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The Mediterranean 
as a slowly nascent ocean
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The strict similarity of some Mediterranean tectonic situations – arcs, trenches, Wadati-Benioff zones, volcanic
and seismic activities – to the East Asia ones, which are commonly interpreted as produced by plate conver-
gence, provides many clues that are at variance with the hypothesized Africa-Eurasia convergence. Evidences
for rifting prevail over those for compression and, many tectonic situations previously interpreted as due to
plate convergence, are associated with rifting. This leads to interpret the actual Mediterranean as a phase – per-
haps the last – of the slow opening of a nascent ocean. The proposal is put forward – mostly based on region-
al seismic tomography evidence – that wedges of mantle material are extruded toward the surface, coming from
a widespread high velocity anomaly trapped in the transition zone. This new interpretation of the high veloci-
ty bodies revealed in the transition zone and along the Mediterranean Wadati-Benioff zones could be extended
to circum-Pacific arc-trench zones in order to explain all the global and regional scale observations as due to a
prevailing tensional regime. Because the Mediterranean region has always had little latitudinal extension on an
expanding Earth, it is possible in this view, to identify also the Paleo Tethys and Neo Tethys as Mediterranean
phases of opening. These have added to the Proterozoic nuclei the Variscan and Alpine terranes respectively.
These phases and their orogens have to be considered extensional phases. In this sense, as the ongoing process
of opening has a Proterozoic or older origin, it is possible to speak of the Mediterranean as a slowly nascent
ocean, but paradoxically of a very old ocean. In a simplified three-step map of the paleogeographical evolution
of the opening Mediterranean Basin from Early Cretaceous to Recent, the drifting of each fragment (Balearic
archipelago, Sardinia, Corsica, Sicily, North and South Calabria) is accompanied by increasing Africa-Europe
separation.

10.1.  INTRODUCTION

Subduction is today the most loved or hated concept of contemporary geoscience. This concept
was not present in the continental drift theory because Wegener proposed a mechanism of move-
ment of the continents like that of the ships in the sea, namely opening a path in the surrounding
resisting medium, and obviously no consumption of crust is needed in this hypothesis. Many crit-
icisms of this drift mechanism were raised early after Wegener’s proposal, and new versions of
continental drift were sought with the aim of overcoming the mechanical difficulty of such ice-
breaker-like motion. Samuel Warren Carey (1958), in the ‘Proceedings of the Continental Drift
Symposium’ he convened in 1956, firmly rejected the Wegener concept and proposed a crust-con-
sumption mechanism similar to subduction, but valid on an expanding Earth. Later Carey recog-
nized, on a geologic basis, the impossibility of the subduction concept (called by him the «sub-
duction myth») and he arrived at an expansion theory without large scale ocean lithosphere recy-
cling. Hilgenberg (1933, 1966, 1974) – a champion of the expanding Earth idea – proposed in
1974 an isostatic and tensional explanation of the deep trenches, while Owen (1976, 1983, 1992)
raised doubts about the real amount of the subduction process, proposing an expanding Earth on
which the new crust is created at a rate greater than the rate of destruction by subduction. Many
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others raised doubts on the plate tectonic interpretation of the Wadati-Benioff-zones, and a vari-
ety of solutions have been proposed to overcome the paradoxes of the trench-arc-backarc zones
(Chudinov, 1980, 1998; several different ideas in, among others: Augustithis et al., 1990a,b; Chat-
terjee and Hotton, 1992; Scalera, 1998; Yano, 1998; Maslov, 2002; Choi, 2003; Scalera and Jacob,
2003), with the main alternatives of variations of the classic permanentism (among them the surge
tectonics by Meyerhoff et al., 1992; and krikogenesis by Wezel, 1981b; and Carey, 1986), and dif-
ferent versions of expansion tectonics (see a number of authors in Scalera and Jacob, 2003). The
need to know more about the properties of the Wadati-Benioff seismofocal zone and its geody-
namic significance has urged the progressive improvement of seismic tomographic techniques,
which have allowed us to get a new and more «focused» image of the crust, lithosphere and man-
tle system. 

While the improvement of several tomographic techniques provided more and more detailed im-
ages of the Earth interior in recent years, people waited for confirmation of plate tectonics. But con-
trary to all expectations, the new deep Earth imaging does not correspond to the predictions of the
dominant theory. The plate tectonics hypothesis requires a huge amount of subducted Pantalassa in
the Pacific (near 13000 km starting from end of Triassic). But the review of large scale seismic to-
mographies shows that the prolongation of the rigid, colder lithospheric slabs under the bottom of the
Wadati-Benioff zones is not clearly recognizable (Fukao et al., 2001). Moreover, the tomographic im-
age of the ‘subducted lithosphere’ often becomes horizontal at the 640 km discontinuity, and else-
where it bends slightly, coming back toward the upper mantle. The self evident mechanical difficul-
ty of this situation puts in doubt the reality of the alleged subduction.

The collection of tomographic images of the upper and lower mantle discussed by Fukao et al.
(2001), shows the lithospheric slab does not reach to the lower mantle bottom (as a whole Pantha-
lassa subduction requires), but bends horizontally at the 640 km discontinuity and finally, after a few
hundreds of kilometres, acquires a gentle upward trend. Classic plate tectonics is currently trying to
build regional models able to explain the new observed upper mantle characteristics, but the pro-
posed downward viscous flow of material, which should interact with the subducted slab to produce
the observed slab’s deformation, is a non-realistic expedient. This crisis of the paradigm urgently
demands a new solution, a new interpretation, or even better, a new theory founded on different as-
sumptions.

Besides this increasingly evident contradiction between plate tectonics expectations and observa-
tions, there are further contradictions, and among them an old unpleasant dichotomy. Plate tectonics
prescribes one group of oceans Atlantic, Indian, Antarctic and Arctic is opening, so the others Pan-
thalassa (now the Pacific), Tethys s.l. (now Mediterranean) must be closing. This follows from the as-
sumption of Pangea, on a globe of radius equal to the present day one. The constancy of the radius
leads to the need for a Panthalassa – on the periphery of Pangea – decreasing in size as the super-
continent breaks up into smaller continental fragments. But the same assumption does not lead di-
rectly to a closing Tethys – in the interior of Pangea – because this follows both from the radius con-
stancy and the assumed Pangea reconstruction. In particular, the slow closing of the Tethys follows
from the choice to join North Eurasia to Greenland and Laurentia, while the possibility to join South
Eurasia to North Africa is rejected – of which contact a number of geologic and palaeontologic clues
all the same exist – a choice founded probably on an inherited ancient cultural basis, among which
the Plato tale of Atlantis have played a hidden role.

Because the Mediterranean region has always had little latitudinal extension on an expanding
Earth, it is possible to identify also the Paleo Tethys and Neo Tethys so called ‘closure’ as Mediter-
ranean phases of opening. These have added to the Proterozoic nuclei the Variscan and Alpine ter-
ranes respectively. These phases and their orogens have to be considered extensional phases (follow-
ing Carey, 1976; and Ollier, 2003), and the added terranes of African provenance (e.g., like the Adri-
atic fragment) should be regarded as fragments left behind by the retreating Africa. I will try in this
paper to provide arguments to support this new interpretation.
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10.2.  SIMPLE ELEMENTS OF MEDITERRANEAN GEOGRAPHY, SEISMOTECTONICS,
VOLCANISM

10.2.1.  Geographical

The extent of the Mediterranean Sea is nearly 3⋅106 km2 with an average depth of 1500 m. But the
large areas in which the depths exceed 3000 m – and occasionally reach 5000 m – make the basin
worthy to be defined as a small ocean. The longitudinal extent from Gibraltar to the Anatolian Penin-
sula is more than 40 geographical degrees. This long basin is divided by the Sicily Channel and Strait
into Eastern and Western Mediterranean. It is separated by narrow straits from Atlantic in the west
and the Black Sea in the east, while only an artificial channel cuts the Sinai towards the Red Sea.

The eastern basin is the oldest one, with a sea-floor age at the Jurassic-Cretaceous boundary and
a Mediterranean Ridge whose origin and role have had different interpretations. Geodetic studies
seem to be in agreement with an active WSW spreading of the Aegean Arc and Western Anatolian
orogen. The shallow Adriatic Sea and the Apulia platform are judged as a former African fragment
reaching Eurasia after the closing of the Tethys, of which the Eastern Mediterranean is interpreted to
be a remnant. The bathymetry of the Ionian Sea suggests a more advanced state of oceanization, and
the Levantine Basin – with its complicated structure, irregular topography and numerous islands and
seamounts, witnesses for an intense tectonic activity during its evolution. 

The western basin is divided into two great depressions, the Tyrrhenian and the Balearic.  The
Tyrrhenian Basin is younger, up to 3500 m deep, with a uneven topography rich in seamounts and
volcanic emissions of many different geochemical signatures  especially in its southern part. The old-
er Balearic Basin (Northern and Southern) includes the Alboran Sea, the Valencia trough and the Lig-
ure-Provençal Basin. 

The Mediterranean Sea Basin is floored by oceanic crust in the Liguro-Provençal Basin, Ionian,
Libian, Levantine, and Tyrrhenian seas. It is floored by large extent of submerged continental crust
in the Adriatic, Aegean and Tunisian seas, and by all the bordering continental margins. This made
its geological structure very complex, and its evolution is not yet fully understood. 

10.2.2.  Seismotectonics

The seismotectonics of the elongated Alpine Mediterranean region, extending from the Azores
Triple Point  to the Red Sea and Anatolia, has been a subject of earlier analysis (Udias, 1982; among
others), and more recent reviews are present in Morelli (web site INGV, 2003) and in the Atlas of
Vannucci et al. (2004). Here only a short summary will be given: see Vannucci et al. for a wider treat-
ment and figures. In the following the interpretation of the geodynamic movements is my own.

In fig. 10.1 the most important faults, basins and mountain belts of the Mediterranean region are
drawn to serve as a reference frame for this paper. The most important tectonic structures are the two
young arcs – Calabrian and Aegean – characterized by a frequent shallow, intermediate and deep (up
to 400 km) seismicity. Spreading is in SE and SW respectively. The North Anatolian Fault allows the
Anatolian Peninsula to move westward; the Jordan system of transform faults allows a southward
drift of the Levantine region; the Azores-Gibraltar strike-slip indicates a westward drift of the African
plate; and finally a plethora of minor fault structures still awaiting a definite geodynamic interpreta-
tion, like the grabens in the Sicily Channel, the Malta extensional scarp, the transform of Kephalonia
and so on. Significant continental extensional regions are represented by the rift system of the Rhine
Graben, Bresse Graben, and some other grabens on the Iberian Peninsula. 

The focal mechanisms are in favour of a right-hand normal-oblique regime in the Atlantic, along
the ridge from Azores towards Gibraltar up to longitude 12°W, and a more complex situation, but
mostly compressional, around the strait (but not on the strait) and up to the Calabrian Arc. Although
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the prevailing compression in the focal mechanisms is generally ascribed to the alleged Africa-Eura-
sia convergence, the compression could arise from the present phase of collapse and lateral spread-
ing of the North African orogenic belts, and to the interaction of the westward component of North
African drift (Henderson, 2001) with the Iberian block. Indeed the earthquakes in the south of the
Iberian Peninsula, on Gibraltar and on the Rif and Maghrebides have focal mechanisms compatible
with this interaction.

Further clear thrust mechanisms can be found in the Calabrian and Sicilian Arc earthquakes. The
deep earthquakes of the Sicily-Calabrian Arc are commonly associated with a Wadati-Benioff Zone
and currently ascribed to the effect of a lithospheric slab in a state of ongoing subduction (Giardini
and Velonà, 1991). But the data could be reinterpreted ascribing to gravity tectonics the crustal earth-
quakes and to an ascending intrusion the deeper ones (Scalera, 1998).

A tensional stress is recognizable in the Apennines from focal mechanisms (Scalera, 1997; Van-
nucci et al., 2004) and from stress data derived from the breakout of perforations (Montone et al.,
1997). Inverse fault solutions can be found only on the most advanced front of Apennines toward the
Adriatic Sea (Lavecchia et al., 2002). 

Similar reinterpretations of the shallow and deep seismicity are possible for the Aegean Arc and
the Anatolia Peninsula. Compressional mechanisms are typical of the outer Aegean Arc (near the
trench), but clear extensional mechanisms are present in the interior of the back-arc basin, on the
Peloponnesus and on Anatolia south of the North Anatolian Fault. Strike slip dextral mechanisms are
typical of the North Anatolian Fault.

To the east, the Red Sea opening is active today, and this extensional process is the prolongation
from the Indian triple point of the spreading of the Indian Ocean mid-oceanic ridge (see the map of
Segoufin et al., 2004). This further supports the idea of a tensional state of stress right across the
Mediterranean from the Indian triple point to the Atlantic triple point, with an associated low rate of
strain because of its antipodal position with respect to the region of maximum sea-floor expansion
rate – namely the Nazca triple point zone.

