternary magmatic activity in the
Tyrrhenian-Apennine region includes subduction-related
calc-alkaline magmatism, intraplate alkaline magmatism
and MORB-type basalts [Savelli, 1988, 2000, 2001,
2002; Serri et al., 1993; Argnani and Savelli, 1999, 2001]
(Figure 5 and Table 1). The distribution of subduction-
related (mainly calc-alkaline) magmatism defines a geo-
chemical polarity associated with a west dipping subduction
zone [e.g., Savelli, 2000; Argnani and Savelli, 2001]. These
magmas become younger from west to east, which we
interpret as the response to rollback of the subduction hinge
during the opening of the Tyrrhenian Sea.

[19] The oldest volcanic rocks in the Tyrrhenian margin
are Oligocene-middle Miocene (32–13 Ma) calc-alkaline
rocks in Corsica and Sardinia [Savelli, 2002, and references
therein]. The youngest of these magmatic centers (16–
13 Ma) were active after Corsica and Sardinia stopped
rotating and indicate the location of a N-S striking volcanic
arc that existed at that time (Figure 5a). The subsequent
movement of this magmatic arc is reconstructed in Figure 6.
[20] The earliest step in the movement of the Tyrrhenian-

Apennine magmatic arc is documented by a series of N-S
striking magmatic centers dated at 13–7 Ma (Figure 5b).
These magmatic rocks lie 100–150 km east of the former
position of the magmatic arc, indicating rapid rollback that
took place during the Tortonian (11–7 Ma). Subduction
rollback continued during the Messinian (7–5 Ma) leading
to the cessation of calc-alkaline magmatism offshore of
Sardinia and southern Corsica, and to the onset of magma-
tism near the eastern margin of the Tyrrhenian Sea.
[21] A later stage of subduction rollback is inferred from

the distribution of post-Messinian (6–0 Ma) calc-alkaline
magmatism. During this period, rollback continued in the
southern domain, but had slowed down or stopped in
the northern domain. The episode of rapid rollback in the
southern domain is inferred from the observation that
positions of the post-Messinian (<6 Ma) magmatic arc in
the southern Tyrrhenian Sea are relatively widely spaced
(Figure 6).

4.2. Geometry of the Subducting Slab

[22] Seismic data from the Apennines and the Calabrian
Arc support the existence of a segmented, locally detached,
west dipping subduction zone in the region [e.g., Anderson
and Jackson, 1987; Selvaggi and Amato, 1992; Wortel and
Spakman, 1992; Lucente et al., 1999]. The Tyrrhenian-
Apennine slab is illustrated in Figure 7, in three segments,
which are the northern Apennine slab, the central southern
Apennine slab and the Ionian slab.
[23] The existence of a cold lithospheric slab in the

northern Apennine Arc is interpreted from few occurrences
of intermediate depth earthquakes at depths of up to 90 km
[Selvaggi and Amato, 1992] and from zones of relatively
high seismic velocities recognized in tomographic models
[Wortel and Spakman, 1992; Lucente et al., 1999]
(Figure 7a). Beneath the northern Apennines, it is debateable
whether these seismic anomalies represent a continuous slab
that is presently subducting [Lucente et al., 1999], or a slab
that is separated from the overriding plate by a zone of low
velocity asthenosphere [e.g., Wortel and Spakman, 1992,
2000]. Wortel and Spakman [1992] explained their model
by a detachment of the lithospheric slab that has been
propagated laterally beneath the Apennines. Our analysis
is based on the tomographic model of Lucente et al. [1999],
which shows a continuous subduction beneath the northern
Apennines, but we cannot discard the possibility that the
northern Apennine slab has been detached.
[24] In the central Apennines, evidence for slab detach-

ment has been inferred both from the models by Wortel and
Spakman [1992] and Lucente et al. [1999]. In both models,
there is no high-velocity anomaly at shallow and interme-
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diate depths (up to 250 km) beneath the central Apennines,
which means that subduction does not take place at these
depths. However, a zone of high seismic velocities at depths
of 400–700 km (Figure 7b) may point to the existence of a
detached slab beneath the central Apennines.
[25] The continuous nature of the southernmost segment

of the Tyrrhenian-Apennine slab (the Ionian slab) in the
Calabrian Arc is in contrast to the fragmented central
Apennine slab. In this region, there is a good agree-
ment between different tomographic models [Wortel and

