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We compare subduction and plume models for the Apennines and the Western Mediterranean. The impinge-
ment of a hot plume on the base of the Mediterranean lithosphere is ruled out due to the lack of distinctive sig-
natures, such as excess topographic elevation, deep thermal regime and extensive flood basalts. However, a pro-
gressively eastward-grown plume head confined within the transition zone (between the 670 km and 410 km
discontinuities), fed from the core-mantle boundary and controlled by the circulation in the upper mantle is
considered to be a reasonable hypothesis. A simple area balance methodology is used in order to predict the
size of such a plume along a regional transect extending from the Gulf of Lyon to Calabria. Equivalence is as-
sumed to exist between the area of the plume head that enters within the transition zone and the area of the as-
thenosphere that is pushed laterally. The eastward-expanding asthenosphere drives the stretching of the over-
lying lithosphere and, therefore, the amount of net lithospheric extension (l final-l initial) is a direct expression of
the amount of lateral asthenospheric expansion. The past sizes of the plume, before the onset of the Tyrrhen-
ian phase (about 16 Myr ago) and at the beginning of the Ligurian-Provençal phase (about 30 Myr ago), are
evaluated using the same balancing criteria. The possible shapes of the Mediterranean plume at the different
deformation stages are supposed and depicted integrating the balancing technique with inputs from the litera-
ture on the geometry of numerically modelled plume heads trapped within the transition zone. The Apennine-
Maghrebian fold-and-thrust belt is interpreted as an indirect plume product due to rift push forces which de-
veloped at the outer border of the Mediterranean stretched and thinned lithosphere. The peculiar geochemical
and isotopic composition of the Italian Quaternary high-K and ultra-alkaline magmatic products is interpreted
as strictly related to the enrichment of the mantle source by metasomatising fluids released within the as-
thenosphere by the plume head. The large-scale tomographic velocity pattern detected in the Mediterranean re-
gion might be compatible with the proposed trapped plume model if interpreted in terms of chemical variations
rather than of thermal variations.

5.1. INTRODUCTION

A large variety of subduction models have been proposed in the literature for the geodynamic evo-
lution of the Mediterranean and the Apennines of Italy. Processes mainly range from active subduc-
tion, to slab roll-back (with trench retreat and back-arc opening), to lateral migration of slab detach-
ment (Scandone, 1980; Scandone and Patacca, 1984; Finetti and Del Ben, 1986; Malinverno and
Ryan, 1986; Royden et al., 1987; Doglioni, 1991; Doglioni et al., 1997, 1999, 1998; Lonergan and
White, 1997; Carminati et al., 1998; Jolivet and Faccenna, 2000; Wortel and Spakman, 2000; Man-
tovani et al., 2002; Rosembaum et al., 2002; Faccenna et al. 2003, 2004 among many others). All of
these models assume the westward subduction of the Adriatic-Ionian lithosphere as a primary feature
in controlling the evolution of the Mediterranean and the Apennines.
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In this paper, we do not intend to compare and discuss the above models, but to open a discussion
on alternative solutions. With this aim, we compile a brief list of the major problems that arise assum-
ing the westward subduction of the Adriatic-Ionian lithosphere. Then, we consider a plume model pro-
posed by Bell et al. (2003, 2004, 2006) to explain the peculiar geochemistry and isotopic features of the
volcanic activity in Italy. We try to develop their model further, defining the possible size, depth and
time evolution of such a plume in the Western Mediterranean. The basis for the definition of a possible
shape and growth pattern for this plume derives from the comparison with numerically modelled man-
tle plumes in the literature (Brunet and Yuen, 2000).

5.2. SOME OF THE PROBLEMS WITH SUBDUCTION IN ITALY

In our opinion, the occurrence of a west-dipping subduction plane (the so-called Adria slab) control-
ling the development of the Tyrrhenian-Apennine system is not likely for a number of different reasons.

1) Available deep crust seismic reflection and refraction data show that during the Late Creta-
ceous-Eocene Alpine tectonic phase, the Tethyan oceanic lithosphere was southeasterly subducting be-
neath the Adriatic continental plate (Scarascia et al., 1994; Finetti et al., 2001). In order to justify a west-
erly dip for the Adriatic lithosphere during the Oligocene to Quaternary Apennine tectonic phase, it is
necessary to flip the subduction polarity from east to west-directed (Doglioni et al., 1997, 1998). This
flip is hard to accept as it would have had to occur at around 35 Myr ago, when the NNW-SSE Africa-
Europe convergence had decreased to less than 1 cm/yr (Doglioni et al., 1999 and references therein)
and when between the European and African plates there was no more available oceanic lithosphere to
be subducted, other than the paleo-Ionian corridor east of Sardinia. 