Fig. 10.1. Geologic and tectonic sketch of the Mediterranean region. 
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10.2.3.  Volcanics

Figure 10.2a,b shows all the Mediterranean Mesozoic ophiolites and Cenozoic volcanics. The pat-
tern reveals a greater volcanic and tectonic activity on the central and eastern parts of the region. The
continental volcanics follow the orogenic regions, but without a strong regular distribution. Ophio-

Fig. 10.2a,b. a) Mesozoic ophiolites and b) Cenozoic volcanics. The data are taken from a figure in Scalera
(1997) (based on the CNR Map of Kinematic Model of Italy; Bigi et al., 1991), from the maps in Smith and
Woodcock (1982), and from Serri et al. (2001). The pattern of the Dinaric and Anatolian ophiolites can be con-
nected in large arched lineaments – see the green dashed lines in a). The problem is open if these large linea-
ments are indicative of a succession of phases of the tectonic activity, and if a time relation exists between the
phases of the Dinarides-Hellenides-Anatolian and the West Mediterranean ones.

a

b
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lites are distributed on recognizable arched lineaments (dotted lines) that run from the Dinarides-Hel-
lenides to the Aegean Arc and to the Anatolian orogen. 

The continuity of these great arcs are in favour of a unitary process that links the current opening
of the Aegean backarc basin to the past and present tectonic activity of the adjacent orogenic zones
(Hellenides, Dinarides, Anatolic). It also favours succession of tectonic activity phases of which the
current external Aegean Trench and the adjacent «Mediterranean ridge» are the present expression.
The same continuity is in strong conflict with the interpretations of the ophiolitic belts as remnants
of large oceans which closed completely, simply because the Aegean backarc basin is in a clear ten-
sional stress state. All of this regular distribution is at odds with the alleged cause of the westward
drift of Anatolia, namely the collision of the Arabian Peninsula against Eurasia. We might wonder if
the Aegean and Western Mediterranean phases of opening are synchronous or in phase opposition. 

10.3.  MEDITERRANEAN CONTRADICTIONS

10.3.1.  Absence of an expanding mid-oceanic ridge 
and related magnetic anomalies

This is the first and main contradiction. If a constant Earth radius is assumed, the Mediterranean
can be considered the last stage of evolution of a wider closing ocean. If it is a successor to Tethys it
should have been a true, large ocean at the end of the Jurassic. All the oceans have today one or more
active mid oceanic ridges connected to those of the other oceans. To be a similar ocean the Mediter-
ranean would require the presence of a Mediterranean ridge surrounded by parallel pairs of
isochronal magnetic anomalies, or clear evidence of their relicts. But no evidence of this exists in the
areas where it should be, namely in connecting the Atlantic and Indian oceans. The sea-floor imme-
diately east of Gibraltar is free of any trace of a ridge or its relicts and the same holds for Betic and
Rif bordering orogens. Moreover a Betic-Alboran seismic tomography vertical section, cutting the
Gibraltar strait and parallel to the African northern coast (in Spakman and Wortel, 2004), shows a sort
of «subduction slab», completely at odds with a spreading ridge relict. This slab is associated with
rifting-associated carbonatites (Mourtada et al., 1997) on the Rif mountains of Morocco. Finally the
Mediterranean area near the Suez channel is flat and lacking any morphologic or volcanic evidence
which could be considered a prolongation of the rifting Red Sea’s tectonics.

We might expect that remnants of sea-floor parallel magnetic anomalies could be detected if they
were present. A detailed magnetic survey of all the Mediterranean and Black Sea basins failed to find
any (Zanolla et al., 1997, 1998). 

10.3.2.  Overestimation of Tethys as a paleontologic barrier

The strong paleontological differences between the Laurasia and Gondwana supercontinents are
presented as strong evidence in favour of a large interposed ocean, the Tethys. Although today this con-
cept is generally accepted, it is often forgotten that the same species separation could be due to a ter-
restrial barrier, and that the most probable candidate is a vast desert extending from the Atlantic to the
Red Sea and further to the east. Considering that the True Polar Wander from 100 Myr up to Recent has
been not more than 15° (Besse and Courtillot, 2002) it is possible that the Sahara has been located ap-
proximately in the same areas and more or less of the same size at least from the Tertiary (Corbet, 1967).

Plotting the deep past with the present (fig. 10.3) it is possible to superimpose the actual distribution
of desert regions in Africa and Eurasia on the northern non-Gondwanic Triassic sites where Glossopteris
fossil flora has been found. It is evident in fig. 10.3 that the areas of ancient mixed floras (Eurasia-Gond-
wana) are located in the same modern regions where desert is absent or only a narrow inefficient sepa-
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ration is present. Namely the mixed fossils are preferentially where today the mixing is more easily pos-
sible. This leads to suppose that a similar pattern of desert areas and vegetation-covered areas was in ex-
istence also in the past and the same non-desert area allowed the observed floras to mix. 

10.3.3.  Rotations

The main problems in the current interpretations of the Mediterranean Sea evolution are the rota-
tions of several fragments from their original positions connected to European mainland toward posi-
tions today in the middle of the Mediterranean. These rotations have driven the fragments to progres-
sively greater distances from their original site. They moved in a direction opposite to that prescribed
by plate tectonics – of Africa moving towards Europe. The Balearic Islands have rotated clockwise by
about 30°, opening the Valencia Trough (extended continental lithosphere) in a few million years. The
same is true for the Sardinia Corsica block and for its Neogene rotation – about 22° in the counter-clock-
wise direction (Speranza, 1999; Gattacceca, 2001, founds an higher value; Speranza et al., 2002) – to-
wards the centre of the Western Mediterranean. The Iberian Peninsula rotated counter-clockwise during
the Cretaceous with the resulting opening of the Gulf of Biscay on the west and the simultaneous set-
ting of the geologic conditions for the Neogene uplift (Ollier, 2003) of the Pyrenean orogen on the east.

Fig. 10.3. The paleontologic separation of Laurasia from Gondwana is generally ascribed to the presence of a
large interposed ocean, the Tethys Sea. But frequent findings of Gondwanian fossils are present in Western Eura-
sia (black stars) which was the alleged region of a wide Tethys Sea, and consequently of efficient paleontological
separation. A more valid explanation of this can be the presence on all the geologic time window of the arid region
today called Sahara. The oscillating presence of this desert has had the same function of paleobiogeographic sepa-
rator with the same area of more easy communication and mixing of southern and northern floras on East Asia. A
logical continuity of this hypothesis is a narrower Tethys with the presence of Cadomian (Late Proterozoic to Ear-
ly Cambrian) Gondwanian fragments in Eurasia and Hercynian age (Middle to Late Paleozoic) Eurasian fragments
in North Africa (see fig. 1 in Scalera et al., 1996). The double arrows indicate the possible ways of paleontologic
communications on East Asia along not-arid regions, and along Arabian and Anatolia regions following narrow wa-
terways like the modern Red Sea that could have open and closed in these regions through geologic time.
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All these rotations are well documented in the paleomagnetic and geologic records (Vially and
Tremolieres, 1966; Scalera et al., 1993, 1996; Vigliotti and Langenheim, 1995).

The southern drift of the continental fragments requires free space toward the south or a southern
subduction zone to consume the new crust created between these fragments and Europe. Plate tec-
tonic explanation hypothesise the roll-back concept.

10.3.4.  Roll-back

The sequence of the opening of the Alboran Sea-Valencia Trough, the Algero Provençal Basin,
and the Tyrrhenian Sea is in favour of a progressive opening of the Western Mediterranean starting
from Upper Jurassic-Lower Cretaceous. To put this opening in accord with the alleged Africa-Europe
convergence of plate tectonics a possible – but unrealistic (see Section 10.3.6) – mechanism of slab
roll-back has been proposed (Faccenna et al., 2001; Gueguen et al., 1998, among others), with a
south-east move away of the lithospheric subduction-knee.

Further complications are created by the opening of the Tyrrhenian Sea (still active today as tes-
tified by the active peri-basin tectonics) (Wezel, 1981a,b, 1982, 1985; Argnani, 2000). It is truly dif-
ficult to accept the shrinking of the Sicily-African platform against Adria while the Tyrrhenian Sea
expands, becoming progressively narrow towards S-E and creating the Calabrian Arc.

Finally, the opening of the Provençal Basin with an opening of nearly 800 km, should mean a sub-
ducted African lithosphere of at least  800 km (if Africa has remained still), but presumably more than
1200 km if African convergence to Eurasia is hypothesized. But no more than 400-500 km of deep Wa-
dati-Benioff region is actually present under the Southern Tyrrhenian crust (Giardini and Velonà, 1991;
Amato and Cimini, 2001) putting in doubt the real nature of the tectonic setting. The connection of a high
velocity body under the Calabrian Arc to the widespread high velocity anomaly in the transition zone re-
vealed by seismic tomographies (Piromallo and Morelli, 2003; Spakman and Wortel, 2004) is a further
mechanical difficulty, as already recognized in the case of the circum-Pacific arcs by Fukao et al. (2001).

The resort to the roll back mechanism should be considered a suspicous solution because it is an
attempt to reconcile the undeniable opening of the Mediterranean basins with the prescriptions of a
global tectonic theory born to explain the phenomena of the large oceanic basins. 

10.3.5.  Messinian evaporites

The Mediterranean is today a closed ocean but – following the accepted paradigm – it was an open
ocean in the geological past (called the Tethys Ocean), and ever more open going back through time
from Recent to Triassic. This paleogeography is at variance with the presence of huge evaporite de-
posits covering practically all the Mediterranean (Cita, 1972, 1982; Berckhemer and Hsü, 1982). De-
position started with the ‘salinity crisis of Messinian’ near 6 Myr ago (fig. 10.4a). 

If we admit that a compression closed all the western and eastern sea connections of the Mediter-
ranean, it makes more sense to expect that this compression is continued and eventually increased up to
Recent, building a more efficient barrier against the waters of the adjacent oceans. After all, a consider-
ation has to be made that if the alleged collision of the Indian continental fragment with Asia built up the
huge orogen we today know – Himalaya and Tibet – an analogous huge orogen should have been built
both in the two eastern and western collision zones in the Messinian. Instead, rifting tectonics in Albo-
ran domain and on Betics are documented up to Lower Miocene, with a N-S extension (Orozco, 1997;
Alonso-Chaves and Rodriguez-Vidal, 1998). It is noteworthy that carbonatites indicating rifting condi-
tion occur immediately south of Gibraltar on the Rif Mountains of Morocco (Mourtada et al., 1997).

Evaporites are indicative of young narrow oceans in their first phases of an ongoing spreading.
The Middle Cretaceous proto-Atlantic evaporites (Aptian, 119-113 Myr) are exemples, with their
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thick (≤ 2000 m) layers deposited along South American and African Atlantic coasts, followed by
younger Albian (113-97 Myr) sediments with open-sea facies (fig. 10.4b). 

The possibility should be investigated that most Mediterranean evaporites could be of the same ori-
gin as the Atlantic ones. The Late Miocene periods of limestone-gypsum-halite deposition alternated
with periods of less severe condition. The Mediterranean evolution can be envisaged as its transition
from a small epicontinental basin – in which the balance between water contributions (precipitation, flu-
vial, juvenile) and evaporation was in favour of contributions – toward a greater dimension of the basin
in which evaporation is predominant on adductions, and finally with the opening of the Gibraltar gate.

In the Tyrrhenian Sea the geometry of the gypsum-anhydrite distribution is not radially symmetri-
cal around the central halitic core. This asymmetry could be due to the progressive opening of the sea
basin toward the east, with stretching and boudinage of the pre-existing basinal crust (Gueguen et al.,
1997), and folding of the perimeter in the direction of the extension (Apennines and Calabrian Arc).

