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recherche français ou étrangers, des laboratoires
publics ou privés.

https://hal.archives-ouvertes.fr
https://hal-insu.archives-ouvertes.fr/insu-01003796


Mantle dynamics in the Mediterranean
Claudio Faccenna1, Thorsten W. Becker2, Ludwig Auer3, Andrea Billi4, Lapo Boschi5, Jean Pierre Brun6,
Fabio A. Capitanio7, Francesca Funiciello1, Ferenc Horvàth8, Laurent Jolivet9, Claudia Piromallo10,
Leigh Royden11, Federico Rossetti1, and Enrico Serpelloni10

1Dip. Scienze, Università Roma TRE, Rome, Italy, 2Department of Earth Sciences, University of Southern California, Los
Angeles, California, USA, 3Eidgenössische Technische Hochschule Zürich, Zürich, Switzerland, 4Consiglio delle Nazionale
Ricerche, IGAG, Rome, Italy, 5ISTEP, UPMC-CNRS, Paris, France, 6Géosciences Rennes, Université de Rennes 1, CNRS, Rennes,
France, 7School of Geosciences, Monash University, Clayton, Victoria, Australia, 8Institute of Geography and Earth
Science, Eötvös University, Budapest, Hungary, 9Univ d’Orléans, ISTO, Orléans, France, 10Istituto Nazionale di Geofisica e
Vulcanologia, Italy, 11Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute Technology, Cambridge,
Massachusetts, USA

Abstract The Mediterranean offers a unique opportunity to study the driving forces of tectonic deformation
within a complex mobile belt. Lithospheric dynamics are affected by slab rollback and collision of two large,
slowly moving plates, forcing fragments of continental and oceanic lithosphere to interact. This paper reviews
the rich and growing set of constraints from geological reconstructions, geodetic data, and crustal and upper
mantle heterogeneity imaged by structural seismology. We proceed to discuss a conceptual and quantitative
framework for the causes of surface deformation. Exploring existing and newly developed tectonic and
numerical geodynamic models, we illustrate the role of mantle convection on surface geology. A coherent
picture emerges which can be outlined by two, almost symmetric, upper mantle convection cells. The
downwellings are found in the center of the Mediterranean and are associated with the descent of the
Tyrrhenian and the Hellenic slabs. During plate convergence, these slabs migrated backward with respect to
the Eurasian upper plate, inducing a return flow of the asthenosphere from the back-arc regions toward the
subduction zones. This flow can be found at large distance from the subduction zones and is at present
expressed in two upwellings beneath Anatolia and eastern Iberia. This convection system provides an
explanation for the general pattern of seismic anisotropy in the Mediterranean, first-order Anatolia, and Adria
microplate kinematics and may contribute to the high elevation of scarcely deformed areas such as Anatolia
and eastern Iberia. More generally, the Mediterranean is an illustration of how upper mantle, small-scale
convection leads to intraplate deformation and complex plate boundary reconfiguration at the westernmost
terminus of the Tethyan collision.

1. Introduction

Squeezed between two converging large plates, the Alpine-Mediterranean mobile belt presents intriguing
tectonic features that have been the focus of decades of geological study. Mountain edifices, narrow
arcuate belts, extensional basins, active volcanoes, violent earthquakes, and tsunamis have given the Mare
Nostrum a distinctive geological fingerprint, attracting the attention of generations of Earth scientists since
the early masterpiece of Argand [1924]. Over the years, the Mediterranean has provided a unique and
manifold geological instance to test, improve, and even challenge the foundations of plate tectonic theory.
Argand [1924], first, and Carey [1955], later, pointed out that the tectonic evolution of the Mediterranean was
characterized by oroclinal bending, that is the process leading to the curvature of an originally linear
collisional zone and defined its relationship to block rotations and opening of back-arc basins, that is the
opening of a basin located to the back of the volcanic arc (e.g., Sardinia-Corsica microblock and opening of
the Liguro-Provençal basin; see Figure 1 for major geological features, respectively). McKenzie [1970, 1972,
1978] presented the first detailed map of active deformation in the Mediterranean region, showing the
importance of extensional and strike-slip tectonics within the overall convergence. These works also first
introduced the “extrusion” or “escape” mechanism, to define the motion of continental material away from
collision zone related to forces due to continental buoyancy. The evolution of the Alpine structure in the
Mediterranean framed within the Africa-Eurasia convergence system was analyzed from the early 1970s [e.g.,
Smith, 1971; Dewey et al., 1975], and Alvarez et al. [1974] recognized that the Alpine chain translated and split
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apart during the back-arc extensional process. Horvath and Berckhemer [1982], and later Dewey et al. [1989],
provided the basis for a more quantitative analysis of the Africa-Eurasia shortening.