2) If the Ionian crust is really oceanic or if it is a thinned and attenuated continental crust is still a
matter of debate (de Voogd et al., 1992; Cernobori et al., 1996). In any case, the subduction of the Ion-
ian lithosphere beneath the Calabria arc has an along-strike length of a few hundred kilometres and,
thus, it cannot help to explain the entire Apennine-Maghrebian belt that extends for about 3500 km from
the Monferrato Arc to the Gibraltar Arc (fig. 5.1c). 

3) Although a subduction process involving the continental lithosphere in the rear of a subducting
oceanic lithosphere is considered possible (Ranalli et al., 2000), a subduction process that involves ab
initio the continental lithosphere would be incapable of starting, due to the lack of the necessary negative
buoyancy. In order to justify a W-directed subduction of the Adria continental lithosphere during the Neo-
gene-Quaternary Apennine phase, it would be much easier to propose a single west-dipping subduction
process running since the onset of the Alpine phase in Late Cretaceous times (Jolivet and Faccenna, 2000;
Faccenna et al., 2003, 2004). But, in this case the problem still remains as to why the westernmost ex-
tensional basins of the Mediterranean (e.g., Alboran, Valencia and Provençal basins), that would be a di-
rect expression of the Adria slab retreat, developed obliquely to the trend of the Alpine-Betic orogen (fig.
5.1a). The Alboran Basin developed within the Betic Chain, whereas the Valencia and Provençal basins
nucleated behind the Alpine NW-verging front and within the European foreland zone (Doglioni et al.,
1997). In addition, the progressive SE-ward roll-back of the Adriatic lithosphere implies an along-strike
extension of the subduction plane from an initial length of about 1500 km, measured from the Gibraltar
Arc to the Ligurian Region at about 30 Myr ago (fig. 5.1a), to a present length of about 3500 km (fig.
5.1c). This would imply evident slab segmentation achieved by strike-slip faulting and/or by normal fault-
ing. Consequently, the Apennine-Magrebian fold-and-thrust belt, genetically linked to the retreating slab,
would be highly discontinuous along the strike. On the contrary, it is substantially continuous. 

4) Assuming a model of progressive along-strike slab detachment (Carminati et al., 1998; van der
Meulen et al., 1998; Worthel and Spakman, 2000), we would expect a consequent variation in vertical
motions, stress fields and magmatism along the strike of the Apennines mountain chain. However, the
Apennines thrust-foredeep system has a clear eastward trench migration; extensional tectonics and mag-
matism rejuvenate eastwards, as well (Kastens and Mascle, 1990; Patacca et al., 1990; Savelli, 2002). 
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Fig. 5.1a-c. Schematic map of the Western Mediterranean extensional basins and of the Apennine-Maghrebian
fold-and-thrust belt system at different deformation stages (after Scandone and Patacca, 1984; Patacca et al.,
1990; Doglioni et al., 1999; Gelabert et al., 2002; Speranza et al., 2002; Faccenna et al., 2004) with trace of the
sections of fig. 5.2a-c. a) Tectonic scenario during the first stage of the Ligurian-Provençal phase in Early
Oligocene times; b) tectonic scenario after the end of the Ligurian-Provençal phase and before the onset of
Tyrrhenian phase at the end of Burdigalian times; c) present tectonic scenario. Key: 1 − ultra-thinned crust (<15
km); 2 − thinned continental crust (<25 km); 3 − relicts of the Alpine-inner Betic orogenic belt; 4 − Apennine-
Maghrebian and External Betic-Rif compressional domain; 5 − lithospheric transfer faults; 6 − outer boundaries
of the Mediterranean extensional domain; 7 − Alpine-inner Betic thrust fronts; 8 − Apennine-Maghrebian and
External Betic-Rif thrust fronts; 9 − traces of the section in fig. 5.2a-c; 10 − pivot point during the Ligurian-
Provençal and Tyrrhenian tectonic phases.

a

b

c
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5) There is no balance between the along-dip length of the Adriatic subduction plane (maximum
length of ∼600 km offshore Calabria; Selvaggi, 2001) and the shortening of the Apennine fold-and-
thrust belt system. The area of the entire Apennine crust in Calabria is smaller than the area of the
only upper crust that would be involved in the accretionary prism (Doglioni et al., 1999). Still, a
thick-skinned style of the deformation, with basement largely involved in the deformation and with
limited amounts of horizontal shortening, characterises both the Central and the Southern Apennines
(Barchi et al., 1998; Noguera and Rea, 2000; van Dijk et al., 2000; Lavecchia et al., 2003). 