10.3.6.  Impossible directions of subduction

Further perception of a fundamental difficulty come from the plotting together of all the alleged di-
rections of subduction in the Mediterranean and surrounding regions. Too many different synchronous
or non-synchronous subduction fronts are located in a too small region performing incompatible si-
multaneous or consecutive movements. Most controversial are the convergent subductions from dia-
metrically opposite directions. Examples are subduction towards the centre of the Pannonian Basin, and

Fig. 10.4a,b. a) Mediterranean and b) Atlantic evaporites. The Mediterranean Basin is nearly completely covered
with the evaporites, halites, anhydrite and gypsum which were deposited ≈5 Myr ago during the so called Messin-
ian salinity crisis. The saline sediments are also present all along the Apennines, partially covered by the advanc-
ing front of the orogen. This is a proof of the young and nearly synchronous origin of the Apennines. While typi-
cally the halites are deposited in a central core after the first deposited gypsum, the strong asymmetric position of
the Tyrrhenian halite core (limited to a small area near Sardinia) witnesses for a rapid east-south-east spreading of
the Tyrrhenian Sea floor synchronous with a by that time nearly reached stability of the Alboran and Liguro-
Provençal basins. The Atlantic Ocean has also had a deposition of evaporites in the early stages of its opening in
Jurassic. A problem exists if the Mediterranean and Atlantic evaporites are both signs of initial stages of opening,
in contradiction with plate tectonics that prescribes the Mediterranean to be a closing ocean. But if Mediterranean
was closing, it would be very difficult to explain why it was possible that the closing basin overcame the salinity
crisis of the Messinian, and more highly orogenized zones should be expected to close today the Gibraltar Strait.

a b
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the analogous paradoxical situation all around the Southern Apennines and the Calabrian-Sicilian Arc.
The same applies to the Aegean Arc. Finally the Mediterranean’s two most clearly expressed Wadati-
Benioff zones – the Aegean and the Tyrrhenian – suggest divergent subduction directions (Cadet and
Funiciello, 2004) and moreover no expected subduction zone is present between the Calabrian and
Aegean region, to give a spatial longitudinal continuity to the alleged lithospheric consumption process.

In fig. 10.5a (from Ollier, 2003, modified and extended to the whole Mediterranean area) the ar-
rows indicate the proposed subduction directions and in fig. 10.5b a further modification of the Ol-
lier’s original drawing stresses, by the inversion of the arrows’ direction, the new possible interpreta-
tion of the same zones in terms of gravitational spreading, and consequent sliding and folding, start-
ing from an uplifted core region.

How can we account for a subduction front which bends at acute angles both passing from Alps
to Apennines to Sicilian-Calabrian Arc to Atlas belt, and passing from Rif mountain belt to Gibraltar

Fig. 10.5a,b. Incompatible directions of subduction (redrawn and extended to Mediterranean from a figure of
Ollier, 2003). a) Most of the proposed apparent directions of subduction in the Mediterranean area are represent-
ed (red arrows), and what appears evident is the mutual incompatibility of many of them. Especially the ‘sub-
duction zones’ of the Calabrian Arc and of the Aegean Arc – with their well expressed Wadati-Benioff seismofo-
cal zones – are in strong geometrical and kinematical contradiction. b) If the arrows are inverted, a different and
more coherent interpretation of the actual ongoing Mediterranean evolution is possible. Indeed the inverted di-
rections can be interpreted as lateral gravity spreading of uplifted region or post-orogenic gravitative tectonics,
with lateral push of a central spreading core. Incompatibilities among directions of spreading then disappear.

a

b
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to the Betic belt? Starting at the Gibraltar Zone, a west-east dipping high velocity anomaly is present
in the tomographies discussed by Spakman and Wortel (2004). And what to say of the arched sub-
duction front in the Ionian Sea which is near in contact – at a distance of 50 km – with the arched
Aegean subduction front? (see fig. 10.1). The difficulty is greater if it is considered that modern con-
ceptions on the origin of mountains (Ollier, 2002, 2003) assign the age of the uplifts of most current
orogenic belts to post Miocene tectonics. 

10.3.7.  Magma geochemistry and pattern in South Tyrrenian Basin 
and surrounding regions

Further elements for reflection come from the geochemistry of the Tyrrhenian and peri-Tyrrhenian
magmatism. These are parts of a continental and oceanic  type volcanism from the Mesozoic to Present,
having larger expression in the Dinarides, Hellenides, Balkans and on the Anatolian orogen (fig.
10.2a,b). The series of South Tyrrhenian islands Alicudi, Filicudi, Salina, Panarea, Stromboli, is only
the emerged portions of a longer series that continues with the submerged Lametini, Alcyone, Palinuro.
All these units, and others, are characterised by basaltic magmas similar to those of island arcs (IAB),
like the Japanese ones. While one should expect a uniformity in the emission products, the panorama is
instead very complex in various aspects, coexisting in the same restricted region IAB, OIB (ocean is-
land basalt), MORB (mid oceanic ridge basalt) (Serri, 1997; Serri et al., 2001; Trua et al., 2004).

The first contradictory aspect is geometry. The volcanic centres in the South Tyrrhenian Sea (the
IAB-like ones) are not simply an arc but constitute a nearly complete circle (fig. 10.6), and this leads to
the paradox of too many different subduction directions. A circular zone of subduction is impossible.

The second contradiction is the heterogeneity of the magma chemistry around the Tyrrhenian re-
gion (fig. 10.6). Some important examples are the contiguity of Ustica Island, having OIB character,
to the west side of the circle of IAB sources, and to the east side of the Anchise submerged volcanic
unity, having IAB character. Many other heterogeneous sources are located more northerly in the
middle of the basin and over dry land. Indeed the Salina, Lipari, Vulcano IAB islands lineament con-
tinue with the Etna Sicilian volcano having OIB character. 

Earlier, Crisci et al. (1991) and Esperança et al. (1992) suggested the possibility that the geo-
chemical characteristics of the rocks of Lipari and of other near volcanic centres should not be as-
cribed to the IAB group (subduction-linked), but more likely to the ascent of asthenospheric materi-
al and consequent consumption and mixing of the lithosphere and ascending materials in a regime of
rising of the 1000°C isotherm up to the Moho level in a few million years.

More recent analyses of the same regional magmatism (see Bell et al., 2006) reach a substantial-
ly similar conclusion: the IAB, OIB, MORB nomenclature is abandoned in favour of a deep mantle
isotope taxonomy which links the source of the igneous rocks to a plume. Also in this case subduc-
tion is not a required condition.

The presence of carbonatites makes the panorama still more complex. These volcanic products,
typical of the African Rift, have been found in Central Italy and in Southern Italy (Vulture volcanics).
Perhaps more of these rocks should be sought in Sicily, following the recent findings in the Moroc-
co Rif, south of Gibraltar (Mourtada et al., 1997).

More generally, a problem exists today in explaining all the European intraplate volcanism in a con-
sistent frame (Macera et al., 2003). This problem is to explain the ocean island basalt without recycling
subducted products, but simply by a specific mantle source. The concept of a plume source both for in-
traplate continental volcanics and for OIBs is today acceptable, but some interpretative difficulties re-
main. The main one is the need to have a rupture of the postulated down-going slab to allow plume ma-
terial to reach the surface passing through the subducted slab gap (Macera et al., 2003). This is further
evidence that the postulated rising hot material could be a wrong interpretation. In other words, it may
be that there is no need to hypothesize the upflow of mantle through a gap in a subducted slab. The vol-
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canic products could be the results of the final decompression and differentiation of an otherwise denser
rising mantle material with characteristics nearer to the continental geochemical signatures. All this can
be put in analogy – on a smaller scale – with recent results of volcanic tomographies in which the ex-
pected warm zone of the magma chamber was not revealed, and instead a rising of the discontinuities
and of the iso-density lines intrudes under the volcanic cone (Zollo et al., 1996, among others).

10.3.8.  Helium isotopes and other clues

Recent analyses and discussions of the terrestrial gas emissions (Allegre et al., 1983; Sano et al.,
1989; Inguaggiato and Pecoraino, 2000, among others) relate the presence of anomalous high value
of the ratios 3He/4He to deep source of magma, possibly coming from more or less undepleted man-
tle sources in which primordial Helium was trapped. In Southern Italy the values of the ratios 3He/4He
are particularly high on the Eolian volcanic arc, decreasing in a rough exponential law as the distance
increases from the Tyrrhenian centre toward the forearc region. Uranium and Thorium radioactive de-
cay is the commonly accepted cause of low ratios in the forearc regions (fig. 10.6). Other gas ema-
nations like CO2 on continental sites are suggestive of strong crust-lithosphere disturbance (Doglioni
et al., 1996). Vigorous emanations of CO2 – so high to be observed by inhabitants – are associated
with shallow seismicity zone in the Irpinia region (site of the 1980 Irpinia earthquake, M=5.6, and
site of the lower mean recurrence time for events ecceding VIII MCS, T=20.0 yr±12.0 yr; Basili 
et al. 1990). In the same region, in its eastern part, the Mt. Vulture volcano is a source of an anom-
alous high value of 3He/4He ratios. See in fig. 10.6 the sites (green circles) and values of the ratios re-
ported in Sano et al. (1989) and Inguaggiato and Pecoraino (2000). 

The CO2 gaseous emanations of mantle origin in spring waters have been investigated by Chio-
dini et al. (2004) and a map has been compiled for Central-Southern Italy (see the pink area in fig.
10.6). Although the mapped area does not cover Calabria and Sicily, where indications also exist of

Fig. 10.6. The magma types of Southern Tyrrhenian Sea. Green circles represent 3He/ 4He ratios (R/Ratm) from
different authors (Sano et al., 1989; Inguaggiato and Pecoraino, 2000). The pink area is the maximum in the map
of the deep CO2 emission of Central-Southern Italy (Chiodini et al., 2004). All these products witness for a trans-
port of materials from deep Earth interior toward the surface. See the text for the discussion.
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strong emission of CO2, a link has been established between gas emission and release of seismic en-
ergy, whose epicentres are located on the boundary between high and low gas amanation (Chiodini
et al., 2004). Geometrically and tectonically, this result gives support to the analysis of Scalera (1997)
on the relation between seismic energy and volcanic rock emplacement in Italy (see fig. 10.7a-c and
a discussion in an another section of the present paper).

All this is symptomatic of a motion of materials from the deep toward the surface in an opposite di-
rection with respect to the alleged downward transport due to ‘subduction’. The clues are in favour of
an open ‘channel’ of communication – maintained active by a tensional stress – between underlithos-
pheric materials and surface, all along the Wadati-Benioff Zone. A tensional state of the crust has al-
ready been evidenced by seismic profiles all along the northern margin of Sicily (Pepe et al., 2000). The
total panorama is then very different from that expected for a compressional closing oceanic basin.

Fig. 10.7a-c. The number of felt effects VII MCS on Adria Peninsula is plotted in a) and b). The elongated pattern
of seismic energy emission shows two parallel lines (white dotted lines in b) that follow the Apennines. A possible
hypothesis is that the two lines define a long collapse zone of the orogen. Along the Calabrian Arc the double line
vanishes and the region is presently in a younger state of evolution, still far from the future collapse. The transition
zone appears to be the Irpinia. In c) a comparison is shown between the map representing the «LogC - seismic macro-
zonation index» (Favali et al., 1990) – linked to the maximum felt intensity (Boschi et al., 1995) and to seismic en-
ergy – and all the volcanics (black areas) that are reported in «Structural Kinematic Map of Italy» (Bigi et al., 1991),
in «Magnetized Intrasedimentary Bodies» (Cassano et al., 1986), and in Lavecchia and Stoppa (1996, carbonatites,
green stars). The more energetic Apenninic seismicity is confined to the gaps of volcanics, and mainly immediately
west of the orogen front (Scalera, 1997). Recently discovered carbonatites fields (green stars) helps to better define
the anticorrelation between volcanics and earthquakes. A further factor of inhibition of seismicity is the presence of
minima of the Bouguer gravimetric anomaly, which are related to greater crustal thickness or/and to different char-
acteristics of the crust. It is possible to observe high emissions of seismic energy between two volcanic areas – e.g.,
north of Cilento, Southern Italy; on the Apennines near Bologna; on Mugello, north of Florence – that presumably
were once united. This gives an idea about the tectonic transport operated by the earthquakes in several million years.
The position of high energy seismicity between already existing important volcanics distribution and the front of the
orogen can mean that earthquakes are preparatory phases of new future emplacement of volcanics, and then that they
are mainly related to dyke and fluids intrusions (sensu lato) favoured by a general tensional state of the lithosphere
on an expanding Earth.

a b c
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10.3.9.  The problem of the high pressure metamorphism

The existence of High Pressure Metamorphic (HPM) facies in some orogenic belts is considered
the primary evidence in favour of a recycling of continental crust, which is interpreted as subducted
up to 100-200 km and then exhumed after thermal and high pressure metamorphism (Ernst, 1999).
This ‘two-way street’ is not free from complications, because in this case the subducted crust is not
oceanic basaltic crust, but instead it is continental sialic crust. Ernst tries to overcome these difficul-
ties by proposing that only fragments of peninsulas or islands are carried down as these can overcome
the buoyancy force. Ranalli (2000) tries to resolve the problems of the HPM by proposing the de-
lamination of the continental crust from lithosphere. Among Ranalli’s theoretical results there is the
possibility of a plunging of more than 150 km of the continental crust. But the statement that conti-
nent subduction is possible is not supported by the existence today of well expressed continental sub-
duction zones. As a matter of fact, the alleged India-Asia collision zone does not present a plunging
Wadati-Benioff seismofocal region and all that geoscientists venture to guess is a doubling of the Ti-
betan lithosphere. Indeed all the other alleged continental subduction zones are not active today. 