Spakman, 1992, 2000; Lucente et al., 1999] that show a
relatively narrow zone (�300 km) of high seismic veloci-
ties. This seismic anomaly indicates a continuous subvert-
ical cold slab dipping toward the northwest. The existence
of this slab is also supported by occurrences of deep
earthquakes (at depths of up to 500 km) defining the
Benioff-Wadati zone [Anderson and Jackson, 1987]. The
tomographic images (Figure 7c) indicate that the subducted
slab does not extend beyond a depth of �700 km, that is,
around the 670 km discontinuity. Remnants of the slab can

Figure 5. Distribution of subduction-related magmatism (circles), intraplate magmatism (squares), and
MORB-type magmatism (triangles) in the Tyrrhenian region. The numbers correspond to the list of
references in Table 1.
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Table 1. Magmatic Rocks Throughout the Tyrrhenian-Apennine Regiona

Location Rock Type Age, Ma References

Mainly Calc-Alkaline (Subduction Related)
1 Sisco, northeast Corsica lamproite 15–14 Civetta et al. [1978]
2 Gallura, west Sardinia rhyolitic dacite 15 Savelli [2002]
3 Logudoro, Sardinia andesite 13 Savelli [2002]
4 south Pietro island (SE Sardinia) comendite 14–15 Savelli [2002]
5 Montecristo cordierite monzogranite 7.3 Serri et al. [1993]
6 Vercelli seamount monzogranite 7.5–6.5 Savelli [2002]
7 Cornacya, seamount shoshonite 12.9–12.3 Mascale et al. [2001]
8 Capraia andesite, dacite, rhyolite 6.9–6 Savelli [2002]
9 Mount Capanne, Elba granodiorite, monzogranite 6.8–6.2 Serri et al. [1993]
10 Porto Azzurro, Elba cordierite monzogranite 5.1 Serri et al. [1993]
11 Giglio cordierite monzogranites 5.1 Serri et al. [1993]
12 Anchise shoshonitic basalts and dacites 5.3–3.5 Savelli [2002]
13 Capraia high-K andesites, dacites, rhyolites 4.6–3.5 Serri et al. [1993]
14 Montecatini, Tuscany lamproite 4.1 Savelli [2002]
15 San Vincenzo cordierite rhyolite 4.7 Serri et al. [1993]
16 Castel di Pietra and Gavorrano monzogranites, syenogranites 4.4–4.3 Serri et al. [1993]
17 Ponza island rhyolite 4.4 Savelli [2002]
18 Monteverdi cordierite monzogranites 3.8 Serri et al. [1993]
19 Tolfa trachydacite and rhyolite 3.8–2.3 Savelli [2000]
20 Manziana rhyolites 3.6 Serri et al. [1993]
21 Roccastrada cordierite rhyolite 2.5–2.2 Serri et al. [1993]
22 Cerite rhyolite 2.4 Serri et al. [1993]
23 Volturno plain basalt, andesite >2 Savelli [2002]
24 Radicofani basalts 1.3 Savelli [2002]
25 Cimini trachytic dacite 1.3–0.9 Savelli [2002]
26 Raccamonfina basalt, trachytic basalt, latite 1.2–0.3 Savelli [2002]
27 Ponza island trachyte 1.1 Savelli [1988]
28 Lower slope basalts 1.1 Savelli [1988]
29 Mount Amiata trachytic dacite 0.3–0.2 Savelli [2000]
30 south Venanzo melilitite/carbonatite 0.4 Stoppa and Wooley [1997]
31 Torre Alfina lamproite 0.8 Savelli [2002]
32 Cupaello melilitite/carbonatite 0.4 Stoppa and Wooley [1997]
33 Vulsini basanite, shoshonite, latite, trachyte 0.6–0.1 Savelli [2002]
34 Vico, Sabatini tephrite, leucitite, phonolite, trachyte 0.6–0.1 Savelli [2002]
35 Albani Hills leucitite, 0.6–0.1 Savelli [2002]
36 Ventotene volcanic complex trachytic basalts, phonolite 0.8–<0.2 Savelli [2002]
37 Phlegrei fields basalt <0.04 Savelli [2002]
38 Vesuvius trachyte, phonolite <0.03 Savelli [2002]
39 Vulture tephrite, phonolite 0.8–0.13 Stoppa and Wooley [1997]
40 Palinuro seamount basalt 0.8–0.3 Savelli [2002]
41 Marsili seamount andesite 0.8–0 Savelli [2002]
42 Enarete and Eolo seamounts basalts, andesites 0.8–0.6 Savelli [1988]
43 Alicudi island basalts <0.2 Savelli [2002]
44 Filicudi island basalts <0.2 Savelli [2002]
45 Salina island basalt, andesite, dacite, rhyolite 0.4–0.01 Savelli [2002]
46 Stromboli island basalt, andesite <0.06 Savelli [2002]
47 Panarea volcanic complex basalt, andesite 0.8–0.01 Savelli [2002]
48 Lipari island andesite, rhyolite <0.25 Savelli [2002]
49 Vulcano island basalt, shoshonite, latite, rhyolite <0.12 Savelli [2002]