6) The Aeolian insular arc, a key element of the subduction hypothesis, cannot be related to the
subduction as it has a ring-like shape which does not correspond to the much larger radius of curvature
of the Southern Tyrrhenian Benioff plane (Selvaggi, 2001). Magma sources connected to a down-going
slab would form a more or less continuous volcanic zone at a constant depth along the subduction zone.
The distribution at the surface of the Aeolian volcanic centres demonstrate that it is not governed by the
geometry of the slab at depth. Although a calc-alkaline activity has been claimed for the Aeolian mag-
matism, at closer inspection it appears to be more closely related to within-plate magmatism (Bell et al.,
2006). Furthermore, the Quaternary magmatic occurrences of Ustica and Promoteo, that are sited to the
Aeolian Islands, within the Southern Tyrrhenian Basin and above the Benioff plane, share OIB-type
geochemical features with the Etna and the Hyblean Plateau volcanoes, that are independent from sub-
duction being sited on the rear of the subduction hinge zone (Trua et al., 2003). 

7) The intramontane ultra-alkaline province is characterised by a rare carbonatite-kamafugite rock
association that is exclusively find in intra-continental extensional tectonic settings far from subduction
(Lavecchia and Stoppa, 1996; Stoppa and Woolley, 1997; Lavecchia et al., 2006). In addition, the high-
potassic alkaline magmatism of the Roman-Campanian Province is characterised by an extreme en-
richment of incompatible elements that can be hardly reconciled with a subduction-related environment
(Cundari, 1979, 1994; Bell et al., 2006). In general, the peri-Mediterranean magmatism is dominantly
non-calc-alkaline and the major active volcanoes (Stromboli, Etna, Vesusius) erupt basaltic lavas typi-
cal of plume activity (Gasperini et al., 2002). 

8) The subcrustal seismicity (<100 km) beneath the Central Apennines and the deep seismicity
(up to ∼600 km) off Calabria are commonly considered one of the most striking evidence of the on-
going subduction of the Adriatic lithosphere beneath the Tyrrhenian Sea (Selvaggi, 2001, among
many). As a matter of fact, this seismicity does not conform to standard subduction models (Giardini
and Velonà, 1991). The subcrustal seismicity beneath the Central Apennines appears to be independ-
ent of subduction and, instead, it reflects the activity of a SW-dipping, intra-lithospheric, reverse shear-
zone (Lavecchia et al., 2003). The seismicity off Calabria defines a Benioff plane which in plan view
has a very limited lateral extent (about 250 km) and in section view has a rather unusual concave shape.
The seismogenic volume is slightly ESE-dipping in the depth range between 30 and 180 km and has
a WNW-ward dip of about 70° beneath about 200 km (fig. 3 in Milano et al., 1994; fig. 1 in Selvaggi,
2001). Tomographic models of the mantle beneath the Apennines show the presence of an intra-as-
thenosphere high-velocity body, but the images are very different in length, position and continuity
(Spakman et al., 1993; Mele et al., 1998; Lucente et al., 1999; Cimini and De Gori, 2001; Piromallo
and Morelli, 2003; Piromallo and Faccenna, 2004). Overall, seismicity and tomographic data do not
prove the westward subduction of the Adriatic lithosphere. 

9) As pointed out by Scalera (2006), a fundamental difficulty of subduction models in the Mediter-
ranean and surrounding regions comes from the need for an incredibly high number of downgoing slabs,
sited in relatively small space and time and having different dips, strikes and kinematics. In particular,
the WNW-dipping Benioff plane off Calabria and the NE-dipping Aegean Benioff planes are close in
contact, at a distance of 50 km, and perform non-compatible simultaneous movements. 

