9. Mediterranean geodynamics

It is commonly accepted that the
Mediterranean geology has been shaped by the
interplay between two plates, i.e., Africa and
Europe (fig. 186), and possibly smaller interve-
ning microplates. The Mediterranean was
mainly affected by rifting after the Variscan
orogeny: during the Mesozoic, oceanic Tethys
areas and passive continental margins develo-
ped, where widespread carbonate platforms
grew up. During the late Mesozoic, the
Mediterranean area was rather dominated by
subduction zones (from east to west,
Cimmerian, Dinarides, Alps-Betics), which
inverted the extensional regime, consuming
the previously formed Tethyan oceanic litho-
sphere and the adjacent continental margins.
The composition (i.e., oceanic or continental),
density and thickness of the lithosphere inhe-
rited from the Mesozoic rift controlled the
location, distribution and evolution of the
later subduction zones. The shorter wave-
length of the Mediterranean orogens with
respect to other belts (e.g., Cordillera,
Himalayas) is due to the smaller wavelength of
the lithospheric anisotropies inherited from
the Tethyan rift.

The Mediterranean basin was and still is the
collector of sediments coming from the ero-
sion of the surrounding continents and oro-
gens: the best examples are the Nile and
Rhone deltas. In the past, other deltas deposi-
ted at the bottom of the Mediterranean, and
their rivers were later disconnected or abando-
ned: an example is the Upper Oligocene-
Lower Miocene Numidian Sandstone, which
was supplied from Africa, deposited in the cen-
tral Mediterranean basin, and partly uplifted
by the Apennines accretionary prism. It is
notorious also that during the Messinian eusta-
tic low-stand, the Mediterranean dried several
times, generating the salinity crisis in which
thick sequences of evaporites deposited in the
basin. This episode generated a pulsating loa-
ding oscillation in the Mediterranean, because
the repetitive removal of the water should
have generated significant isostatic rebound in
most of the basin, particularly where it was
deeper as in Ionian, in the Provengal and in the
central Tyrrhenian seas.

The Neogene to present direction of Africa-
Europe relative motion is still under debate.
Most of the reconstructions show directions of
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relative motion spanning between northwest
to northeast. Recent space geodesy data con-
firm this main frame, where Africa has about
5 mm/yr of N-S component of convergence
relative to Europe, but they also show that the
absolute plate motions directions of both
Europe and Africa are northeast oriented and
not north or northwest directed as usually
assumed (see the NASA data base on present
global plate motions,

http://sideshow jpl.nasa.gov:80/mbh/series.html).
The main Cenozoic subductions of the
Mediterranean are the Alps-Betics, the
Apennines-Maghrebides, and the Dinarides-
Hellenides-Taurides (figs. 187 - 193). Closely
related to the Mediterranean geodynamics are

the Carpathians subduction and the Pyrenees.
The Mediterranean orogens show two distinct
signatures similar to those occurring in the
opposite sides of the Pacific Ocean. High mor-
phologic and structural elevation, double ver-
gence, thick crust, involvement of deep crustal
rocks, and shallow foredeeps characterize E-
or NE-directed subduction zones (Alps-Betics,
Dinarides-Hellenides-Taurides). On the other
hand, low morphologic and structural eleva-
tion, single vergence, thin crust, involvement
of shallow rocks, deep foredeep and a widely
developed backarc basin characterize W-direc-
ted  subduction  zones  (Apennines,
Carpathians). This asymmetry can be ascribed
to the "W"-ward drift of the lithosphere relati-

Fig. 186 - NASA-Shuttle view of the central western Mediterranean.
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ve to the mantle with rates of about 49 mm/Yy,
as computed adopting the hotspots reference
frame. All Mediterraean orogens show typical
thrust belt geometries with imbricate fan and
antiformal stack associations of thrusts. The
main difference between orogens and within
the single belts is the variation in depth of the
basal decollement. Deeper it is, higher is the
structural and morphologic elevation of the
related orogen.

Extensional basins have superimposed these
orogenic belts, i.e., in the western side the
Valencia, Provencal, Alboran, Algerian,
Tyrrhenian Basins, and in the eastern side the
Aegean Basin, and to the north the Pannonian
Basin.

The Mediterranean can be divided into the
western, central, and the eastern basins. The
western Mediterranean is younger (mainly <
30 Ma) relative to the central and eastern
Mediterranean areas, which are mainly relics

of the Mesozoic-Cenozoic(?) Tethys.