Mainly Tholeiitic/Alkaline, Interplate
50 Hyblean Plateau toleiitic and alkaline basalts 8–6 Savelli [2001]
51 Capo Ferrato, Sardinia tachytic basalt, trachyte 5 Savelli [2002]
52 Aceste tachyte, rhyolite 5 Savelli [1988]
53 Montiferro, Sardinia basanite, trachytic basalt, phonolite 3.2–2.3 Savelli [2002]
54 Monte Arci, Sardinia basalt, andesite, rhyolite, trachyte 4–2.3 Savelli [2002]
55 Magnaghi seamount basalt 3–2.7 Savelli [2002]
56 Hyblean Plateau tholeiitic and alkaline basalts 3–1.2 Savelli [2001]
57 Logudoro, Sardinia basalt, trachytic basalt 0.9–0.2 Savelli [2002]
58 Vavilov seamount basalts 0.4–<0.1 Savelli [1988]
59 Ustica island basalt, trachyte, rhyolite 0.8–<0.2 Savelli [2002]
60 Pantelleria island alkaline magmas, peralkaline, rhyolites, trachytes <0.3 Savelli [2001]
61 Etna tholeiitic basalts 0.5–0 Savelli [2002]
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be traced horizontally (toward the northwest) parallel to the
670 km discontinuity over a distance of 600–700 km. The
zone of active subduction is localized only in the area where
the Tyrrhenian-Apennine subduction system meets the oce-
anic lithosphere of the Ionian Sea. This may indicate that
the Calabrian Arc is the only area within the Tyrrhenian-
Apennine system where subduction processes have not yet
been impeded by the accretion of continental material
[Rosenbaum and Lister, 2004].

5. Reconstruction of Subduction Rollback

[26] We have reconstructed the evolution of the slab
(Figure 8) on the basis of the assumption that slab segments
recognized beneath the Tyrrhenian-Apennine system have
been subducted during or before the opening of the Tyr-
rhenian Sea. The results shown in Figure 8 have been
obtained by preserving the length of each slab segment,
and by applying an incremental reconstruction of the sub-
duction zone. We assume that the near surface convergence
within the downgoing plate and the overriding plate has been
negligible so all horizontal motion is attributed to subduction
rollback. This assumption is justified because the rates of
convergence in the past 10 Myr were considerably slower
than the rates of subduction rollback (Figure 9). In the central
Mediterranean, the vector of Africa-Europe convergence
since 10 Ma is estimated to be 7–7.4 km Myr�1 toward
the northeast [DeMets et al., 1994; Rosenbaum et al.,
2002b]. This implies zero convergence in cross sections
perpendicular to the Apennine belt, and �6 km Myr�1

convergence along cross section CC0 (Figure 9). This value
is negligible when compared with the rates of subduction
rollback (20–100 km Myr�1).
[27] Predictions on the behavior of the slab during

subduction rollback are based on results from analogue
experiments [Faccenna et al., 2001b; Schellart, 2003] that
simulated subduction by initiating gravitational sinking of a
relatively high-viscosity upper layer (simulating the litho-
sphere) in a model box filled with low viscosity material
simulating the sublithospheric mantle. Both sets of experi-
ments have shown that under these circumstances, the slab
was subject to rapid rollback, and that stagnation and
flattening of the slab occurred when it reached a mechanical
boundary simulating the 670 km discontinuity.
[28] The age of each stage in the reconstruction is