10) As a matter of fact, when looking at the Mediterranean-Apennine region it is evident as the
amount of contraction does not equal the amount of extension, the last being enormously in advan-
tage. Then, given that since Oligocene times extension has acted as the primary plate tectonic process
in the region, why not to look for an extensional-type deep-sited engine rather than subduction? 
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5.3. THE PLUME HYPOTHESIS

5.3.1.  Pioneer models on active mantle upwelling and plume in Italy

About twenty five years ago, a few authors (Cundari, 1979; Wezel, 1981; Locardi, 1982) pro-
posed, as an alternative to subduction, mantle upwelling as the driving force for the geodynamic and
magmatogenetic processes in the Western Mediterranean and related fold belts. They mainly consid-
ered vertical mantle motions, with prevailing midplate domal upward; the outward moving topogra-
phy was thought to generate thrusts and gliding nappes. Such a model was not popular because of the
growing force of the subductionist approach, but also because it was strongly based on a vertical tec-
tonic concept. This was in contrast with the evidence in the Mediterranean region of a prevailing hor-
izontal tectonics, testified by the extreme eastward migrating stretching of the continental crust and
lithospheric mantle.

About seventeen years ago, Locardi and Nicolich (1988) noticed that no subduction-related struc-
tures had been outlined from deep seismic refraction (DSS) data, either in the Tyrrhenian Basin or in
the Apennine area. In their opinion, DSS data available at that time rather showed the presence be-
neath the Northern and Southern Tyrrhenian basins of two upwelled mantle domains (asthenolithes),
possibly due to the transformation of the lithospheric mantle enhanced by heat and fluids from be-
low. The thinning of the Tyrrhenian Sea and the tectonic evolution of the Apennines were interpret-
ed as related to the eastward flow of the asthenolitic domes.

About ten years ago, Hoernle et al. (1995), based on global upper-mantle seismic tomography
and isotope geochemistry of Cenozoic volcanic rocks, showed a large low-velocity anomaly ex-
tending across the Western Mediterranean and Western European lithosphere. This anomaly was re-
lated to a wet metasomatised upwelled mantle. In the same year, Granet et al. (1995) proposed a
thermal and chemically anomalous mantle plume beneath the Massif Central in France during Ter-
tiary times.

About five years ago, Goes et al. (1999) and Ritter et al. (2001) identified by global tomography
a broad anomaly (500×500 km2) in the lower mantle below Central Europe and interpreted it as a
deep plume-like structure trapped in the transition zone (between the 670 and 410 km discontinu-
ities). In their opinion, this plume represented a common source for the active upper-mantle plumes
beneath the Massif Central, the Eifel volcanic field (Germany) and possibly other Tertiary volcanic
fields in Europe.

In recent years, Gasperini et al. (2000, 2002), based on the geochemistry of Plio-Quaternary Ital-
ian basaltic volcanics, considered the storage of a plume head in the deep mantle and the rise of deep
mantle material through a broad slab window in the west-dipping Adriatic lithosphere. The same re-
search group also proposed a possibly plume-related origin for the Tertiary alkaline basaltic volcan-
ism of the Veneto region, in the South-Eastern Alps foreland (Macera et al., 2003). A plume-modi-
fied asthenospheric mantle source has also been considered by Coulon et al. (2002) in association
with the emplacement of typical Plio-Quaternary within-plate alkaline basalts in Oranie (Algeria). 

Lastly, Bell et al. (2003, 2004, 2006) demonstrated that the Sr-Pb-Nd isotope signature found in
Italian rocks and commonly attributed to involvement of recycled and aged limestone and other up-
per crust carbonate-rich material is not a crustal component, but a deep mantle component. They at-
tributed the entire post-Oligocene Italian magmatism to low degrees of partial melting of a volatile-
rich plume head underlying the Tyrrhenian Sea, independent of any subduction.

5.3.2. The opportunity of a plume model in Italy

The impingement of a plume head on the base of the continental lithosphere would produce a
number of distinctive features (Condie, 2001) that are not observed in the Mediterranean. It would
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dynamically support regionally high topographic elevation, such as it is seen, for example, in the East
African Rift System (Lithgow-Bertellon and Richards, 1998). The African Plateau has an average el-
evation of 1 km, the US Cordillera exceeds 1.5 km, whereas the Mediterranean stands on average 1.2
km beneath the sea-level. In addition, an anomalous deep thermal regime in the Central Mediter-
ranean is excluded by gravity modelling of the litho-asthenosphere system (Cella et al., 1998) and by
experimental petrology data (Cundari and Ferguson, 1991; Panina et al., 2003; Stoppa et al., 2003)
that indicates a geotherm typical of continental lithosphere (Bailey and Collier, 2000; Lavecchia 
et al., 2002). Still, in the Mediterranean, a sufficient amount of flood basalts is not produced and the
time-space relationships between extensional tectonics and magmatism are not typical of active man-
tle doming. In fact, at any given place the magmatism always follows the normal faulting in time
(Lavecchia and Stoppa, 1996).