Positive gravity anomalies occur in deep basins
(e.g., Provengal, Tyrrhenian and Ionian seas)
where the mantle was uplifted by rifting pro-
cesses. Negative gravity anomalies rather
occur along the subduction zones.

A characteristic feature of the western
Mediterranean is the large variation in litho-
spheric and crustal thickness. The lithosphere
has been thinned to less than 60 km in the
basins (50-60 km in the Valencia trough, 40
km in the eastern Alboran sea, and 20-25 km
in the Tyrrhenian) while it is 65-80 km thick
below the continental swells (Corsica-Sardinia
and Balearic Promontory). The crust mimics
these differences with a thickness of 8-15 km
in the basins (Valencia trough, Alboran sea,
Ligurian sea and Tyrrhenian sea) and 20-30 km
underneath the swells (Balearic Promontory
and Corsica-Sardinia), as inferred by seismic
and gravity data. These lateral variations in
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Fig. 187 - Present geodynamic framework. There are four subduction zones with variable active rates in the Mediterranean realm: the
W-directed Apennines-Maghrebides; the W-directed Carpathians; the NE-directed Dinarides-Hellenides-Taurides; the SE-directed Alps.
The Apennines-Maghrebides subduction-related backarc basin of the western Mediterranean stretched and scattered into the segmented
basins most of the Alps-Betics orogen (after CARMINATI & DOGLIONI, 2004).
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thickness and composition are related to the
rifting process that affected the western
Mediterranean, which is a coherent system of
interrelated irregular troughs, mainly V-sha-
ped, which began to develop in the Late
Oligocene-Early Miocene in the westernmost
parts (Alboran, Valencia, Provencal), beco-
ming progressively younger eastward (Eastern
Balearic, Algerian basins), up to the presently
active E-W extension in the Tyrrhenian Sea.
Heat flow data and thermal modelling show
that the maximum heat flow values are
encountered in the basins: 120 mW/m’ in the
eastern Alboran, 90-100 mW/m? in the
Valencia trough, and more than 200 mW/m’
in the Tyrrhenian Sea. All these sub-basins
appear to be genetically linked to the backarc
opening related to the coeval "E"-ward rol-
Iback of the W-directed Apennines-
Maghrebides subduction zone. Extreme stret-

ching generated oceanic crust in the Provengal
(20-15 Ma), Algerian (17-10), Vavilov and
Marsili basins (7-0 Ma). During the 25-10 Ma
time frame, the Corsica-Sardinia block rotated
60° counter clockwise.

In the southern Apennines, the choking of the
subduction zone with the thicker continental
lithosphere of the Apulia Platform slowed the
E-ward migration of the subduction hinge,
whereas in the central and northern
Apennines and in Calabria the subduction is
still active due to the presence in the foreland
of thin continental lithosphere in the Adriatic
Sea, and of Mesozoic(?) oceanic lithosphere in
the Tonian Sea, allowing rollback of the sub-
duction hinge.

The western Mediterranean basins tend to
close both morphologically and structurally
toward the southwest (Alboran Sea) and nor-
theast (Ligurian Sea). The eastward migration
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Fig. 188 - Paleogeodynamics at about 15 Ma. Note the "E"-ward vergence of both Apennines-Maghrebides trench and the backarc
extensional wave. The Liguro-Provencal basin, the Valencia Trough and the North Algerian basin were almost completely opened at
10 Ma. The Dinarides subduction slowed down, due to the presence of the thick Adriatic continental lithosphere to the west, where-
as to the south, the Hellenic subduction was very lively due to the presence in the footwall plate of the Ionian oceanic lithosphere.
The Carpathians migrated E-ward, generating the Pannonian backarc basin, with kinematics similar to the Apennines (after

CARMINATI & DOGLIONI, 2004).
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of the arc associated with the W-directed sub-
duction generated right-lateral transpression
along the entire E-W-trending northern
African belt (Maghrebides) and its Sicilian con-
tinuation, whereas left-lateral transtension has
been described along the same trend in the bac-
karc setting just to the north of the African
margin. An opposite tectonic setting can be
described in the northern margin of the arc.

Subduction retreat generated calkalcaline and
shoshonitic magmatic episodes particularly
located in the western margins of the litho-
spheric boudins, later followed by alkaline-
tholeiitic magmas in the backarc to the west.