deduced from the location of the magmatic arc relative to
the subducting slab. These time constraints provide the
ability to estimate the length of the slab that has been
subducted during the opening of the Tyrrhenian Sea. In the
northern transect, the total length of the slab subducted

since 13 Ma has been �200 km (Figure 8a). The deeper
parts (>200 km depths) of the northern Apennine slab were
therefore subducted earlier, that is, during the opening of the
Ligurian-Provençal Basin at the early Miocene. The rates of
rollback in this transect were greater at the earliest stages of
the Tyrrhenian extension (�10–8 Ma).
[29] The history of the central Apennine slab is relatively

poorly constrained (Figure 8b). However, on the basis of its
three-dimensional position with respect to the northern and
southern slab segments (Figures 8 and 10), we suggest an
age of 6–5 Ma for the tearing of the slab. Since then, the
subduction processes ceased and the slab has been subjected
to gravitational foundering. Therefore it is likely that the
origin of younger (3–0 Ma) volcanic rocks in the central
Apennines has not been directly derived from subduction
processes [e.g., Lavecchia and Stoppa, 1996].
[30] The role of subduction rollback is best illustrated in

the cross section across the Calabrian Arc (Figure 8c). Here,
the length of the slab subducted during the opening of the
Tyrrhenian Sea is estimated at �530 km. The reconstruction
shows an increase in the rates of rollback at �5 Ma, with
maximum rollback velocities of �100 km Myr�1.
[31] The evolution of the subducting lithosphere in the

Tyrrhenian-Apennine system in a map view is shown in

Table 1. (continued)

Location Rock Type Age, Ma References

Oceanic Basalts
62 ODP 655, Gortani Ridge basalts 4.6–4 Feraud [1990]
63 ODP 651 basalts 3–2.6 Feraud [1990]
64 ODP 650 (Marsili Basin) basalts 1.9–1.6 Savelli [2002]

aSee Figure 5 for locations.

Figure 6. Map showing the approximate location of the
magmatic arc through time based on the data of Figure 5.
Numbers indicate ages (in Ma). The map shows an eastward
movement of the magmatic arc since the late Miocene.
Dashed lines indicate inferred locations where no data exist.
Abbreviations are 41PL, 41 parallel strike-slip fault zone;
NSF, North Sicily Fault.
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Figure 10. We consider that tearing of the slab beneath the
central Apennines occurred when the strike-slip faults have
initiated, and was followed by a subsequent period of rapid
rollback in the southern Tyrrhenian Sea. Furthermore, we
suggest that the tearing of the central Apennine slab and the
development of lithospheric-scale strike-slip faults may
have triggered the episode of rapid rollback.

6. Origin of the Apennines

6.1. Paleomagnetic Constraints

[32] In this section we consider the role of Neogene to
Quaternary block rotations in the Tyrrhenian-Apennine
region as interpreted from paleomagnetic data (Table 2
and Figure 11). These rotations indicate the sense of
motions during deformation in the Apennine-Calabrian-
Maghrebide fold-and-thrust belts. Since deformation took

place contemporaneously with the opening of the Tyrrhe-
nian Sea, it is possible to combine these rotations within the
framework of subduction rollback and back arc extension
(Figure 11b).
[33] The pattern of deformation in the Apennines is

predominantly governed by counterclockwise rotations
(Figure 11a). In general, the degree of rotation increases,
and the ages of these rotations become younger, from
north to south along the Apennines. There are few
exceptions to this deformational pattern, as for example,
in the external part of the northern Apennines (Figure 11a),
where post-Messinian (<5 Ma) clockwise and counter-
clockwise rotations correspond to the arcuate bending of
the orogen [Speranza et al., 1997; Lucente and Speranza,
2001].
[34] Paleomagnetic evidence from Calabria and Sicily

indicate predominantly clockwise rotations since the late
Miocene (Table 2 and Figure 11a). Speranza et al. [2000]