This absence today of the ‘two-way street’ is an element that favours alternative hypotheses. Ob-
viously if sialic material cannot go down, it must come from the deep interior of the Earth. The hy-
pothesis of a more sialic mantle has been proposed by Sánchez-Chela (1990, 2000, 2003), and the
creation of granitic upwelling is explained by the production of granite under the crust by episodic
gradual transformation of ‘densialite’ – a denser sialic upper mantle – in granitic compounds. Another
possibility is that the denser sialic material (perovskite, coesite, ...) comes from below the transition
zone – from a lower mantle richer of silicate. The depletion in siderophile heavy elements of the low-
er mantle – due to ongoing differentiation and migration of iron toward the core – and a ‘channel of
communication’ between mantle and surface maintained by a tensional stress status along the Wadati-
Benioff zones, could be an explanation of the surface observations. 

10.3.10.  From surface to deep clues of rifting on the Adria Peninsula

A preceding paper (Scalera, 1997) presented a digitization of all volcanic rock fragments, main thrust
fronts and fold axes from the «Synthetic Structural Kinematic Map» of Italy (Bigi et al., 1991), as well
as of all intrasedimentary magnetic bodies from the map of Cassano et al. (1986). The two maps com-
plement each other, and the buried magnetized bodies of Cassano et al.’s map fill the gaps of volcanic
rocks of the structural map in various regions of the Italian Peninsula. The best example of this is Tus-
cany. Major gaps can be found along the Northern Apennines, the Central and Southern Apennines and
the Calabrian Arc. A further comparison of the pattern of all volcanic rocks with the map representing
the «LogC - seismic macrozonation index» – linked to seismic energy (Favali et al., 1990) – revealed
that more seismic energy is released in those areas where volcanic rocks are absent or where their con-
tinuity in space is interrupted (fig. 10.7a-c) (Scalera, 1997). Furthermore seismic activity is inhibited in
those areas where minimum values of Bouguer anomalies are recorded (Scalera, 1997). All this seems
to indicate that the seismic and the volcanic activity belong to the same phenomenological root. The map
of CO2 of mantle origin compiled by Chiodini et al. (2004) supports the analysis of Scalera (1997).

The recent discovery of new and unexpected carbonatites in Italy (Lavecchia and Stoppa, 1996;
Stoppa and Woolley, 1997; Lavecchia et al., 2002) has completed the zonation of volcanics in Cen-
tral Italy (Scalera, 1997), allowing a better fit between high seismic energy emission and the eastern
boundary of the Plio-Quaternary volcanic region on the Apennines.

The available macroseismic data of Italy (essentially the isoseismal maps) were used (Boschi et al.,
1995) to produce both the Map of Maximum Felt Effects in Italy and the couple of maps of the Num-
ber of VII and VIII MCS degree felt effects in Italy. While the Map of the Number of VIII MCS pro-
vides an immediate perception of the areas most frequently shocked to a very dangerous level of dam-
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age, the Map of the Number of VII MCS could have an interest as a tectonic index. On this last map,
the maximum occurrence of VII degree MCS areas is distributed along the Apennines belt on two par-
allel narrow lines  which are perceptible from Northern to Southern Apennines (fig. 10.7a,b). Most of
the six degree seismicity is contained between these tracks. 

A possible interpretation of this rail-like pattern of the seven degree seismicity is that these two
parallel lines could represent a boundary of an inner zone – a narrow summital belt – that is moving,
collapsing, with respect to the region external to the two lines. Other clues seem in favour of this in-
terpretation. The focal mechanisms of the stronger earthquakes on peninsular Italy are indicative of
normal faults on the axis of the orogen, and of compressive stress on the Adriatic front, on the East-
ern Apennines slope. Few strong earthquakes are expressed on the volcanic zone on the Western
slope. The same indication of a tensional state of the central summital belt of Apennines comes from
the analysis of in situ stress data, the borehole breakouts in deep wells (Montone et al., 1997). A fur-
ther detailed seismo-geodetic investigation of the recent Colfiorito earthquakes (1997-1998, M>5)
has revealed that the succession of distensional main shocks of the sequence has produced a subsi-
dence of the epicentral region of several centimetres (Salvi et al., 1997). Seismic evidence of along-
chain extensions has been advocated by Milano et al. (2004, 2006).

Two different results are found by seismic tomography depending on the tomographic methodol-
ogy adopted. The first method uses the propagation of Pn, Sn, Lg, crustal and subcrustal waves, to
assess the elastic properties of crust and mantle lid, while the second method uses body waves P and
S to probe deeper than the Moho discontinuity, and virtually all the Earth’s body if the seismic net
has adequate extension.

Using the first method, the Sn and Lg propagation under peninsular Italy and surrounding regions
(Mele et al., 1997) has established inefficient wave transmission in the uppermost mantle beneath the
Apennines, the western margin of the Italian Peninsula and the Southern Tyrrhenian Sea. A former in-
vestigation using Pn waves (Mele et al., 1996) did find a more delimited high-attenuation zone along the
Apennine axis and eastern slope. Same clues from Sn and Lg come from the Southern Calabrian Arc
(Mele et al., 1997) and further evidence for a tensional state of the Messina Straits has been proposed for
a long time (Selli et al., 1978). The complex graben structure and evolution of the region were recognized
(Selli et al., 1978) on the basis of geologic setting of structures, surface faults, and seismologic evidence.
Today all these evidences are confirmed (Valensise and Pantosti, 1992; Pino et al., 2000) and strength-
ened by geodetic measurements. Displacement vectors indicate an eastward component of the displace-
ment of Sicily with respect to Calabrian Arc (D’Agostino and Selvaggi, 2004). 

Using the second method, deeper tomographic images have recently been published for the Ital-
ian region (Cimini, 1999; Di Stefano et al., 1999; Lucente et al., 1999; Amato and Cimini, 2001; Ci-
mini and Gori, 2001; Neri et al., 2002; Montuori, 2004). In a P-wave 3D velocity image (Cimini,
1999) – using teleseismic events – a deep elongated belt of high velocity is evident, starting from un-
der the crust in the Calabrian Arc axis and dipping at high angle, nearly vertical, toward the Tyrrhen-
ian Sea. The plotting of the hypocenters of the deep regional seismicity shows that the pattern of the
Wadati-Benioff focal zone – up to 400 km deep – is not in correspondence with the northern inter-
face between the alleged subducing slab revealed in the tomography and the backarc basin, but it is
in a somewhat correlated position with respect to the central axis of the high-velocity structure. The
same kind of teleseismic waveforms were collected to determine a 3D velocity structure beneath the
Central-Southern Apennines (Cimini and Gori, 2001), and a similar narrow and deep high velocity
structure is found dipping at near 45° towards the basin centre. But no seismicity deeper than 50 km
is present in this region (Di Stefano et al., 1999; Lucente et al., 1999)

It is also evident in the different images, but clearest in the Montuori (2004), that the high veloc-
ity body is spreading at depth, up to 350 km, and this could mean that the higher quality body con-
nects gently with the more extended high velocity anomaly that extends in the transition zone from
450 to 650 km (Piromallo and Morelli, 2003; Spakman and Wortel, 2004) under the whole Northern
Mediterranean region (fig. 10.8 and 10.9). Also evident from this imagery is the real continuity of the
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Fig. 10.8. The seismic tomography (drawn on the basis of the results of Piromallo and Morelli, 2003) reveals a
wide area of anomalous high velocity (grey zones in the stack) trapped in the transition zone under the Mediter-
ranean Basin. The total area of this anomalous zone is nearly equal to the area of the sea basin, 3.0×106 km2.

high velocity from Central Apennines to the Calabrian Arc and further on under Sicily, with an im-
possible acute angle of subduction (the high velocity is elongated NW-SE on Apennines and Nearly
E-W on Sicily). An additional fact is that while the high velocity body is continuous, the same does
not apply to the deep seismicity, which is present only under the Aeolian and Calabrian arcs (up to
400-500 km), and not present under the Apennines (up to 50 km). This different depth of earthquake
foci can be associated with a different degree of evolution of the tectonic process, and the southward
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migration of the tectonic activity, which today produces the uplift and exposure of the crystalline
basement – the Pre-Miocene substratum – of the Calabrian Arc. 

This deep and narrow high-velocity region is interpreted in plate tectonics as the subducting
lithospheric slab, or the overturned mantle-lid bending toward the centre of the Tyrrhenian Basin. The
first of these interpretations produces paradoxes and the second has difficulties that concern the pos-
sibility to detach the lid from the crust and to find a force of sufficient intensity to bend the lid down
as much as 90° against the strength of the mantle below. We have to search for a new interpretation
of this peculiar region.

10.4.  CLUES OF RIFTING FROM GLOBAL CONSIDERATIONS

10.4.1.  Mid oceanic ridges and subduction zone analogies

The theory of plate tectonics has interpreted the global belts of the mid oceanic ridges as the loci
where new basaltic crust is created. In this way the lithospheric fragments grow on their boundaries and
the continental components increase their mutual distances. Because of the assumption of the constan-
cy of the Earth’s radius, the global balance between creation and destruction of the crust is required, and
in some zones – mostly around the Pacific Basin – old crust should be re-absorbed in the mantle. The
subduction zones facing East Asia are parts of typical regions in which a trench, a volcanic arc, a deep
Wadati-Benioff’s seismofocal zone and a backarc basin are associated. But the same associated struc-
tures are not clearly present on the North-Eastern Pacific margins, where the alleged subduction front,
a long mountain belt from Alaska to California Peninsula, prolongs itself toward the equator in the form
of the East Pacific expanding ridge, a structure of completely opposite nature, being extensional and not

Fig. 10.9. A simplified sketch of the non-conventional interpretation of the seismic tomographies imaging (the
sketch has been traced on the basis of the paper of Cimini, 1999; Piromallo and Morelli, 2003; Montuori, 2004; Spak-
man and Wortel, 2004). This interpretation is based on a possible rising of anomalous mantle material (denser/ cold-
er than surrounding material, represented in light grey) trapped in the transition zone under the Mediterranean re-
gion. It is supposed that thermal and volcanic phenomena become increasingly important as the deep material ap-
proach the surface, with decompression, dehydration, differentiation and loss of fluids.
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compressive. This is evidence in favour of an overall extensional nature of the Trench-Arc-Backarc
Zones (TABZ) with compressive phenomena only on the spreading front of the gravitational sliding.

The same problems are present in other regions, and the Mediterranean is another striking example.
Indeed the African Plate is bounded on east, south and west by the Indian, Antarctic and Atlantic ex-
panding ridges, and an uncertain situation is present only on its northern margin. The two branches of ex-
panding ridges coming from the Atlantic to Gibraltar and from the Indian to the Sinai Peninsula seem to
search for a mutual link, but if we trace a line to connect them, we pass through structures which are com-
monly judged compressive ones. The real problem is whether it is physically possible for two expanding
ridges to stop and continue as compressive structures up to their reconnection. This is also an argument
that provides clues on the overall tensional nature of at least two TABZ (Tyrrhenian and Aegean ones). 

10.4.2.  Hydrothermal resources

Other indications of a non-compressive state of the Mediterranean come from global hydrother-
mal manifestations. In a recent map of world geothermal resources (Sommaruga and Zan, 1995) it is
shown that the same kinds of aquifers and hydrothermalism present on the African Rift and Red Sea
coasts are also present on the Anatolian Peninsula, Tyrrhenian Apennines, south of Sardinia, Maghre-
bides, and Betic belt (fig. 10.10). The pattern suggests a single extensional belt, bearing in mind our
ignorance of hydrothermal vents on the bottom of the Mediterranean.

Fig. 10.10. Hydrothermal field clues of a tensional state of the crust. A selection of the hydrothermal field re-
ported in the map of Geothermal Resources (Sommaruga and Zan, 1995) is represented in grey. Only the fields
in ‘high energy areas’ and defined as ‘areas with active or recent extension associated with high volcanic activ-
ity, or with absent or low recent volcanic activity including back arc basin’ have been drawn. The pattern of ten-
sional areas includes not only the African Rift, Iceland, Baikal, and other classical rifting zones, but also Tibet.
The Mediterranean region is the site of many hydrothermal extensional zones and appears as the prolongation
of a wider belt from East Asia to Tibet, Anatolia, Aegean, Adria and Tyrrhenian, Maghrebid and Rif.
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It is surprising that the same hydrothermalism is present also in Asia, from Anatolia-Zagros to
Pakistan, and that it covers the Tibet uplands.