The conceptual model of trench rollback was originally applied to the Mediterranean. This mechanism was
first introduced by Dewey [1980] to illustrate the backward/oceanward motion of the trench with respect to
the upper plate. This kinematic analysis was mainly based on the fundamental concept that old oceanic
lithosphere is negatively buoyant, and therefore, it may be pulled downward producing a retrograde motion
[e.g., Elsasser, 1971; Molnar and Atwater, 1978; England and Wortel, 1980] and leading to rollback if the
subduction is larger than the convergence rate. The opening of the Mediterranean Basin as a back-arc or
marginal basin was first suggested in theMediterranean by Boccaletti and Guazzone [1974] for the Apennines,
Le Pichon and Angelier [1981] for the Aegean, and later made clear by Malinverno and Ryan [1986] for the
Apennines-Tyrrhenian system. The analysis of foredeep structure by Royden et al. [1987] and Royden [1993]
quantifies the role of a sublithospheric load to flex the subducting lithosphere, further developing the
concepts of slab pull and of trench rollback, even for the case of continental lithosphere. Another important
step in the quantitative understanding of the role of mantle dynamics in this area comes from the
contributions of the Utrecht University group, summarized in the seminal paper by Wortel and Spakman
[2000], whose core idea consisted in coupling deep tomography with shallow tectonics to better understand
mantle geodynamics. This study introduced the concept that the disruption of lithospheric slab during
subduction can be the cause of differential trench migrations. The Mediterranean, its arcs, and their polarity
provided a test for models considering the role of global mantle flow on subducting slabs and their potential
impact on surface kinematics [Doglioni et al., 1999]. Far from being complete, this short overview highlights
the relevance of the Mediterranean as a natural laboratory and source of inspiration for understanding
global geodynamic processes.

Our aim here is to discuss the role of mantle convection on the tectonics of the Mediterranean and, more
generally, how and if the deep mantle processes may be expressed on the surface.

The paper is divided in two parts to separate data from models. In the first part, we provide a summary of
the present-day to recent deformation from geology and geodesy (section 2), review the crustal (section 3)
and mantle structure (section 4), illustrate the tectonic evolution of the region over the last 30 Ma (section 5),
and end by pointing out outstanding questions (section 6). In the second part, we discuss the role of
mantle convection in Mediterranean deformation. This includes a discussion of the consistency between
tomography and tectonics models (section 7), and a reconstruction of the subduction history and related
models (section 8). We then explore the results of mantle convection models, to understand if and how

Figure 1. Plate tectonic setting of the Mediterranean.
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mantle dynamics may explain the motion of Adria, Anatolia, and Aegeanmicroplates (section 9), the patterns
of seismic anisotropy (section 10), and the role of the mantle on shaping the topography features of
the Mediterranean (section 11). We end by presenting the most likely scenario for the present-day pattern
of mantle circulation.

The study area extends to the Middle East and the Pannonia-Carpathian systems (Figure 1); the latter is
considered more for its tectonic affinity rather than geographical pertinence. We do not investigate the Alpine
evolution of the region; we will rather concentrate on the formation of the most recent tectonic features,
however, without disregarding the structural grain inherited from the collisional history of the Mediterranean.
We will also address briefly the volcanological-geochemical aspects of the region but refer the reader to more
detailed works on this topic [e.g., Carminati et al., 2012; Lustrino and Wilson, 2007, and references therein].
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Figure 2. Tectonic, seismic, and geodetic indicators of lithospheric deformation. (a) Large-scale topography and active fault zones within the study region.
Quaternary to active faults from Barrier et al. [2004] are represented as solid red lines where well located, and by dashed lines where approximately located or
inferred. Fault are distinguished between reverse (barbs on the upper side), strike slip (arrows along fault indicate direction of lateral movement), and normal (ticks on
downthrown side). (b) Seismicity color-coded by hypocentral depth (International Seismological Centre catalog, magnitude range> 4).
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2. Present-Day to Recent Deformation
2.1. Crustal and Deep Seismicity