Figure 7. Upper mantle cross sections beneath the (a) northern Apennines, (b) central Apennines, and
(c) Calabria. The cross sections show positive (>2%) seismic velocities of P waves [after Lucente et al.,
1999] (light grey) and estimated lithospheric thickness [after Della Vedova et al., 1991] (dark grey).
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Figure 8. Reconstruction of the slab at different stages during the opening of the Tyrrhenian Sea for
(a) Northern Apennine transect, (b) central Apennines transect, and (c) Calabrian Arc transect. The short
vertical thin lines and adjacent numbers indicate locations and ages (in Ma) of the magmatic arc. Thick
solid lines indicate the approximate location of the thrust front (unknown for the Calabrian transect), and
dots indicate areas of synrift sedimentation. Zones of high seismic velocities at 0 Ma are also shown.
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have reported on earlier (early middle Miocene?) counter-
clockwise rotations of the Calabrian block, which were
probably associated with the lateral movement of this block
from its Oligocene position in the northwestern Mediterra-
nean [Rosenbaum et al., 2002a]. Clockwise rotations in
Sicily occurred contemporaneously with nappe emplace-
ment and the opening of the southern Tyrrhenian Sea
[Oldow et al., 1990], and correspond to dextral displace-
ments along the North Sicily Fault (Figure 11). The opposite
sense of coeval rotations in Sicily and in the southern
Apennines indicates the importance of the two major
strike-slip faults. The rotations are also associated with the
oroclinal bending of the fold-and-thrust belts that took place

during the overall rollback of the Ionian slab [Rosenbaum
and Lister, 2004] (Figure 11b).

6.2. Paleogeography

[35] The evolution of the Apennine-Maghrebide orogen
can also be discussed in paleogeographic sedimentary facies
distributions (Figure 12). Since the Tortonian, orogenesis
has occurred close to the western margin of Adria, which
has a heterogeneous sedimentary cover of Mesozoic
carbonate platforms and rift basin pelagic deposits
(Figure 12b). The Adriatic carbonate platforms were
deposited during the Mesozoic in a shallow marine envi-
ronment [e.g., Bosellini, 2002, and references therein]. The
most southwestern platform in the central and southern
Apennines is the Apulian platform (Figure 12a). More
internal platforms (hereinafter ‘‘internal platform’’), such
as the Campania-Lucania platform and the Latium-Abruzzi
platform, are presently thrust on top of the Apulian
platform. The boundary between the Apulian and the
internal platform is marked by two basinal domains, which
are intracontinental rifts, represented by the Lagonegro and
the Molise units [Mostardini and Merlini, 1986]. These
units consist of Triassic to Oligocene clays, cherts, radio-
larites, and limestones, overlain by Miocene turbiditic
sequences [Wood, 1981; Marsella et al., 1995]. They were
deposited in a deep marine environment that was located
west of the slope of the Apulian carbonate platform
[Marsella et al., 1995] (Figure 12b).
[36] The paleogeography of the northern Apennines dif-

fers from the paleogeography of the central and southern
Apennines (Figure 12a) (see also discussion by Lucente and
Speranza [2001]). In the Umbria-Marche region of the
northern Apennines, the sedimentary pile predominantly
consists of Early Jurassic to Paleogene pelagic limestones
deposited on top of Triassic evaporites [Lavecchia et al.,
1988, and references therein]. Furthermore, the crust and
lithosphere beneath the Umbria-Marche region is thinner
in comparison with the central and southern Apennines
[Calcagnile and Panza, 1980; Geiss, 1987]. This indicates
that the northern Apennines were not deposited on a
‘‘normal’’ continental crust and that the shape of the

Figure 9. Component of convergence perpendicular to the
strike of the subduction zone (black arrows) calculated from
the relative motion of Africa and Europe [after DeMets et
al., 1994; Rosenbaum et al., 2002b]. Velocities are indicated
by the relative lengths of the arrows. The component of
convergence is greatest in the Calabrian Arc and in Sicily
(7.2 km Myr�1) and is equal to zero in the Apennines.
Within the lithosphere, convergence perpendicular to the
section CC0 is �6 km Myr�1, which is one magnitude of
order smaller than the rates of subduction rollback.

Figure 10. Maps showing the evolution of the subducting lithospheric slab beneath Italy since the late
Miocene (relative to present-day coastlines). Shaded areas are surface projections of the slab at depths of
30–100 km based on the tomographic model of Lucente et al. [1999] and the results of our reconstruction
(Figure 8). Note that the reconstruction predicts tearing of the slab at the latest Messinian (�6–5 Ma) and
a subsequent period of rapid rollback in the southern Tyrrhenian Sea. Abbreviations are 41PL, 41 parallel
strike-slip fault zone; NSF, North Sicily Fault.
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Table 2. Rotations in the Apennines-Maghrebides Since the Tortoniana