Extension partly originated in areas previously
occupied by the Alps-Betics orogen, which
formed since Cretaceous due to an "E"-direc-
ted subduction of Europe and Iberia underne-
ath the Adriatic plate and an hypothetical
Mesomediterranean plate. Once restored

Sardinia to its position prior to rotation,
during the early Cenozoic the Alps were pro-
bably joined with the Betics in a double ver-
gent single belt. The Western Alps, which are
the forebelt of the Alps, were connected to
Alpine Corsica; the Alps continued SW-ward
into the Balearic promontory and Betics. The
retrobelt of the Alps, i.e., the Southern Alps,
were also continuing from northern Italy
toward the SW. In a double vergent orogen,
the forebelt is the frontal part, synthetic to the
subduction, and verging toward the subduc-
ting plate; the retrobelt is the internal part,
antithetic to the subduction, and verging
toward the interior of the overriding plate.

The W-directed Apennines-Maghrebides sub-
duction started along the Alps-Betics retrobelt,
where oceanic and thinned continental litho-
sphere was occurring in the foreland to the
east. In fact the subduction underneath the
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Fig. 189 - Paleogeodynamics at about 30 Ma. The location of the subduction zones is controlled by the Mesozoic paleogeography. The
Alps-Betics formed along the SE-ward dipping subduction of Europe and Iberia underneath the Adriatic and Mesomediterranean pla-
tes. The Apennines developed along the Alps-Betics retrobelt, where oceanic or thinned pre-existing continental lithosphere was present
to the east. Similarly, the Carpathians started to develop along the Dinarides retrobelt (i.e., the Balkans). The fronts of the Alps-Betics
orogen are cross-cut by the Apennines-related subduction backarc extension (after CARMINATI & DOGLIONI, 2004).
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Fig. 190 - Paleogeodynamics at about 45 Ma. The Alps were a continuous belt into the Betics down to the Gibraltar consuming an ocean
located relatively to the west (after CARMINATI & DOGLIONI, 2004).
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Fig. 191 - Main tectonic features of the Mediterranean realm, which has been shaped during the last 45 Ma by a number of subduction
zones and related belts: the double vergent Alps-Betics; the single "E"-vergent Apennines-Maghrebides and the related western
Mediterranean backarc basin; the double vergent Dinarides-Hellenides-Taurides and related Aegean extension; the single "E"-vergent
Carpathians and the related Pannonian backarc basin; the double vergent Pyrenees (after CARMINATI & DOGLIONI, 2004).



MEDITERRANEAN GEODYNAMICS

Apennines-Maghrebides consumed inherited
Tethyan domains. The subduction and the
related arc migrated "E"-ward at speed of 25-30
mm/yr.

The western Late Oligocene-Early Miocene
basins of the Mediterranean nucleated both
within the Betics orogen (e.g., Alboran sea)
and in its foreland (Valencia and Provengal
troughs). At that time the N40°-70° direction
of grabens was oblique to the coexisting N60°-
80°-trending Betics orogen, indicating its
structural independence from the Betics oroge-
ny. Thus, as the extension cross-cuts the oro-
gen and developed also well outside the thrust
belt front, the westernmost basins of the
Mediterranean developed independently from
the Alps-Betics orogen, being rather related to
the innermost early phases of the backarc
extension in the hangingwall of the
Apennines-Maghrebides subduction. In con-
trast with the "E"-ward migrating extensional
basins and following the "E"-ward retreat of
the Apennines subduction, the Betics-Balearic
thrust front was migrating "W"-ward, produ-
cing interference or inversion structures.

The part of the Alps-Betics orogen was located
in the area of the Apennines-Maghrebides bac-
karc basin, it has been disarticulated and spre-
ad-out into the western Mediterranean (e.g.,
the metamorphic slices of Kabylie in N-
Algeria, and Calabria in S-Italy). Alpine type
basement rocks have been dragged in the
Tyrrhenian Sea.