For all of these reasons, in previous papers we excluded a plume beneath the Tyrrhenian Basin
and proposed a model of passive asthenospheric upwelling driven by stretching and thinning of the
continental lithosphere (Lavecchia and Stoppa, 1996; Lavecchia et al., 2002). This model needs an
engine able to drive the eastward extension of the lithosphere. For the previously discussed rea-
sons, we exclude the retreat of the Adriatic-Ionian slab as the likely driving mechanism. Alterna-
tively, the extension of the lithosphere might be driven by horizontal far-field forces associated
with an eastward motion of the Adria microplate (Adria pull), but this does not fit with available
data on large-scale plates motion. Since Late Cretaceous times, the motion of Africa relative to
Eurasia has been converging and WNW to NNW oriented (Faccenna et al., 2003, and references
therein). Space geodesy data confirm a present-day NW-ward motion of Africa relative to Eurasia,
at an average convergent rate of about 0.5 cmyr −1 (McClusky et al., 2003). Therefore, it is neces-
sary to identify an engine acting within the Mediterranean system. This necessity, together with the
geochemical evidence of a possible plume-related magmatic activity in Italy (Gasperini et al.,
2002; Bell et al., 2003, 2004, 2006) as well in the Northern African margin (Coulon et al., 2002),
has forced us to re-consider the possibility of a plume model for the Mediterranean and the Apen-
nines. 

5.3.3.  Brief introduction to plumes

Plumes are narrow, low-viscosity conduits in a variable-viscous fluid, up which buoyant mate-
rial preferentially rises until flattening in a large plume head (Condie, 2001). Plumes can be of vari-
able size, temperature and depth of origin (Ernst and Buchan, 2002, and references therein). Some
plumes are believed to be generated at the thermal boundary layer at the top of the lower mantle,
others to arise from the Dll thermal boundary layer at the core-mantle interface. The spinel to olivine
phase transition at the core-mantle interface induces the ejection of very fast plume material with-
in a very thin vertical channel towards the surface (Brunet and Yuen, 2000). When the plumes ar-
rive at the 670 km discontinuity, they may be detained from further rise creating a large plume head
that grows within the transition zone (between the 670 and 410 km discontinuities). The asymmet-
ric growth of the plume material trapped in the transition zone is controlled by the large scale cir-
culation of the upper mantle (Zhao, 2001). Two main types of plumes detaching from the core-man-
tle boundary may be identified: stable vertical plumes, which extend throughout the mantle for sev-
eral hundred million years, such as the Emperor-Hawaiian one, and, unstable fast moving plumes,
which are bent and move relative to the global circulation, such as those in the super swell area in
the South Pacific (Brunet and Yuen, 2000). Fast moving plumes can generate several reservoirs of
plume material in the transition zone. The process of injection of new material from the lower man-
tle in the transition zone may repeat itself with a period of some tens of million years; this pulsat-
ing mechanism may be responsible for the periodicity of intraplate volcanism (Brunet and Yuen,
2000). 
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5.4. THE MEDITERRANEAN TRAPPED PLUME

5.4.1.  Plume typology and size

In our opinion, a model of fast moving plume that arises from the core-mantle interface (D″-
layer) and stagnates within the transition zone, where it progressively grows eastward, might be
sufficient to explain the birth and temporal evolution of the Mediterranean basins and of the Apen-
nine-Maghrebian thrust belt. The asymmetrical shape of the plume head would be governed by the
eastward-directed large-scale circulation of the upper mantle (Zhao, 2001); the size would be gov-
erned by the process of injection of new material from the lower mantle in the transition zone. The
deep-mantle material injected from the Dm-layer within the Mediterranean plume head would have
an extremely high concentration of volatile elements (Ti, Al, Fe, Mn, Ca, Na, K, H2O and CO2, Rb.
Sr, Y, Zr, Nb, Ba) and rare Earth elements (Cundari, 1979, and references therein). The isotopic el-
ements would be highly radiogenic coming from older and undepleted regions of the mantle. While
stagnating within the transition zone, the plume head material would progressively release H2O-
and CO2-rich fluids to the overlying asthenosphere. 