Inferred Rotation Time Span Reference

Northern Apennines
1 28� CCW since Tortonian Muttoni et al. [2000]
2 20–60� CCW since Messinian Speranza et al. [1997]
3 20� CCW since Messinian Speranza et al. [1997]
4 15� CW since Messinian Speranza et al. [1997]
5 no rotation since late Messinian Mattei et al. [1996]

Central Apennines
6 no rotation since late Pliocene Sagnotti et al. [1994]
7 28� CCW since late Miocene Mattei et al. [1995]
8 35� CCW since Messinian Speranza et al. [1998]

Southern Apennines
9 22–23� CCW late Pliocene-early Pleistocene Scheepers et al. [1993]
10 80� CCW <15 Ma Gattacceca and Speranza [2002]
11 15� CCW during late Pliocene Scheepers and Langereis [1994]
11 15� CCW during middle Pleistocene Scheepers and Langereis [1994]
11 9� CCW since middle Pleistocene Scheepers and Langereis [1994]

Calabria-Peloritan
12 19� CW Tortonian-Messinian Speranza et al. [2000]
13 25� CW during Tortonian Duermeijer et al. [1998]
14 15–20� CW Pleistocene Mattei et al. [1999]
15 10–20� CW during middle Pleistocene Scheepers et al. [1994]
16 14� CW Plio-Pleistocene Aifa et al. [1988]

Sicily
17 25� CW since lower Pliocene Grasso et al. [1989]
18 34� CW since early Pliocene Scheepers and Langereis [1993]
19 55� CW since early Pliocene Speranza et al. [1999]

aSee locations in Figure 11a; CW, clockwise; CCW, counterclockwise. Note that rotations are integrated with time.

Figure 11. (a) Sense of block rotations in the Apennines-Maghrebides as inferred from paleomagnetic
data. Numbers correspond to the list of paleomagnetic rotations in Table 2. (b) Restoration of rigid blocks
with respect to history of extension in the Tyrrhenian Sea (Figures 6 and 10) and the amount of inferred
paleomagnetic rotations. Dashed lines and arrows indicate the sense of tectonic transport. Rotations that
are not based on paleomagnetic data are indicated by question marks. Abbreviations are 41PL, 41 parallel
strike-slip fault zone; NSF, North Sicily Fault.
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continental margin of Adria, when it was incorporated in
Apennine-Maghrebide orogeny, was irregular (Figure 12b).
[37] The sedimentary facies in Sicily is characterized by

several lithotectonic assemblages of Mesozoic carbonate
platforms (Panormide, Trapanese, Saccense, and Hybley)
and two basinal units with pelagic deposits (Imerese and
Sicanian Basins) [Catalano and D’Argenio, 1978; Oldow et
al., 1990]. In the most internal part of the fold-and-thrust
belt and at the highest structural position, the Panormide
carbonate platform is separated from the underlying plat-
form and seamount of Trapanese by sediments of the
Imerese Basin (Figure 12a). The Sicanian Basin, in turn,
is located between the Trapanese unit and the Saccense
platforms [Channell et al., 1990; Oldow et al., 1990]. This
tectonic configuration indicates that the imbrication of
thrust sheets involved closure of rift basins that now form
shortened zones between the carbonate tectonic allochthons
(Figure 12b).
[38] Thesuggestedpalinspastic reconstruction(Figure12b)

combines the paleogeographic data with our constraints on
the kinematic evolution of the orogen (see Figure 11b). We
suggest that the incorporation of heterogeneous crustal
material resulted in an uneven distribution of strain during
deformation. Carbonate platforms moved as relatively rigid
blocks, whereas basinal units were subjected to intense
shortening deformation. We further speculate that the
arrival of the platform at the subduction zone impeded
subduction and led to (1) the establishment of the 41PL
strike-slip fault and (2) tearing of the central Apennine
slab. Closure of deep-sea rift basins (Lagonegro, Molise,
Imerese and Sicanian Basins) farther west facilitated con-

tinuing rollback in the southern Apennines, Calabria and
Sicily.