Similarly, boudinage of the pre-existing Alps
and Dinarides orogens occurred in the
Pannonian basin, which is the Oligocene to
Present backarc basin related to the coeval E-
ward retreating, W-directed Carpathians sub-
duction zone. In the Pannonian basin, the
extension isolated boudins of continental
lithosphere previously thickened by the earlier
Dinarides orogen, like the Apuseni Mountains
that separate the Pannonian basin s.s. from the
Transylvanian basin to the east. The western
Mediterranean backarc setting is comparable
with Atlantic and western Pacific backarc
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Fig. 192 - Transmed transect III. Modified after CARMINATI et alii (2004a).
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Fig. 193 - During the last 45 Ma, the evolution of the Mediterranean along the trace shown in the map is the result of three main sub-
duction zones: i.e., the early E-directed Alpine subduction; the Apennines subduction switch along the Alps retrobelt; the Dinarides-
Hellenides subduction. The last two slabs retreated at the expenses of the inherited Tethyan Mesozoic oceanic or thinned continen-
tal lithosphere. In their respective hangingwalls, a few rifts formed as backarc basins, progressively younger toward the subduction
hinges. The slab is steeper underneath the Apennines, possibly due to the W-ward drift of the lithosphere relative to the mantle (after
CARMINATI & DOGLIONI, 2004).
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basins that show similar large-scale lithosphe-
ric boudinage, where parts of earlier orogens
have been scattered in the backarc area, like
the Central America Cordillera relicts that are
dispersed in the Caribbean domain.

The Apennines accretionary prism formed in
sequence at the front of the pre-existing Alpine
retrobelt, and therefore the central western
Apennines contain also the inherited Alpine
orogen of Cretaceous to Miocene age. There
has probably been a temporary coexistence of
the opposite subductions during the Late
Oligocene - Early Miocene. Structural and geo-
physical data support the presence of an

eastward migrating asthenospheric wedge at
the subduction hinge of the retreating Adriatic
plate. The flip of the subduction, from the
Alpine E-directed to the Apennines W-direc-
ted subduction could have been recorded by
the drastic increase of the subsidence rates in
the Apennines foredeep during the Late
Oligocene - Early Miocene. In fact, west-direc-
ted subduction zones such as the Apennines
show foredeep subsidence rates up to 10 times
faster (>1 mm/yr) than to the Alpine forede-
eps. The flip of the subduction could also be
highlighted by the larger involvement of the
crust during the earlier Alpine stages with
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Fig. 194 - Cross-section of the Northern Apennines. The Alps are interpreted as a boudinaged relict stretched in the Tyrrhenian Sea and
western Northern Apennines. The retrobelt of the Alps is considered the prolongation of the Southern Alps. The numbers are interpre-
ted vertical and horizontal velocity rates. It shows how in the same tectonic system different geodynamic mechanisms may concur.
Green and red arrows indicate subsidence and uplift mechanisms respectively. Modified after CARMINATI et alii (2004b).
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respect to the Apennines decollements that
mainly deformed the sedimentary cover and
the phyllitic basement. It has been demonstra-
ted that the load of the Apennines and
Carpathians orogens is not sufficient to gene-
rate the 4-8 km deep Pliocene-Pleistocene fore-
deep basins, and a mantle origin has been pro-
posed as mechanism (slab pull and/or E-ward
mantle flow).

Paradoxically the extension determining most
of the western Mediterranean developed in a
context of relative convergence between
Africa and Europe. However it appears that
the maximum amount of North-South
Africa/Europe relative motion at the Tunisia
longitude was about 135 km in the last 23 Ma,
more than five times slower with respect to
the eastward migration of the Apennines arc
which moved eastward more than 700 km
during the last 23 Ma. Therefore the eastward
migration of the Apennines-Maghrebides arc is
not a consequence of the relative N-S relative
convergence between Africa and Europe, but
it is rather a consequence of the Apennines-
Maghrebides subduction rollback, which was

generated either by slab pull and/or the "E"-
ward mantle flow relative to the lithosphere
detected in the hotspot reference frame.

The development of the western
Mediterranean occurred mainly after the ter-
minal convergence in the Pyrenees at about 20
Ma, which formed due to the collision betwe-
en Europe and the Late Cretaceous-Early
Tertiary counter-clockwise rotating Iberia,
contemporaneously to the opening of the
Biscay Basin.

In northern Africa, south of the Maghrebides
(and related Algerian Tell and Moroccan Riff),
the Atlas mountains represent an intraplate
inversion structure, where extensional (NNE-
trending) and left-lateral (about E-W-trending)
transtensional Mesozoic intercontinental rifts
were later buckled and squeezed by Cenozoic
compression and right-lateral transpression, in
the foreland of the Apennines-Maghrebides
subduction zone. This is also indicated by the
thicker Mesozoic sequences in the Atlas ranges
with respect to the adjacent not deformed
mesetas.