10.5.  DELINEATION OF A NEW FRAMEWORK

10.5.1.  Upduction of mantle material

As described earlier, stress status and direction under the Adria Peninsula are mutually consistent
among different data and methods. Passing from the surface clue of a collapsing narrow belt along
the Apennines bounded by two lines of more frequent VII MCS degree occurrence – supported by
surface seismogeodetic observations (Salvi et al., 1997; Hunstad et al., 2003; they evaluate a spread-
ing of the belt of 2.5-5.0 mm/yr), to the breakouts of wells up to 7 km deep, to the focal mechanisms
of earthquakes up to 20 km, to the lack of a mantle lid beneath the Apennines crust (from Pn, Sn, Lg
analysis), to the presence of carbonatites that are signs of rising of hot mantle material (Lavecchia
and Stoppa, 1996; Bell and Tilton, 2002; Lavecchia et al., 2002) under the crust in a tensional stress
tectonic environment, to the indication of the possibility of narrow rising (fig. 10.11a) – here called
upduction – of deep mantle material (higher density, from body wave tomography), all these facts
converge on the possibility that the Apennines are in a state of nascent rifting. 

Continuing the analysis with the deeper regional tomography under the whole Mediterranean and
bordering zones (Piromallo and Morelli, 2003; Spakman and Wortel, 2004), a wide zone of higher ve-
locity is present under the north of the Mediterranean Basin starting at the depth of 450 km and well
defined up to 650 km – practically the whole transition zone (figs. 10.8 and 10.9). Although many dif-
ferent ad hoc interpretations are possible (Macera et al. 2003; Piromallo and Faccenna, 2004), this is
a confirmation of a first indication of an uprising of the mantle discontinuity already found by Panza
and Scalera (1978) and Scalera et al. (1981a,b) using the dispersion of seismic surface waves. 

In my opinion the higher velocity zones are the images of what is actually acting in building up the
tectono-orogenic phenomena we observe on the surface (fig. 10.11a,b). All this can be interpreted as a
rising of the discontinuities and concomitant intrusion of a mantle wedge between Africa and Europe as
cause or consequence of the Mediterranean opening (fig. 10.12a-c). Isostasy together with extensional
lithospheric strain can drive heavier material toward the surface. This mechanism of upduction can ex-
plain both the elongated and slab-like tomography-revealed structures, and the frequently found vertical
interruptions of their continuity (fig. 10.11b) that have often lead to the interpretation of a torn off and
dropped down inferior part of the slab (see a version of these ideas on Mediterranean scale in Piromal-
lo and Faccenna, 2004). Indeed, depending on the state of temperature and pressure of the rising mate-
rials, it can happen that the same refractive and elastic parameters of the undisturbed surrounding man-
tle could be reached (fig. 10.11b) in a segment of the rising column, resulting in an absence of contrast
in the tomography and in a consequent false interpretation of a breach in the subducting slab.

Quantitatively the opening of the entire Mediterranean Basin needs an emplacement of a volume of a
new mantle material like a volume of a geometric ideal solid of basis 3⋅106 km2 (the Mediterranean sur-
face area) and height of 100 km (approximate lithospheric thickness). This volume of 3⋅108 km3 is less
than the approximate volume of 6⋅108 km3 of the anomalous high velocity transition zone (A=3⋅106 km2 ×
× h=200 km), so it is compatible with this mantle source of uplifted material (fig. 10.12a-c).

The progressive displacement of the arc-trench zone with the opening of the back arc basin could
be interpreted as the progressive emplacement of new differentiated materials, mostly basaltic but with
relics of undifferentiated mantle materials, fragments of granites (wide sense). Some cyclicity in the
upwelling and extensional process could lead to the abandoning of old regions of uprising (along the
Wadati-Benioff Zone) and the activation of a new near parallel region (see the model in Scalera, 1998),
of which an example can be the evolution of the Aegean Arc and of the associated ofiolitic belts. Such
a process could lead to the final emplacement of mid oceanic ridges, whose examples could be the Jean
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de Fuca and Gorda young ridges and the already well expressed East Pacific ridge, terminating in the
California Gulf. A re-evaluation should be made – in a new framework – of the succession of phases
described in the geosyncrinal theory, with its initial phase of rifting.

The possibility of resolving this apparent paradox of surface tensional stress versus deep higher
velocity body, may require a radical change in our ideas about the Earth’s evolution. A possible so-
lution can be the pulsating expansion of the Earth caused by a still unknown physical process.

10.5.2.  Evolving paleogeography

From all the preceding considerations the Mediterranean region could be considered a successive
phase of opening, after the Paleo Tethys and Neo Tethys. Vestiges of ancient long, narrow and shallow
basins are represented by the long belt of evaporites that follows the Eastern Apenninic gravitative thrust
front. Evaporites on land – and overthrust by the Apennines – from the Po Plain to the Calabrian Arc

Fig. 10.11a,b. a) On an expanding Earth, the isostasy drives the exumation of deep mantle material along elon-
gated zone of weakness. If the previously undeformed stratified media [i] has a density function increasing toward
the Earth’s centre, the rising column in [ii] produces a contrast of density (represented as faced − + in [ii]) that the
seismic tomography, represented in [iii], can erroneously interpret in a different way: a cold downgoing slab. b) It
can happen that, in the fourth strata the rising column in [ii], because of difference in decompression or depletion
of fluids, reaches a state in which the resulting elastic parameters produce a null contrast of velocity (represented
as faced 0 0 in [ii]) and consequently the slab-like continuity appears broken in the tomography represented in [iii].
Such a situation can be erroneously interpreted as a detached slab which is dropping toward the deep mantle.

a

b
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are a strong proof of a nearly synchronous uplift of Apennines in less than 5 Myr, and they are evidence
of a substantial rapidity of the tectonic process. Narrow parallel belts of ophiolites (fig. 10.2a,b) on Di-
narides-Hellenides give support to the hypothesis of a migration of the trench-arc with the creation of a
series of very narrow seas and interposed elongated islands and peninsulas, like the situation today in
the Aegean region (the «fingers» of the Peloponnesus and its islands). 

My opinion is that this phenomena of oscillating opening, closure, reopening, with several rapid
uplifts, erosion, spreading of the chain (Ollier, 2003), evaporitic depositions and polarization of the
orogenic processes, is a scenario typical of an ocean in the first stage of its opening, when the oppo-
site coasts are not more than a few hundred kilometres apart. The Mediterranean Sea could represent
an enhanced example of this kind of phenomenon.

Fig. 10.12a-c. In this simplified two-dimensional graphic analysis the effect of an expanding lower mantle on the
upper mantle is depicted. All the different dotted rectangles have the same area in a), b) and c). If a portion of low-
er-mantle material A represented in a), rises to occupy an equal volume in the zone between 460 and 650 km in b),
then an equal volume of upper upper-mantle B should be accommodated under the lithosphere. The result is a
stretching and final opening of the lithosphere, making place to a nascent ocean. The situation is similar to the re-
al observed pattern of the mantle materials under the Mediterranean area, which distribution of high-velocity zones
is compatible with the actual opening of the basin. The real evolution of the process tends to make more evident
the contrast of velocity along what is called «Wadati-Benioff seismofocal zone», and this can be due to a variety of
causes, one of which is the rising of more dense materials in this zone, but a concomitant one can be the dehydra-
tion and depletion of the uprising mantle, a process that is in accord with the observed volcanic phenomena.

a

b

c
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Fig. 10.13a-c. This cartoon represents the paleogeographic evolution of the Mediterranean Basin. a) The Ear-
ly Cretaceous reconstruction (very similar to the Triassic one in Scalera, 2003): North African margin is in con-
tact with all the fragments of the Eurasia-Africa today displaced in the centre of the basin. Sicily is placed at
NW with respect to Calabria. This reconstruction does not exclude the possibility of movements and existence
of shallow and narrow sea basins in Eurasia, as testified by the Alpine orogen and Carpathian Arc. Also very
probable is the partial existence at this time of the Black Sea Basin, bounded to the south by a narrower Anato-
lian region, which region has been enlarged by the evolution and spreading of the Anatolian orogen. b) In the
Eocene the two fragments of Sicily and Calabria are reaching their modern mutual position after the transten-
sional shift along the entire Adriatic and Apulian Plate margin. Only the North Tyrrhenian Basin is open at this
stage. c) The Messinian to recent conversion of the motion of African Plate to a westward slow drift is synchro-
nous to a tensional state of the Apennine belt and to a rapid grown and spread of the orogen over the Messinian
Adriatic evaporites. The bold grey line represents a possible path of the connecting lineament between Indian
and Azores triple points. Not all the segments of this lineament are spreading regions, but also transtensional seg-
ments exist – like Dead Sea, Jordan, Kefalonia, Azores-Gibraltar – which act in analogy to the great oceanic
transform fracture zones.

a

b

c
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The topography of the Mediterranean region, with chains of islands (Balearic, Sardinia-Corsica
block, Aegean Arc islands) and peninsulas (Adria, Hellenic), can be considered typical of this still to-
day immature stage of opening of an ocean basin. The fragments could be regarded as constituting
that series of terrains that, partially reworked and dismembered will be incorporated in the oceanic
floor. They are found today as pieces of continental crust, eventually near the mid-oceanic ridges (see
global map in Wezel, 1986). They present great problems for plate tectonics or fixism (permanen-
tism). The small islands located near the centre of the basin, can be transported very far from their
position by a newborn expanding central ridge, but – at the same time – remaining very near to the
spreading ridge because of an instable position of the ridge’s axis.

The opening of the Mediterranean implies a palaeogeography that at the Jurassic-Cretaceous
boundary saw a contact of the Hercynian terranes with the Gondwana ones (fig. 10.13a). This re-
quirement is more easily respected if the radius of the Earth was smaller in the past – nearly a half
radius size in the Triassic –, and besides the well known rotation of Corsica and Sardinia, also the ter-
ranes unity of Sicily and Calabria (the Calabro-Peloritani unity, of Hercynian age) can be put in con-
tact with continental Europe. 

If Calabria is placed in contact along the Eastern margin of Sicily (namely along the Malta es-
carpment), the path of the progressive displacement of Sicily from the region today occupied by the
Northern Apennines marks the actual shape (and is among the causes of the shape) of the Apennines
Chain (fig. 10.13b,c), and Sicily appears to have transported the Calabrian fragments from its north-
ern provenance (Istria Peninsula has some geological facies of Sicily) toward its actual position (fig.
10.13c), with a left-hand transform movement with respect to Sicily. Along this Apenninic path a
number of ercinic narrow slices is present (see the Geological Map of Italy of Compagnoni and Gal-
luzzo, 2004). This conception is very different from the currently accepted paleogeographical re-
constructions of the Mediterranean, in which a number of Hercynian fragments seem to move inde-
pendently from each other and to converge without a plausible cause to constitute the structure of
some modern delicate and narrow parts of the region (see, e.g., the evolution of the Calabrian-Pelori-
tan Arc in: Vai, 2001, figs. 10.9 and 10.10; Carmignani et al., 2004; Parotto and Praturlon, 2004;
Stampfli and Borel, 2004). The opposite improbable direction of convergence – in the Cimmerian
trip time from south to north – can be seen in the accretion of some South Eurasian regions in the
reconstruction of Meetcalfe (1993) or Lewandowski (2003; see his figs. 3 and 4).

In fig. 10.13a-c The initial positions of Corsica, Sardinia and Calabria are still not well defined.
The more recent data and analyses can only better define a Sardinia-Corsica counter-clockwise ro-
tation of 23° from Lower Miocene (Speranza, 1999; Gattacceca, 2001, founds an higher value; Sper-
anza et al., 2002). If a rift following the axis of Po Plain and Adriatic Sea at the Trias-Jura boundary
is accepted (Zappaterra, 1990), then a slightly more northern position could be assigned to Corsica,
Sardinia and Calabria, with a consequent more coherent history of the North Tyrrhenian Sea open-
ing, and of the Carpathian and Pannonian Basin Triassic and post-Triassic evolution (Vörös et al.,
1990). In the present paper only the more cautious and established position has been assumed. 

10.5.3.  A continuous expanding belt between the Indian 
and Azores triple points?

The natural corollary to all said previously is that a continuous belt of tensional stress should
pass from side to side across the Mediterranean, constituting the connection between the Indian
triple point and the Azores triple point. This problem is formulated in the plate tectonic framework
as the search for the actual northern boundary of the African Plate. I try to identify the line of this
triple points connection knowing that the clues are still insufficient to draw a definite conclusion.
This conclusion is easier near the Gibraltar and Sinai Zone, but more difficult in the Central
Mediterranean.
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The Red Sea expanding ridge can be considered the prolongation of the Central Indian Ocean
Ridge and of the Carlsberg Ridge behind the short interruption on the Owen Fracture Zone (Owen,
1983). Another interruption of the continuity of the expanding ridge is at the southern tip of Arabia
between Aden and Jibuti in a zone in which the influence of the African Rift is important and a new
triple point is nascent. The expanding ridge ends south of Sinai, and no trace of a prolongation of it
is evident on the Mediterranean seafloor.