Such a type of plume would not produce meaningful flood basalts (Bell et al., 2003) and thermal
anomalies; it would be capable of causing asthenospheric metasomatism and of driving asymmetri-
cal lithospheric extension. The rift push forces, developed at the outer border of the extending litho-
sphere, due to the strong differential lithospheric thinning between the thinned and unthinned regions,
might be responsible for the nucleation of fold-and-thrust belt structures (Turcotte and Emernan,
1983; Lavecchia et al., 1995). It is possible, therefore, that, the Apennines and the Maghrebides are
not related to subduction, but represent a recent example of «plume-induced orogenesis». Ancient
orogenesis driven by plumes has been proposed for the Late Paleozoic «Ancestral Rockies» defor-
mation in the South-Western United States and for the Early Mesozoic Gondwanide fold belt of South
America, Southern Africa and Antarctic (Dalziel et al., 2000).

If a plume is trapped within the transition zone beneath the Mediterranean, what would be its
shape, size and temporal evolution? In order to find a very preliminary answer to this question, we
consider that the injection of plume-material within the transition zone would cause an increase in
volume of the asthenosphere; this, in turn, would drive stretching of the overlying lithosphere. As-
suming conditions of mass conservation, a balance would exist between the amount of the asthenos-
pheric excess volume and the amount of the lithospheric extension. 

Applying the considerations outlined above to a lithospheric section across the Mediterranean,
from the Gulf of Lyon to the outer front of the Apennines thrust belt in Calabria (fig. 5.2a-c), we try
to predict the size in section view of the here hypothesised Mediterranean plume. The geometry of
the crust and the lithosphere along the transect have been reconstructed using data from the literature
(Panza, 1984; Locardi and Nicolich, 1988; Kastens and Mascle, 1990; Cella et al., 1998; Rollet et al.,
2002, among many others). A crustal-area balancing of the transect has been performed by restoring
the crust to an average pre-extensional thickness of 30 km, with the exception of the segment of the
section which extends across the Tyrrhenian Sea. For this segment, we have assumed a pre-exten-
sional crustal thickness of 40 km, corresponding to an average thickness of the pre-existing Alpine
Chain. The area occupied in the section by basaltic plateaux and post-rift sediments has been sub-
tracted. The finite crustal extension (e=∆l=lfinal– linitial) calculated along the transect is of ∼600 km.
Extrapolating this value to the lithospheric extension and assuming a depth of 670 km for the As-
thenosphere-Mesosphere Boundary (AMB), the area occupied by the crust and upper mantle region
along the ∆l segment would be equal to ∆l multiplied by AMB, that is about 4⋅105 km2 (Lavecchia 
et al., 2006). Following our reasoning, a roughly equivalent area would be occupied by the plume
head within the transition zone. In the very speculative sketch of fig. 5.2c, we have depicted a plume
head roughly having such a size. The shape of the plume has been inspired by the geometry of plumes
trapped in the transition zone numerically modelled by Brunet and Yuen (2000).
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Fig. 5.2a-c. Kinematic model illustrating the proposed trapped plume scenario along a transect from the Gulf
of Lyon to Calabria; the model comprise three steps dated at the Early Oligocene (a), at the end of Burdigalian
(b) and at present times (c); the trace of the transect at each deformation stage is given in fig. 5.1a-c. The pres-
ent-day crustal structure (c) is from Kastens and Mascle (1990); Rollet et al. (2002); the present-day lithospheric
structure is from Suhadolc et al. (1990); the geometry of the plumes in the three sections (a, b, c) is highly spec-
ulative and largely derived from fig. 6 in Brunet and Yuen (2000). Key: 1 − Crust and underlying lithospheric
mantle; 2 − Normal asthenosphere and enriched asthenosphere (small drops) with low-viscosity fluids, contain-
ing highly radiogenic isotopes, released from the plume head; 3 − mesosphere; 4 − depleted and degassed plume
head trapped within the transition zone, the colour marks the decrease of the temperature moving from the out-
er zone to the inner one in the plume.

5.4.2.  Deformation history

The Alpine-Betic tectonic phase started in Late Cretaceous times, with the subduction of the Tethyan
oceanic lithosphere beneath the African continental lithosphere, and ended in Middle Eocene times,
with the collision of the African and Eurasian plates (von Blankenburg and Davies, 1995; Schmid et al.,
1997; Piromallo and Faccenna, 2004). From Late Eocene-Early Oligocene (about 40-35 Myr ago) times
onward, the geodynamic scenario changed and the dominance of the contractional process was replaced
by the dominance of the extensional process. A narrow rift system started to develop along the SW-ward
prolongation of the Rhine-Rhone Rift System, obliquely across the pre-existing Alpine-Betic belt
(Ziegler, 1992). At the end of the Early Oligocene (about 30 Myr ago), a SE-dipping extensional fault
system was well developed at the inner border of the Western Mediterranean region and the Provençal
region had started to undergo low-angle extension and counterclockwise block rotation (fig. 5.1a). 