7. Discussion

7.1. Tectonic Evolution of the Tyrrhenian Basin

[39] The results of our analysis indicate that the major
stages of opening in the Tyrrhenian Sea did not begin before
the late Miocene (�13–10 Ma). Oligocene-early Miocene
extensional episodes in the Corsica Basin [e.g., Mauffret
and Contrucci, 1999] and in the northern Apennines [e.g.,
Carmignani et al., 1994] are attributable to the opening of
the earlier Ligurian-Provençal Basin, with rift basin sedi-
ments outcropping in the uplifted margin of the earlier rift.
The opening of the Ligurian-Provençal Basin was accom-
panied by the counterclockwise rotation of Corsica and
Sardinia, which reached their present positions with respect
to Europe by 16 Ma [Speranza et al., 2002].
[40] During the middle Miocene (16–10 Ma), extension

in the Tyrrhenian Sea stopped, as indicated by the absence
of middle Miocene synrift sediments in the region
(Figure 4), Moreover, during this period, the position of
the magmatic arc remained relatively fixed (Figure 6),
indicating that the subduction zone did not then rollback.
[41] Rifting in the Tyrrhenian Sea began again during the

Tortonian (�10–9 Ma) and was localized along the margins
of Corsica and Sardinia. This event, which is recorded in the
occurrence of Tortonian synrift sediments, occurred con-
temporaneously with rapid eastward movement of the
magmatic arc (Figure 6). For that reason, Tortonian exten-

Figure 12. (a) Spatial distribution of sedimentary facies in the western margin of Adria (modified after
Oldow et al. [1990], Marsella et al. [1995], and Bosellini [2002]). (b) Restored positions of Apennine-
Maghrebide terranes prior to the opening of the Tyrrhenian Sea. The thick grey line indicates the irregular
continental margin of Adria. Abbreviations are Ab, Abruzzi; Ca, Calabria; CL, Campania-Lucania
platform; Hy, Hyblean platform; Im, Imerese; La, Lagonegro; Mo, Molise; Pa, Panormide platform; Sa,
Saccense; Si, Sicanian; Tr, Trapanese.
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sional tectonics in the Tyrrhenian Sea are interpreted as a
direct tectonic response to subduction rollback. These con-
straints on the early stages of back arc extension are
significant, because some previous workers have debated
whether subduction rollback has actually played a role in
the opening of the northern Tyrrhenian Sea [e.g., Faccenna
et al., 1996; Mantovani et al., 1996].
[42] A major change in the style of subduction rollback

and back arc extension occurred during the late Messinian
(�6–5 Ma) in the Tyrrhenian-Apennine system. This
change is recognized both in the distribution of synrift
sediments and the distribution of magmatic activity. These
independent data sources indicate that at �6–5 Ma, the
rates of subduction rollback and back arc extension slowed
down in the northern Tyrrhenian Sea, but increased consid-
erably in the southern Tyrrhenian Sea. The differential
velocities of extension were accommodated by the two
lithosphere penetrating strike-slip faults of 41PL and off
the north coast of Sicily, that were active as strike-slip faults
during the Pliocene and the Pleistocene [Lavecchia, 1988;
Boccaletti et al., 1990b; Spadini and Wezel, 1994; Bruno et
al., 2000]. During this extensional episode, the extreme
rates of subduction rollback (60–100 km Myr�1) induced
sufficient lithospheric attenuation in the overriding plate to
form possible new oceanic crust in the Vavilov and Marsilli
Basins.

7.2. Tectonic Response to Accretion of
Continental Crust

[43] An important aspect of this study is the possible
relationships between paleogeography and the geometry of
the subducting slab. Apart from the uncertain role of
present-day subduction in the northern Tyrrhenian Sea
[e.g., Selvaggi and Amato, 1992; Lucente and Speranza,
2001], current subduction in the Tyrrhenian-Apennine sys-
tem is restricted to a narrow zone bounded by two litho-
spheric-scale strike-slip fault in the Calabrian Arc. The
reason for this geometry is that the Calabrian Arc is the
only area within the Tyrrhenian-Apennine system that still
consumes oceanic lithosphere (that of the Ionian Sea). In
contrast, there is no evidence for active subduction in the
central Apennines, where detached remnants of a slab are
found only at depths greater than 250–300 km (Figure 7b).
In this region, the paleogeography was dominated by a
carbonate platform (the internal platform; Figure 12b). We
suggest that the arrival of that relatively buoyant continental
block at the subduction zone impeded the subduction
processes, leading to a detachment of the subducting slab
from the surface, and to tearing of the slab at the boundary
between the continental block and the oceanic lithosphere
(Figure 13). This mechanism is essentially an example of
the formation of slab tears as a result of the docking of
allochthonous block and fragments of subduction systems
[Ben-Avraham et al., 1981; Nur and Ben-Avraham, 1982].
[44] The formation of the slab tears was a crucial trigger