Considering the global clues of the prolongation of the active orogens (e.g., Alaskan, North Amer-
ican Cordillera, Basin and Range) into oceanic spreading ridges (Gorda, Jean de Fuca, Gulf of Cali-
fornia, East Pacific Ridge), a reasonable way to proceed, in searching for the boundary, could be to
follow the major faults and seismicity zones. The transtensional lineament of the Jordan-Dead Sea
faults system, with its strike-slip left-hand focal mechanisms can be regarded as a continental analo-
gy of the elongated oceanic fracture zones. On this ‘fracture zone’ the NE-SW motion of the African
plate can be accommodated.

The seismicity and the spreading of the Anatolian orogens – two linked processes – together with
the rigth-hand strike-slip mechanisms on the Northern Anatolian faults can constitute the prolongation
of the searched boundary of the enlarging African Plate. The spreading of the Aegean Back Arc Basin
continues the prolongation towards west of the expanding African boundary (hypothesis should be
made of a prevailing of back-arc spreading on the compression along the arc-trench lineament). More
to the west, the Kefalonia Fault – a dextral strike fracture – can be considered analogous to the above
mentioned Jordan-Dead Sea transtensional region, and having the same role in this discussion.

At this point the connection of the Aegean spreading and Kefalonia strike slip movements to the South
Apennines and Calabrian seismicity is unclear. The NW-SE spreading of the Tyrrhenian Arc, and the NE-
SW spreading of the Aegean Arc are virtually in contact (Reston et al., 2002), and the absence of a nar-
row and well defined interposed seismic zone could mean also a diffused Ionian ongoing deformation
whose dissipation can occur in a form of low or silent seismicity especially on the alleged accretionary
prisms. Clues of extensional strain have been recently detected by geodetic methods (GPS analysis)
across Messina Strait (D’Agostino and Selvaggi, 2004), and a rifted margin is present along the Northern
Sicilian margin (Pepe et al., 2000), detected by high resolution seismic transect. Rifting is present in the
Channel of Sicily (Pantelleria and Linosa grabens). All the orogens from the Peloritani mountains (North-
ern Sicily) to Atlas and to Rif can accommodate the prevalent westward component of the North Africa
drift (see also Henderson, 2001). The Azores-Gibraltar fracture zone completes the connection.

There is the possibility that this last segment of the triple-point to triple-point connection could
have migrated through geologic time, passing from the aborted rift of the Biscay bay toward the cur-
rent position. This migration should be regarded as having played a part in the Balearic Islands and
Sardinia-Corsica rotations.

10.6.  CONCLUSIONS

The present paper confirms the uprising of a mantle discontinuity already found by Berry and
Knopoff (1967), Panza and Scalera (1978) and Scalera et al. (1981a,b) using the dispersion of the
seismic surface waves. The rising of lower mantle material can be the cause of the widespread high
velocity anomaly in the transition zone and upduction of the same material along the nearly vertical
slab-like high velocity bodies connecting the transition zone to the shallower mantle zone. 

This rising of the discontinuities and upduction of mantle materials can be interpreted as
cause/consequence of the Mediterranean opening (figs. 10.12a-c and 10.13a-c). The volumes of the
lower mantle materials injected in the transition zone and the volume of the progressively increased
room between Africa and Europe and then filled by upducted material by isostatic process are com-
patible. A direct consequence of the initial contact between Eurasia and Africa – when Atlantic was
closed – is a smaller size of the Earth in the Paleozoic.
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The higher velocity zones – evident from tomographies – are interpreted as the images of what is
currently acting in building up the tectono-orogenic phenomena we observe on the surface. This
means that the direction of the main transport of mass and of different forms of energy (seismic, geo-
chemical, volcanic, hydrothermal, ...) is from below toward the surface.

Because the Mediterranean region has had little latitudinal extension on an expanding Earth, it is
possible to identify also the Paleo Tethys and Neo Tethys alleged ‘closure’ as Mediterranean phases of
opening, which have added to the Proterozoic nuclei the Variscan and Alpine terranes respectively.
These phases and their orogens have to be considered extensional phases (following Carey, 1976; and
Ollier, 2003), and the added terranes of African provenance (such as the Adriatic fragment) should be
regarded as fragments left behind by the retreating African continent. In this sense, it is possible to speak
of the Mediterranean as a slowly nascent ocean, but at the same time as a very old ocean.

More generally, this way of reasoning could be extended to Middle East paleo-tectonics and to
Asia (Scalera, 2001, 2003), constituting a delineation of a new framework.

The main advantages of this framework are the elimination of unpleasant dichotomies:
i) Closing/opening oceans: all the oceans and in particular the Mediterranean are opening.
ii) Compressive/extensional orogenic belts: both mountain belts and mid-oceanic ridges are ex-

tensional processes.
iii) The process of accretion of Southern Eurasia appears as a succession of tensional phases. The

Mediterranean s.l. pulsating opening can be traced up to the Proterozoic. On this prevailing exten-
sional background process are superimposed local and regional compressive strains due mostly to
gravity spreading of uplifted mountains belts.

Indications of convergence of Africa and Europe coming from palemagnetic poles and geodesy
should be considered suspicious, because data and interpretations are obtained adopting a fixed geo-
graphic reference frame, while an evolving reference frame (increasing radius) is needed (see an ex-
planation of these difficulties involved in geodetic measurements in Scalera, 2003, p. 185).

Finally the solution to the paradox of surface tensional stresses versus deep higher velocity bod-
ies, asks for radical transformation of our concept about the Earth’s evolution. A possible solution can
be the pulsating expansion of the Earth, caused by a still unknown physical process.

With no pretence of complete coherence, or generality, my only aim has been to present a more
realistic and less schematic way of considering the Tethys-Mediterranean evolution. 

ACKNOWLEDGEMENTS

Thanks to Cliff Ollier because some discussions with him have made me more and more con-
vinced of the youth spreading nature of the orogens. Cliff Ollier and Giusy Lavecchia have made a
considerable effort of editing, with invaluable suggestions of improvements of the preliminary man-
uscript, of which residual imperfections are all of my responsibility. 

Although the interpretation of their results is entirely personal, an important acknowledgement
must go to all my INGV colleagues working actively on seismic tomographies for the results they are
producing and giving to the scientific community. 

Thanks to Andrea Morelli for making available to me the images of the tomography of the
Mediterranean region on which my figs. 10.9 and 10.10 have been constructed.

REFERENCES

ALLEGRE, C.J., T. STAUDACHER, P. SARDA and M. KURZ (1983): Constraints on the evolution of the
Earth’s mantle from rare gas systematics, Nature, 303, 762-766.

ALONSO-CHAVES, F.M. and J. RODRIGUEZ-VIDAL (1998): Subsidence tectonique et sédimentation syn-



476

Giancarlo Scalera

rift associée au rifting du domaine d’Alboran au Miocène inférieur (Chaîne bétique, Espagne), C.
R. Acad. Sci. Paris, Sciences de la Terre et des Planètes, 326, 51-56.

AMATO, A. and G.B. CIMINI (2001): Deep structure from seismic tomography, in Anatomy of an Oro-
gen – The Apennines and Adjacent Mediterranean Basins, edited by G.B. VAI and I.P. MARTINI,
(Kluwer Academic Publishers, London), 33-45.

ARGNANI, A. (2000): The Southern Tyrrhenian subduction system: recent evolution and neotectonic
implication, Ann. Geofis., 43 (3), 585-607.

AUGUSTITHIS, S.S., V. BELOUSSOV, M.G. BEVIS, K.A.W. CROOK, D. MONOPOLIS, H.G. OWEN, S.K.
RUNKORN, G. SCALERA, W.F. TANNER, S.T. TASSOS, H. TERMIER and U. WALZER (Editors) (1990a):
Criticism on the plate tectonics theory, in Critical Aspects of the Plate Tectonics Theory (Theo-
phrastus Publications, S.A., Athens), vol. I, pp. 435.

AUGUSTITHIS, S.S., V. BELOUSSOV, M.G. BEVIS, K.A.W. CROOK, D. MONOPOLIS, H.G. OWEN, S.K.
RUNKORN, G. SCALERA, W.F. TANNER, S.T. TASSOS, H. TERMIER and U. WALZER (Editors) (1990b):
Alternative theories, in Critical Aspects of the Plate Tectonics Theory (Theophrastus Publications,
S.A., Athens), vol. II, pp. 444.

BASILI, A., P. FAVALI, G. SCALERA and G. SMRIGLIO (1990): An attempt to evaluate seismic hazard in
Central-Southern Italy, Natural Hazard, 3, 31-47.

BELL, K. and G.R. TILTON (2002): Probing the mantle: the story from carbonatites, EOS, Trans. Am.
Geophys. Un., 83 (25), 273-277.

BELL, K., F. CASTORINA, G. ROSATELLI and F. STOPPA (2006): Plume activity, magmatism, and the
geodynamic evolution of the Central Mediterranean, Ann. Geophysics, 49 (suppl. to no. 1), 357-
371 (this volume).

BERCKHEMER, H. and K. HSÜ (Editors) (1982): Alpine-Mediterranean Geodynamics, Geodyn. Ser.
Am. Geophys. Un., vol. 7, pp. 216.

BERRY, M.J. and L. KNOPOFF (1967): Structure of the upper mantle under the Western Mediterranean
Basin, J. Geophys. Res., 72, 3613-3626.

BESSE, J. and V. COURTILLOT (2002): Apparent and true polar wander and the geometry of the geomag-
netic field over the last 200 Myr, J. Geophys. Res., 107 (B11), 2300, doi: 10.1029/2000JB000050. 

BIGI, G., A. CASTELLARIN, R. CATALANO, M. COLI, D. COSENTINO, G.V. DAL PIAZ, F. LENTINI, M.
PAROTTO, E. PATACCA, A. PRATURLON, F. SALVINI, R. SARTORI, P. SCANDONE and G.B. VAI (1991):
Synthetic Structural-Kinematic Map of Italy (CNR, Roma).

BOSCHI, E., P. FAVALI, F. FRUGONI, G. SCALERA and G. SMRIGLIO (1995): Maximum Felt Intensity in
Italy, a Map 1:1500000 (ING and Civil Protection Department, System Cart, Roma).

CADET, J.P. and R. FUNICIELLO (Coordinators) (2004): Geodynamic Map of the Mediterranean. Sheet
1 and 2 (CGMW-ENS-INGV-ROMA3-UNESCO-Université Pierre et Marie Curie, Centre Im-
pression of Commission for the Geological Map of the World, Limoges, France).

CAREY, S.W. (Editor) (1958): Continental drift – A symposium, Proceedings of the Symposium held
in Hobart in March 1956, University of Tasmania, Hobart, pp. 375.

CAREY, S.W. (1976): The Expanding Earth (Elservier, Amsterdam), pp. 488.
CAREY, S.W. (1986): Diapiric Krikogenesis, in The Origin of Arcs, Invited Papers Presented at the In-

ternational Conference, September 22-25, 1986, Urbino, Italy, edited by F.-C. WEZEL, Dev. Geo-
tectonics 21 (Elsevier, Amsterdam, Netherlands), 1-40.

CARMIGNANI, L., P. CONTI, G. CORNAMUSINI and M. MECCHERI (2004): The internal Northern Apen-
nines, the Northern Tyrrhenian Sea and the Sardinia-Corsica Block, in Geology of Italy, edited by
V. CRESCENTI, S. D’OFFIZI, S. MERLINO and L. SACCHI, It. Geol. Soc., Spec. vol., 59-77.

CASSANO, E., R. FICHERA and F. ARISI ROTA (1986): Map of main intrasedimentary magnetic bodies,
in Aeromagnetic Survey AGIP of the «Magnetic Basement Structural Model».

CHATTERJEE, S. and N. HOTTON (Editors) (1992): New Concepts in Global Tectonics (Texas Tech Uni-
versity Press, Lubbock), pp. 450.

CHIODINI, G., C. CARDELLINI, A. AMATO, E. BOSCHI, S. CALIRO, F. FRONDINI and G. VENTURA (2004):



477

The Mediterranean as a slowly nascent ocean

Carbon dioxide Earth degassing and seismogenesis in Central and Southern Italy, Geophys. Res.
Lett., 31, L07615, doi: 10.1029/2004GL019480.

CHOI, D.R. (2003): Deep tectonic zones and structure of the Earth’s interior revealed by seismic to-
mography, Newsl. New Concepts in Global Tectonics, 30 (March 2003), 7-14.