During Aquitanian-Burdigalian times (from about 22-21 Myr to about 16 Myr ago), a relatively fast
low-angle extensional process led to the opening of the Ligurian-Provençal «wide rift» system (Speran-

a b

c
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za et al., 2002) (fig. 5.1b). After a tectonic stasis of about 3 Myr (F. Brozzetti, personal comunication,
2005), in Middle Serravallian times (about 13 Myr ago) the extensional process had a new pulse and gave
birth to the Algerian Basin and to the Tyrrhenian wide rift system (fig. 5.1c). The extension is now active
along the axis of peninsular Italy. 

Both the Ligurian-Provençal and the Algerian-Tyrrhenian extensional phases were characterised
by the development of coeval and co-axial outward-verging fold-and-thrust structures that nucleated
at the outer border of the extended regions. Whereas the initial continental break-up of the Western
Mediterranean did not follow pre-existing structures, but developed obliquely to the Africa-Eurasia
suture zone, the site of the Apennine-Maghrebian fold-and-thrust belt was controlled by the pre-ex-
isting lithospheric architecture as it followed closely the Alpine-Betic belt. 

5.4.3.  The plume temporal evolution

Applying simple area techniques, we have very schematically restored the present Gulf of Lyon-
Calabria lithospheric section (fig. 5.2c) to its configuration before the onset of Tyrrhenian phase (end
Burdigalian times, about 16 Myr ago, fig. 5.2b) and, subsequently, to its configuration at the begin-
ning of the Ligurian phase (end of Early Oligocene times, about 30 Myr ago, fig. 5.2a). The size of
the plume head at each step has been calculated applying the considerations outlined in Section 5.4.1.
The plume shape at each step depicted in fig. 5.2a-c is obviously highly speculative, but it is an al-
most faithful reproduction of the geometry and temporal evolution of the trapped plume head nu-
merically modelled in the literature (fig. 6 in Brunet and Yuen, 2000).

In the restored sections of fig. 5.2a-c, we also hypothesise the possible past configuration of the
Southern Tyrrhenian lithospheric slab. Given that the Benioff plane off Calabria is vertical to slight-
ly SE-ward dipping in the uppermost 200 km and dips NW-ward at higher depths (Milano et al.,
1994; Selvaggi, 2001), we speculate that its concave shape might be the result of a process of pro-
gressive overturning of the Tethyan oceanic lithosphere that during the Alpine tectonic phase was dip-
ping SE-ward beneath the African foreland. The progressive eastward growth of the Mediterranean
plume head, trapped in the transition zone and impinged beneath the pre-existing SE-dipping Tethyan
slab, might have caused the progressive bending and overturning of the deeper portion of such a slab.

5.5. FINAL CONSIDERATIONS

On the basis of isotopic data, Bell et al. (2003, 2006) demonstrate that the overall Italian mag-
matism may be plume- rather than subduction-related. Integrating their isotopic constraints with our
geological-geometric considerations, we feel confident enough to hypothesize that, starting with Late
Eocene-Early Oligocene times, the progressive growth of an asymmetric plume head within the tran-
sition zone played an active role in the fragmentation of the European and African continents that, at
that time, were sutured together along the Alpine-Betic Chain. We consider the Mediterranean an in-
dependent micro plate growth in the last 35-40 Myr above an ESE-ward growing plume head. This
microplate has a triangular shape, which reflects the plan view of the plume head. The north-western
side corresponds to the Mediterranean extensional breakaway fault zone (inner Mediterranean conti-
nental rift boundary in fig. 5.1), the north-eastern side corresponds to the outer front of the Apen-
nines, the southern side corresponds to the E-W outer front of the Maghrebian Chain and it is possi-
bly controlled by the geometry of the E-W plate boundary north of the Nubia Plate (see fig. 6 in Mc-
Clusky et al., 2003).

The Mediterranean plume head developed independently from pre-existing lithospheric struc-
tures: in fact, basin extension started on a NE-SW striking discontinuity trending obliquely with re-
spect to the pre-existing Alpine-Betic structures. The outer front of the extending Mediterranean sys-
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tem, that is the Apennine-Maghrebian thrust system, was strongly controlled by the tectonic inheri-
tance of the Alpine-Betic Chain. 