for change in the history of rollback. In the Tyrrhenian Sea,
time constraints on the tearing of the slab and the accretion
of the internal platform indicate that these events took place
at �6–5 Ma. These events were followed by a period of

rapid rollback in the southern Tyrrhenian Sea (in excess of
100 km Myr�1), and the formation of an oceanic back arc
basin. We suggest that slab tearing was the trigger for the
subsequent Plio-Pleistocene episode of increased rapid
rollback/back arc extension in the southern Tyrrhenian
Sea. The tearing resulted in the formation of a relatively
narrow slab [e.g., Dvorkin et al., 1993] remaining beneath
the southern Tyrrhenian Sea. Consequently, this slab was
subjected to a reduced hydrodynamic suction from astheno-
spheric flow (Figure 13), which is a lifting force that
prevents sinking of the slab into the asthenosphere [Dvorkin
et al., 1993; Nur et al., 1993]. We expect that the decrease
of this force would act to accelerate subduction rollback.
[45] From this example, it appears that episodes of back

arc extension related to subduction rollback are strongly
influenced by the rheological properties of the lithosphere
and the interaction with relatively rigid continental blocks.
Subduction rollback is likely to follow the geometry of
existing oceanic crust. Thus, while docking of thick conti-
nental material in the subduction system may impede
subduction, the incorporation of deep basins at the subduc-
tion zone could provide a relatively free boundary for
further rollback. A similar assumption has led Sengör
[1993] to suggest that the closure of small, possibly oceanic,
basins, such as the Lagonegro Basin, may have facilitated
further subduction rollback of Adria. Our reconstruction
shows (Figure 12b) that these basins, the Lagonegro,
Molise, Imerese and Sicanian Basins, probably accommo-
dated subduction rollback, although the main component of
subduction rollback is attributable to the closure of the
narrow Ionian Sea.

8. Conclusions

[46] We have used sets of spatiotemporal constraints in
order to obtain a better resolution of crustal and lithospheric

Figure 13. Schematic illustration showing possible rela-
tionships between the geometry of the subducting slab and
the rheological properties of the crust and lithosphere.
Tearing of the slab occurred as a result of the arrival of thick
continental material (the internal platform) at the subduction
system, combined with ongoing subduction of oceanic
lithosphere (the Ionian Sea) in the Calabrian Arc. Following
tearing, rollback is further accelerated by sideways astheno-
spheric flow (arrows). Abbreviations are Im, Imerese; IP,
internal platform; La, Lagonegro; Mo, Molise; Si, Sicanian;
SL, Sangineto line; TL, Taormina line.
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processes associated with the evolution of the Tyrrhenian
Sea and the Apennine-Maghrebide belt. The earliest evi-
dence for extensional tectonism is associated with Oligo-
cene-early Miocene (�25–16 Ma) synrift sediments in the
northern Tyrrhenian Sea. This extensional episode occurred
prior or during the opening of the Ligurian-Provençal
Basin, and before Corsica and Sardinia stopped rotating
(at �16 Ma). The major extensional episode associated
with the opening of the Tyrrhenian Sea began only at
�10–9 Ma, after a period of 6–7 Myr of relative quies-
cence in extensional processes during the middle Miocene.
[47] The first stage of opening in Tyrrhenian Sea,

between �10–9 Ma and �6–5 Ma, was characterized
by widespread extension in the northern domain, and
rifting in the western part of the southern domain. In
contrast, the second stage of opening (after �6–5 Ma)
was localized in the southern Tyrrhenian Sea, and involved

extreme rates of subduction rollback (in excess of 100 km
Myr�1) and the formation of new oceanic crust in the
back arc region. The transition between the two stages
of opening at �6–5 Ma, was triggered by docking of
the Internal carbonate platform in the central Apennine
subduction system, which we propose, led to the formation
of major strike-slip faults and a related slab tear. Subse-
quently, the remaining Ionian slab beneath Calabria was
narrower and was consequently subjected to accelerated
rates of subduction rollback, accommodated by the two
major strike-slip faults, the sinistral 41 parallel line and the
dextral North Sicily Fault.
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