Active tectonics and seismicity in the Mediterranean is diffuse over vast areas and elongated belts (Figure 2).
Seismicity is characterized by the occurrence of frequent low-to-moderate magnitude events and
occasionally large (>7) magnitude earthquakes [e.g., McKenzie, 1972; Jackson and McKenzie, 1988; Vannucci
et al., 2004; Guidoboni et al., 2007; Serpelloni et al., 2007; Brandmayr et al., 2010; Godey et al., 2013]. As
illustrated in Figure 2, seismicity mainly localizes along the plates and microplates boundaries (i.e.,
Nubia, Eurasia, Adria, Arabia, and Anatolia). Shallow earthquake occurrence is widespread in the whole
Mediterranean (Figure 2b), whereas deep and intermediate-depth events mainly cluster below the Hellenic
Arc (depth≤ 180 km), Cyprus Arc (depth≤ 130 km), Calabrian Arc (depth≤ 500 km), Betic-Rif (depth≤ 160 km
and a few isolated events at ~600 km depth), and eastern Carpathians (depth≤ 220 km). Deeper seismicity is
limited, mostly confined beneath the inner portion of the orogenic arcs. The deepest seismic zone is
found beneath the Calabrian Arc, where a 70°-dipping Wadati-Benioff zone is found from 50 down to 450 km
[e.g., Gutenberg and Richter, 1954; Peterschmitt, 1956; Isacks and Molnar, 1971; Giardini and Velona, 1991;
Selvaggi and Chiarabba, 1995].

The map of instrumental seismicity of the Mediterranean and adjacent areas well illuminates the shallow
seismicity zones where most elastic energy is released mainly through low-to-intermediate magnitude
earthquakes (Figure 2b). We will briefly illustrate the style of active and seismic deformation from west to
east. The Moroccan and Algerian coastal areas along the Mediterranean Sea display seismicity on faults
accommodating, with compressional and strike-slip mechanisms, the oblique convergence between Africa
and Eurasia (Figures 3a and 4a). This deformation belt extends to the east to northern Sicily and is localized
along the southernmargin of the Alboran, Algerian, and Tyrrhenian Sea [Goes et al., 2004;Dévèrchere et al., 2005;
Stich et al., 2006, Billi et al., 2007; Mauffret, 2007; Serpelloni et al., 2007; Doglioni et al., 2012]. The onset of this
compressional belt produced the tectonic “inversion” of the basin margins, from extension to compression,
and propagated eastward from the Alboran (~8 Ma) to the Tyrrhenian margin (younger than ~2 Ma), following
the progressive cessation of northward subduction of the African Plate [Billi et al., 2011] (see also section 5).
Among other important recent and historical events here, the 2004, Mw 6.3, Al Hoceima (Morocco), the 1980,
Mw 7.1, El Asnam, and the 2003, Mw 6.9, Boumerdès (Algeria) earthquakes [Meghraoui et al., 2004; Stich et al.,
2005] are representative of the active tectonics in this sector of the Mediterranean. Active compressional
structures are also described on the Ligurian margin and in southern France (Provence), where earthquake
occurrence indicates that active compression occurs along south-verging thrusts. The 1909, Ms 6.2, Provençe
earthquake represents the strongest latest thrust reactivation [Chardon and Bellier, 2003].

Active tectonics in the Italian Peninsula is heterogeneous (Figures 2–4). The south-Tyrrhenian compressional
domain terminates in northeast Sicily [Pondrelli et al., 2004; Billi et al., 2007; Serpelloni et al., 2010], as the
Tyrrhenian side of the Calabrian Arc and central-southern Apennines is dominated by extension (Figure 4)
[Montone et al., 2004; Serpelloni et al., 2007; D’Agostino et al., 2011; Presti et al., 2013]. In the Calabrian Arc and
eastern Sicily, southern Italy, several strong earthquakes rupturing normal faults under NE-SW extension
(Figure 3a) have repeatedly caused damage and casualties in historical and recent times. Among the most
destructive ones, the 1908, Mw 7.1, Messina Straits and the 1693, Mw 7.4, Hyblean earthquakes [Valensise and
Pantosti, 1992; Bianca et al., 1999] were both followed by strong tsunamis in the Ionian Sea [Billi et al., 2008,
2010]. The central and southern Apennines (Italy) are sites of numerous earthquakes rupturing along NW-SE
striking normal faults up toMw 7, including, for instance, the 1857,Mw 7, Agri Valley, the 1915,Mw 7, Avezzano,
and the 1980,Mw 6.9, Irpinia destructive events. The eastern boundary of the Adria microplate (Figures 1 and
2) is surrounded by active compression. Active compression normal to fold-thrust belts is found along the
northern Apennines [Bennett et al., 2012], in the eastern Alps [Bennett et al., 2012; D’Agostino et al., 2005], and
on the eastern side of the Adriatic Sea, along the Dinarides-Albanides orogenic system. Two destructive
earthquakes of Mw ~7.1 and ~7.3 occurred in 1348 in Karinthia and Friuli (Austrian and Italian Alps,