CHUDINOV, Y.V. (1980): Proiskhozhdeniye Al’piyskogo skladchatogo poyasa stochki zreniya gipotezy
rasshireniya Zemli (Origin of the Alpine folding belt from the viewpoint of the Expanding Earth
hypothesis), in Tectonics of the Mediterranean belt, edited by M.V. MURATOV and A.L. YANSHIN

(Nauka Publ., MS), 223-237 (in Russian).
CHUDINOV, Y.V. (1998): Global Eduction Tectonics of the Expanding Earth (VSP BV, The Nether-

lands), pp. 201.
CIMINI, G.B. (1999): P-wave deep velocity structure of the Southern Tyrrhenian subduction zone

from non-linear teleseismic traveltime tomography, Geophys. Res. Lett., 26 (24), 3709-3712.
CIMINI, G.B. and P. GORI (2001): Non-linear P-wave tomography of subducted lithosphere beneath

Central-Southern Apennines (Italy), Geophys. Res. Lett., 22 (23), 4387-4390.
CITA, M.B. (1972): Evoluzione geologica del Mediterraneo, in Annuario della EST 1972 (Mondadori,

Milano), 135-144.
CITA, M.B. (1982): The Messinian salinity crisis in the Mediterranean: a review, in Alpine-Mediter-

ranean Geodynamics, edited by H. BERCKHEMER and K. HSÜ, Geodyn. Ser. Am. Geophys. Un.,
vol. 7, 113-140.

COMPAGNONI, B. and F. GALLUZZO (Supervisors) (2004): Geological Map of Italy – 1:1250000 scale
(APAT-DDS-SGd’I, SELCA, Firenze).

CORBET, G.B. (1967): The influence of tethys on the pattern of distribution of recent mammals, in Aspect
of Tethyan Biogeography, edited by C.G. ADAMS and D.V. AGER, Systematic Assoc. Publ. No. 7, 325-
334.

CRISCI, G.M., R. DE ROSA, S. ESPERANÇA, R. MAZZUOLI and M. SONNINO (1991): Temporal evolution
of a three component system: the island of Lipari (Aeolian Arc, Southern Italy), Bull. Volcanol.,
53, 207-221.

D’AGOSTINO, N. and G. SELVAGGI (2004): Crustal motion along the Eurasia-Nubia Plate boundary in
the Calabrian Arc and Sicily and active extension in the Messina Straits from GPS, J. Geophys.
Res., 109, B11402, doi: 10.1029/2004JB002998.

DI STEFANO, R., C. CHIARABBA, F. LUCENTE and A. AMATO (1999): Crust and uppermost mantle struc-
ture in Italy from the inversion of P-wave arrival times: geodynamic implications, Geophys. J.
Int., 139, 483-498.

DOGLIONI, C., P. HARABAGLIA, G. MARTINELLI, F. MONGELLI and G. ZITO (1996): A geodynamic mod-
el of the Southern Apennines accretionary prism, Terra Nova, 8, 540-547.

ERNST, W.G. (1999): Metamorphism, partial preservation, and exhumation of ultrahigh-pressure
belts, The Island Arc, 8, 125-153.

ESPERANÇA, S., G.M. CRISCI, R. DE ROSA and R. MAZZUOLI (1992): The role of the crust in the mag-
matic evolution of the island of Lipari (Aeolian Islands, Italy), Contrib. Mineral. Petrol., 112,
450-462.

FACCENNA, C., F. FUNICIELLO, D. GIARDINI and P. LUCENTE (2001): Episodic back-arc extension dur-
ing restricted mantle convection in the Central Mediterranean, Earth and Planet. Sci. Lett., 187,
105-116.

FAVALI, P., G. SCALERA, G. SMRIGLIO, F. FRUGONI and L. VINCI (1990): Valutazione dei parametri con-
nessi con lo studio della pericolosità sismica, Mem. Soc. Geol. Ital., 45, 211-221.

FUKAO, Y., S. WIDIYANTORO and M. OBAYASHI (2001): Stagnant slabs in the upper and lower mantle
transition region, Rev. Geophysics, 39 (3), 291-323.

GATTACCECA, J. (2001): Cinématique du bassin Liguro-Provençal entre 30 et 12 Myr – Implications
géodynamiques, Mém. Sci. Terre No. 41 (Ecole des Mines de Paris, Paris), pp. 298.

GIARDINI, D. and M. VELONÀ (1991): The deep seismicity of the Tyrrhenian Sea, Terra Nova, 3, 57-64.



478

Giancarlo Scalera

GUEGUEN E., C. DOGLIONI and M. FERNANDEZ (1997): Lithospheric boudinage in the Western
Mediterranean back-arc basins, Terra Nova, 9 (4), 184-187.

GUEGUEN, E., C. DOGLIONI and M. FERNANDEZ (1998): On the post-25 Myr geodynamic evolution of
the Western Mediterranean, Tectonophysics, 298, 259-269.

HENDERSON, D.M. (2001): New visualizations of global tectonic plate motions and plate boundary in-
teractions, Terra Nova, 13 (1), 70-78.

HILGENBERG, O.C. (1933): Vom wachsenden Erdball (The Expanding Earth), (Giessmann & Bartsch,
Berlin), pp. 56.

HILGENBERG, O.C. (1966): Earth Expansion, deep-sea trenches, and the inclination of the shelf-sea
floors, Neues Jahrb. Geol. Palaeontol. Monatsh., 3, 138-145.

HILGENBERG, O.C. (1974): Geotektonik, neuartig gesehen (Geotectonics, seen in a new way), Geot-
ektonische Forsch., 45 (1-2), pp. 194.

HUNSTAD, I., G. SELVAGGI, N. D’AGOSTINO, P. ENGLAND, P. CLARKE and M. PIEROZZI (2003): Geodet-
ic strain in Peninsular Italy between 1875 and 2001, Geophys. Res. Lett., 30 (4), 1181, doi:
10.1029/2002GL018773.

INGUAGGIATO, S. and G. PECORAINO (2000): Geochemical characterisation of waters and gases of Is-
chia Island (Italy), in Proceedings World Geothermal Congress 2000, May 28-June 10, 2000,
Kyushu-Tohoku, Japan, 2623-2628.

LAVECCHIA, G. and F. STOPPA (1996): The tectonic significance of Italian magmatism: an alternative
view to the popular interpretation, Terra Nova, 8, 435-446.

LAVECCHIA, G., N. CREATI and P. BONCIO (2002): The intramontane ultra-alkaline Province (IUP) of
Italy: a brief review with considerations on the thickness of the underlying lithosphere, in Pro-
ceedings of the Scientific Meeting «Geological and geodynamical evolution of the Apennines»,
February 16-18 2000, Foligno, Italy, edited by M.R. BARCHI, S. CIRILLI and G. MINELLI, Boll. Soc.
Geol. It., 1 (spec. vol.), 87-98.

LEWANDOWSKI, M. (2003): Assembly of Pangea: Combined paleomagnetic and paleoclimatic ap-
proach, in Adv. Geophys., edited by R. DMOWSKA (Elsevier), vol. 46, 199-236.

LUCENTE, P.L., C. CHIARABBA, G.B. CIMINI and D. GIARDINI (1999): Tomographic constraints on the
geodynamic evolution of the Italian region, J. Geophys. Res., 104 (B9), 20307-20327.

MACERA, P., D. GASPERINI, C. PIROMALLO, J. BLICHERT-TOFT, D. BOSCH, A. DEL MORO and S. MAR-
TIN (2003): Geodynamic implications of deep mantle upwelling in the source of Tertiary volcanics
from the Veneto Region (South-Eastern Alps), J. Geodyn., 36, 563-590.

MASLOV, L. (Editor) (2002): Proceedings International Symposium on New Concepts in Global Tec-
tonics, May 2002, La Junta, Colorado (Otero Junior College Press, La Junta), pp. 362.

MEETCALFE, I. (1993): Southeast Asian terranes: Gondwanaland origins and evolution, in Gondwana
Eight, edited by R.H. FINDLAY, R. UNRUG, M.R. BANKS and J.J. VEEVERS (Balkema, Rotterdam),
181-200.

MELE, G., A. ROVELLI, D. SEBER and M. BARAZANGI (1996): Lateral variations of Pn propagation in Italy:
evidence for a high-attenuation zone beneath the Apennines, Geophys. Res. Lett., 23 (7), 709-712.

MELE, G., A. ROVELLI, D. SEBER and M. BARAZANGI (1997): Shear wave attenuation in the lithosphere
beneath Italy and surrounding regions: tectonic implications, J. Geophys. Res., 102 (B6), 11863-
11875.

MEYERHOFF, A.A., I. TANER, A.E.L. MORRIS, B.D. MARTIN, W.B. AGOCS and H.A. MEYERHOFF (1992):
Surge tectonics: a new hypothesis of Earth dynamics, in New concepts in Global Tectonics, edit-
ed by S. CHATTERJEE and N. HOTTON (Texas Tech University Press., Lubbock), 309-409.

MILANO, G., G. VENTURA and R. DI GIOVAMBATTISTA (2004): Seismic evidence of longitudinal ex-
tension in the Southern Apennines Chain (Italy): the 1997-1998 Sannio-Matese seismic sequence,
Geophys. Res. Lett., 29 (20), 65 (1-4), doi: 10.1029/2002GL015782.

MILANO, G., R. DI GIOVAMBATTISTA and G. VENTURA (2006): Seismicity and stress field in the San-
nio-Matese area, Ann. Geophysics, 49 (suppl. to no. 1), 347-356 (this volume).



479

The Mediterranean as a slowly nascent ocean

MONTONE, P., A. AMATO, A. FREPOLI, M.T. MARIUCCI and M. CESARO (1997): Crustal stress regime in
Italy, Ann. Geofis., XL (3), 741-757.

MONTUORI, C. (2004): Caratterizzatione geodinamica del bacino tirrenico meridionale (Geodynamic
characteristics of the South Tyrrhenian Basin), Research post-graduation Thesis (University of
Chieti, Italy, Faculty of Mathematics, Physics and Natural Sciences), pp. 118 (in Italian).

MOURTADA, S., M.J. LE BAS and C. PIN (1997): Pétrogenèse des magnésio-carbonatites du complexe
de Tamazert (Haut Atlas Marocain), C.R. Acad. Sci. Paris, Sciences de la Terre et des Planètes,
325, 559-564.

NERI, G., G. BARBERI, B. ORECCHIO and M. ALOISI (2002): Seismotomography of the crust in the tran-
sition zone between the Southern Tyrrhenian and Sicilian tectonics domains, Geophys. Res. Lett.,
29 (23), 2135, doi: 10.1029/2002GL015557.

OLLIER, C.D. (2002): The structure and origin of mountains: pre-planation and post-planation gravi-
ty structures, in Proceedings of the International Workshop « Large Scale Vertical Movements and
Related Gravitational Processes», 21-26 June 1999, Camerino and Roma, edited by F. DRAMIS,
Camerino University Publ., Spec. Number, Edimond, 147-155.

OLLIER, C.D. (2003): The origin of mountains on an expanding Earth, and other hypotheses, in ‘Why
Expanding Earth? A Book in Honour of Ott Hilgenberg’, Proceedings of the 3rd Lautenthaler
Montanistisches Colloquium, Mining Industry Museum, May 26, 2001, Lautenthal (Germany),
edited by G. SCALERA and K.-H- JACOB (INGV, Roma), 129-160.

OROZCO, M., F.M. ALONSO-CHAVES and F. NIETO (1997): Gravity-induced recumbent folds and low-
angle normal faults in the Alpujarras region (Betic Cordillera, Spain): indications of Miocene ex-
tensional tectonics in the Western Mediterranean, C. R. Acad. Sci. Paris, Sciences de la Terre et
des Planètes, 325, 215-219.

OWEN, H.G. (1976): Continental displacements and expansion of the Earth during the Mesozoic and
Cenozoic, Philos. Trans.  R. Soc. London, Ser. A, 281 (1303), 223-291.

OWEN, H.G. (1983): Atlas of Continental Displacement, 200 Myr to the Present (Cambridge Univer-
sity Press, Cambridge), pp. 159.

OWEN, H.G. (1992): Has the Earth increased in size?, in New Concepts in Global Tectonics, edited
by V.S. CHATTERJEE and N. HOTTON (Texas Tech University Press, Lubbock), 241-257.

PANZA, G.F. and G. SCALERA (1978): Higher Mode Dispersion Measurement, Pure Appl. Geophys.,
116, 1274-1283.

PAROTTO, M. and A. PRATURLON (2004): The Southern Apennine Arc, in Geology of Italy, edited by
V. CRESCENTI, S. D’OFFIZI, S. MERLINO and L. SACCHI, It. Geol. Soc., Spec. vol., 59-77.

PEPE, F., G. BERTOTTI, F. CELLA and E. MARSELLA (2000): Rifted margin formation in the South
Tyrrhenian Sea: a high-resolution seismic profile across the North Sicily passive continental mar-
gin, Tectonics, 19 (2), 241-257.

PINO, N.A., D. GIARDINI and E. BOSCHI (2000): The December 28, 1908, Messina Straits, Southern
Italy, earthquake: waveform modeling of regional seismograms, J. Geophys. Res., 105 (B11),
25473-25492.