In the model we propose, the plume is mainly confined beneath the 410 km discontinuity and for
this reason no deep thermal anomaly is observed at the surface. A prevailing horizontal extensional
tectonics, rather than a vertical tectonics, is associated with the progressive eastward asymmetric
growth of the plume head, driven by large-scale circulation of the upper mantle. The eastward growth
of the plume pushes laterally the asthenosphere that is forced to migrate eastward as testified by the
asymmetric heat-flux pattern and thermal history, the subsidence pattern, the magmatic asymmetry
and the upper mantle anisotropy observed across the Mediterranean Basin (Barruol and Granet, 2002;
Pasquale et al., 2002; Savelli, 2002; Zito et al., 2003). We also suggest that a balance is ultimately
achieved between plume size and lithospheric extension with the amount of extension directly re-
flecting the size of the plume.

Still, we hypothesise that deep-mantle H2O- and CO2-rich fluids, containing highly radiogenic
isotopes, are released by the plume head in the uppermost asthenosphere. They produce the neces-
sary conditions in order to explain the peculiar isotopic and geochemical composition of the Quater-
nary Italian leucititic and carbonatitic-melilititic products (Cundari, 1979, 1994; Lavecchia and Stop-
pa, 1996; Lavecchia et al., 2006, and references therein), the abundance in Central Western Italy of
regional aquifers with mantle-derived CO2 emissions (Chiodini et al., 1999; Bell et al., 2006) and in
general the Sr-Nd and Pb-isotopic content of the Italian magmatic rocks (Bell et al., 2003, 2004, and
references therein). The process of injection of new material from the lower mantle in the transition
zone may repeat itself in a period of some tens of million years (Brunet and Yuen, 2000). Then, this
mechanism might be responsible for older pulses of ultra-alkaline activity, such as that occurring in
Italy between 50-70 Myr and generating lamprophyres in Central-Eastern Italy (Pietre Nere, ∼60 Myr
and La Queglia, older age 54 Myr), South-Eastern Alps (∼70 Myr) and South-Western Sardinia (∼62
Myr) (see fig. 4.1 in Bell et al., 2006). It might also be responsible for the Tertiary alkaline basaltic
volcanism of the Veneto region, in the South-Eastern Alps foreland (Macera et al., 2003). In a simi-
lar manner to the model here proposed, a connection of an upper mantle plume with a broad reser-
voir in the transition zone has been suggested for the Eifel plume (Ritter et al., 2001).

One of the main problems that our plume-model may encounter is the interpretation of the tomo-
graphic velocity pattern detected in the Mediterranean region (Spakman et al., 1993; Piromallo and
Morelli, 2003). The tomographic images well show a large-scale high-velocity anomaly placed in the
transition zone at the bottom of the upper mantle, beneath the whole Western Mediterranean area.
This is coupled with a large-scale low-velocity anomaly extending from the Eastern Atlantic Ocean
to Northern Africa, Central Europe and the Western Mediterranean. Still, an almost continuous NW-
dipping high velocity body dipping is observed off Calabria, from surface to a depth of ∼600 km. In
order to attempt an explanation of the tomographic images, we follow Choi (2005) and Scalera
(2006), in considering that the detected velocity pattern might correspond to the mantle’s chemical
anomalies rather than to thermal variation. In our opinion, the high-velocity body within the transi-
tion zone represents deep-mantle plume material which, once it arrived within the transition zone, had
lost low-viscosity volatiles and fluids that escaped upwards. In turn, the low velocity heterogeneity
that characterises the Mediterranean upper mantle down to 400 km might represent asthenospheric
material enriched, metasomatised and softened by the fluids released by the plume head. The high-
velocity body beneath the Apennines and off Calabria (Spakman et al., 1993; Mele et al., 1998; Lu-
cente et al., 1999; Cimini and De Gori, 2001) might be interpreted as an overturned remnant of the
originally SE-dipping Alpine lithospheric slab (fig. 5.2a-c). Alternatively, following Scalera (2006),
it might be interpreted as a tongue of deep-mantle plume material ejected from the transition zone.

To conclude, we stress that we are simply suggesting a preliminary and over-simplified hypothe-
sis, which needs testing and modelling. We are also aware that the plume model we propose implies
an «expansion» in the Mediterranean. Is the expansion compensated by shortening somewhere else
or is it an aspect of the global expansion claimed by a few isolated researchers (Scalera and Jacob,
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2003, and papers therein; Scalera, 2006)? We really do not have an answer, but we do know that the
time has come to open a discussion on possible new frontiers in the Earth’s sciences. 
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