PIROMALLO, C. and C. FACCENNA (2004): How deep can we find the traces of the Alpine subduction?,
Geophys. Res. Lett., 31, L06605, doi: 10.1029/2003GL019288.

PIROMALLO, C. and A. MORELLI (2003): P-wave tomography of the mantle under the Alpine-Mediter-
ranean area, J. Geophys. Res., 108 (B2), 2065, doi: 10.1029/2002JB 001757.

RANALLI, G. (2000): Rheology and Subduction of continental lithosphere, in Proceedings of the In-
ternational School Earth and Planetary Sciences: Crust-Mantle Interactions, Siena 2000, edited
by G. RANALLI, C.A. RICCI and V. TROMMSDORFF, 21-40.

RESTON, T.J., J. FRUEHN, R. VON HUENE and IMERSE WORKING GROUP, (2002): The structure and evo-
lution of the Western Mediterranean Ridge, Mar. Geol., 186, 83-110.

SALVI, S., S. STRAMONDO, M. COCCO, M. TESAURO, I. HUNSTAD, M. ANZIDEI, P. BRIOLE, P. BALDI, E.
SANSOSTI, G. FORNARO, R. LANARI, F. DOUMAZ, A. PESCI and A. GALVANI (1997): Modeling co-



480

Giancarlo Scalera

seismic displacements resulting from SAR interferometry and GPS measurements during the
1997 Umbria-Marche seismic sequence, J. Seismol., 4, 479-499. 

SÁNCHEZ CELA, V. (1990): Energy and geochemical-geophysical data as critical aspects of the plate tec-
tonics theory, in Critical Aspects of the Plate Tectonics Theory, edited by AUGUSTITHIS, S.S., V. BE-
LOUSSOV, M.G. BEVIS, K.A.W. CROOK, D. MONOPOLIS, H.G. OWEN, S.K. RUNKORN, G. SCALERA,
W.F. TANNER, S.T. TASSOS, H. TERMIER and U. WALZER (Theophrastus Publications, S.A., Athens),
vol. II, 35-64.

SÁNCHEZ CELA, V. (2000): Densialite – A new upper mantle (Earth Science University of Zaragoza,
Zaragoza), pp. 261.

SÁNCHEZ CELA, V. (2003): The contribution of granitic rocks to crustal growth and Earth expansion,
in ‘Why Expanding Earth? A Book in Honour of Ott Hilgenberg’, Proceedings of the 3rd Laut-
enthaler Montanistisches Colloquium, Mining Industry Museum, May 26, 2001, Lautenthal (Ger-
many), edited by G. SCALERA and K.-H- JACOB (INGV, Roma), 161-180.

SANO, Y., H. WAKITA, F. ITALIANO and M.P. NUCCIO (1989): Helium isotopes and tectonics in South-
ern Italy, Geophys. Res. Lett., 16 (6), 511-514.

SCALERA, G. (1997): The relation among seismic activity, volcanic rock emplacement and Bouguer
anomalies in Italy, Natural Hazards, 15, 165-181.

SCALERA, G. (1998): Paleogeographical reconstructions compatible with Earth dilatation, Ann. Ge-
ofis., 41 (5-6), 819-825.

SCALERA, G. (2001): The Global paleogeographical reconstruction of the Triassic in the Earth’s di-
latation framework and the paleoposition of India, Ann. Geofis., 44 (1), 13-32.

SCALERA, G. (2003): The expanding Earth: a sound idea for the new millennium, in ‘Why Expanding
Earth? A Book in Honour of Ott Hilgenberg’, Proceedings of the 3rd Lautenthaler Montanistis-
ches Colloquium, Mining Industry Museum, May 26, 2001, Lautenthal (Germany), edited by G.
SCALERA and K.-H- JACOB (INGV, Roma), 181-232.

SCALERA, G. and K.-H. JACOB (Editors) (2003): ‘Why Expanding Earth? A Book in Honour of Ott
Hilgenberg’, Proceedings of the 3rd Lautenthaler Montanistisches Colloquium, Mining Industry
Museum, Lautenthal (Germany), May 26, 2001 (INGV, Roma), pp. 465. 

SCALERA, G., G. CALCAGNILE and G.F. PANZA (1981a): On the «400-kilometers» Discontinuity in the
Mediterranean Area, in The Solution of the Inverse Problem in Geophysical Interpretation, edit-
ed by R. CASSINIS (Plenum Publishing Co., NY), 335-339.

SCALERA, G., G. CALCAGNILE and G.F. PANZA (1981b): Lateral variation of the «400-kilometers» dis-
continuity in the Mediterranean Area, Boll. Geofis. Teor. Appl., XXIII, 11-16.

SCALERA, G., P. FAVALI and F. FLORINDO (1993): Use of the paleomagnetic database for geodynamic
studies: some example from the Mediterranean region, in Recent Evolution and Seismicity of the
Mediterranean Region, edited by E. BOSCHI, E. MANTOVANI and A. MORELLI, NATO ASI Series,
Ser. C (Kluwer Academic Publishers, Netherlands), 402, 403-422.

SCALERA, G., P. FAVALI and F. FLORINDO (1996): Palaeomagnetic database: the effect of quality fil-
tering for geodynamic studies, in Palaeomagnetism and Tectonics of the Mediterranean Region,
edited by A. MORRIS and D.H. TARLING, Geol. Soc. London, Spec. Publ., 105, 225-237.

SEGOUFIN, J., M. MUNSCHY, P. BOUYSSE and V. MENDEL (2004): Structural Map of the Indian Ocean
(CGMW-UNESCO-IPEV, CGMW Publisher, Paris).

SELLI, R., P. COLANTONI, A. FABBRI, S. ROSSI, A.M. BORSETTI and P. GALLIGNANI (1978): Marine ge-
ological investigation on the Messina Strait and its approaches, G. Geol., XLII (2), 1-70.

SERRI, G. (1997): Neogene-Quaternary magmatic activity and its geodynamic implications in the
Central Mediterranean region, Ann. Geofis., XL (3), 681-703.

SERRI, G., F. INNOCENTI and P. MANETTI (2001): Magmatism from Mesozoic to Present: petrogenesis,
time-space distribution and geodynamic implications, in Anatomy of an Orogen – The Apennines
and Adjacent Mediterranean Basins, edited by G.B. VAI and I.P. MARTINI (Kluwer Academic Pub-
lishers, London), 77-104.



481

The Mediterranean as a slowly nascent ocean

SMITH, A.G. and N.H. WOODCOCK (1982): Tectonic syntheses of the Alpine-Mediterranean region: a
review, in Alpine-Mediterranean Geodynamics, edited by H. BERCKHEMER and K. HSÜ, Geodyn.
Ser. Am. Geophys. Un., 7, 15-38.

SOMMARUGA, C. and L. ZAN (Compilers) (1995): Geothermal Resources, in Relation to Plate Tec-
tonics – World Exploration and Development. A Map (AQUATER SpA, S. Donato Milanese,
Italy), 3rd edition.

SPAKMAN, W. and R. WORTEL (2004): A tomographic view on Western Mediterranean geodynamics,
in The Transmed Atlas – The Mediterranan Region from Crust to Mantle, edited by W. CAVAZZA,
F.M. ROURE, W. SPAKMAN, G.M. STAMPFLI and P.A. ZIEGLER (Springer, Berlin), 32-52.

SPERANZA, F. (1999): Paleomagnetism and the Corsica-Sardinia rotation: a short review, Boll. Soc.
Geol. It., 118, 537-543.

SPERANZA, F., I.M. VILLA, L. SAGNOTTI, F. FLORINDO, D. COSENTINO, P. CIPOLLARI and M. MATTEI

(2002): Age of the Corsica-Sardinia rotation and Liguro-Provençal Basin spreading: new paleo-
magnetic and Ar/Ar evidence, Tectonophysics, 347, 231-251.

STAMPFLI, G.M. and G. BOREL (2004): The TRANSMED transects in space and time: constraints on
the paleotectonic evolution of the Mediterranean Domain, in The Transmed Atlas – The Mediter-
ranan Region from Crust to Mantle, edited by W. CAVAZZA, F.M. ROURE, W. SPAKMAN, G.M.
STAMPFLI and P.A. ZIEGLER (Springer, Berlin), 53-80.

STOPPA, F. and A.R. WOOLLEY (1997): The Italian carbonatites: field occurrence, petrology and re-
gional significance, Mineral. Petrol., 59, 43-67.

TRUA, T., G. SERRI and P.L. ROSSI (2004): Coexistence of IAB-type and OIB-type magmas in the
Southern Tyrrhenian back-arc basin: evidence from recent seafloor sampling and geodynamic im-
plications, Mem. Descr. Carta Geol. It., XLIV, 83-96.

UDIAS, A. (1982): Seismicity and seismotectonic stress field in the Alpine-Mediterranean region, in
Alpine-Mediterranean Geodynamics, edited by H. BERCKHEMER and K. HSÜ, Geodyn. Ser. Am.
Geophys. Un., vol. 7, 75-82.

VAI, G.B. (2001): Basement and early (pre-Alpine) history, in Anatomy of an Orogen – The Apen-
nines and Adjacent Mediterranean Basins, edited by G.B. VAI and I.P. MARTINI (Kluwer Acade-
mic Publishers, London), 121-150.

VALENSISE, G. and D. PANTOSTI (1992): A 125 Kyr-long geological record of seismic source repeatabili-
ty: the Messina Straits (Southern Italy) and the 1908 earthquake (Ms 71/2), Terra Nova, 4, 472-483.

VANNUCCI, G., S. PONDRELLI, A. ARGNANI, A. MORELLI, P. GASPERINI and E. BOSCHI (2004): An atlas
of Mediterranean seismicity, Ann. Geophysics, 47 (suppl. to no. 1), 247-306.

VIALLY, R. and P. TRÉMOLIÈRES (1996): Geodynamics of the Gulf of Lions: implications for petrole-
um exploration, in Structure and Prospects of Alpine Basins and Forelands, edited by P.A.
ZIEGLER and F. HORVATH, Mem. Mus. Nat. Hist. Nat., Paris, 170, 129-158.

VIGLIOTTI, L. and V.E. LANGENHEIM (1995): When did Sardinia stop rotating? New palaeomagnetic
results, Terra Nova, 7, 424-435.

VÖRÖS, A., F. HORVÁTH and A. GALÁCZ (1990): Triassic evolution of the periadriatic margin in Hun-
gary, Boll. Soc. Geol. It., 109, 73-81.

WEZEL, F.-C. (Editor) (1981a): Sedimentary Basins of Mediterranean Margins (Technoprint, Bolo-
gna), pp. 520.

WEZEL, F.-C. (1981b): The structure of the Calabro-Sicilian Arc: krikogenesis rather than subduction,
in Sedimentary Basins of Mediterranean Margins, edited by F.C. WEZEL (Technoprint, Bologna),
485-487.

WEZEL, F.-C. (1982): The Tyrrhenian Sea: a rifted krikogenic-swell basin, Mem. Soc. Geol. It., 24,
531-568.

WEZEL, F.-C. (1985): Structural features and basin tectonics of the Tyrrhenian Sea, in Geological
Evolution of the Mediterranean Basin, edited by D. J. STANLEY and F.-C. WEZEL (Springer Ver-
lag, New York), 153-194.



482

Giancarlo Scalera

WEZEL., F.-C. (1986): The Pacific island arcs: produced by post-orogenic vertical tectonics?, in The
Origin of Arcs, edited by F.-C. WEZEL (Elsevier, Amsterdam), 529-567.

YANO, T. (Editor) (1998): Proceedings of the International Symposium on New Concepts in Global
Tectonics, November 20-23, 1998, Tsukuba, Japan, pp. 360.

ZANOLLA, C., C. MORELLI and I. MARSON (1997): Magnetic Anomalies of the Mediterranean and
Black Seas, Scale 1:1000000 (Intergovernmental Oceanographic Commission-UNESCO), IBCM
Geol.-Geophys. Ser., 10 sheets.

ZANOLLA, C., C. MORELLI and I. MARSON (1998): The magnetic anomalies of the Mediterranean Sea,
Boll. Geofis. Teor. Appl., 39, 1-36.

ZAPPATERRA, E. (1990): Carbonate paleogeographic sequences of the Periadriatic region, Boll. Soc.
Geol. It., 109, 5-20.

ZOLLO, A., P. GASPARINI, J. VIRIEUX, H. LE MEUR, G. DE NATALE, G. BIELLA, E. BOSCHI, P. CAPUANO,
R. DE FRANCO, P. DELL’AVERSANA, R. DE MATTEIS, I. GUERRA, G. IANNACCONE, L. MIRABILE and
G. VILARDO (1996): Seismic evidence for a low-velocity zone in the upper crust beneath Mount
Vesuvius, Science, 274, 592-594.