Figure 3. Geodetic velocities. We show horizontal velocities, with 68% error ellipses, given with respect to (a) the Eurasian and (b) the Nubian Plate. Red and orange
arrows show velocities from Serpelloni et al. [2013] and published solutions, respectively (see text for references). Grey tick arrows show Nubia-Eurasia plate
motions, form the relative Nubia-Eurasia Euler pole and black arrows are long-term plate velocities fromMORVEL [DeMets et al., 2010] (both in Eurasia-fixed reference
frame); (c) vertical velocities of continuous GPS sites from Serpelloni et al. [2013], the color scale is saturated at ±3 mm/yr. Positive (red) and negative (blue) values
show uplift and subsidence, respectively.
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respectively) are representative of active seismicity rupturing active thrust with NS bearing compression
(Figure 4a). The Dalmatian coastline of the Dinarides shows high seismicity rates with events ofmagnitude up to
6 along NW-SE striking thrust faults. Energy release increases toward the southeast, and a Mw=7.2 event
was recorded in 1979 in Montenegro [Kuk et al., 2000]. To the south, along the active subduction of the Ionian
Sea beneath Calabria (Figures 2 and 3), compression [Minelli and Faccenna, 2010; Polonia et al., 2013] is also
active but is not associated to a significant seismic moment release, likely because of low “coupling” at the
subduction interface [Serpelloni et al., 2010].

Recent and active tectonics of the eastern Mediterranean is likewise complex and characterized by some of
the world’s most intense seismicity. The eastern Mediterranean has been recently and historically struck by
strong to very strong earthquakes on the seismically capable faults in the Hellenic Arc, Cyprus Arc, North
Anatolian and East Anatolian Faults, and Dead Sea Transform Fault. A few events of these historical
earthquakes reached Mw 7, such as the 1170, Mw 7.7, Syria-Lebanon and the 1202, Mw 7.6, Lebanon
earthquakes [Guidoboni et al., 2007], and rarely Mw 8, such as the 1068, Mw 8.1, Elat (Israel), and the 365
and 1303, Mw≥ 8, Crete earthquakes.

The North Anatolian Fault and the Dead SeaTransform Fault are among themost seismically active faults of all the
Mediterranean region and adjacent areas. Global Position System (GPS)measurements give a rate of 24±1mm/yr
of right-lateral slip along the North Anatolian Fault and a less well-constrained rate of ~10mm/yr of left-lateral slip
on the East Anatolian Fault [Barka and Reilinger, 1997; Reilinger and McClusky, 2011; Kurt et al., 2013] (Figure 3a).
Geological estimates for the North Anatolian arrive at slightly lower rates (for a summary, seeMolnar and Dayem
[2010];Hubert-Ferrari et al. [2002]: between 12.5mm/yr and 23mm/yr; Kozacı et al. [2007]: 20.5±5.5mm/yr; Kozacı
et al. [2009]: 18.6+3.5�3.3 mm/yr; and Pucci et al. [2008]: 15.0±3.2 mm/yr on a separate splay). Recent and active
tectonics of the easternMediterranean is likewise complex and characterized by some of theworld’smost intense
seismicity. The North Anatolian Fault generated several large earthquakes such as the 1999, Mw 7.4, Izmit
event. The Holocene slip rate determined throughmarine studies and 14C dating (~10 mm/yr) is smaller than the
GPS-determined rate [Polonia et al., 2004]. The Dead Sea Transform Fault in the Middle East is a major left-lateral
strike-slip fault [Garfunkel, 1981] accommodating ~1 to 5 mm/yr of slip rate, depending on the fault segment
[McClusky et al., 2003;Westaway, 2003, 2004; Karabacak et al., 2010]. GPS data give sinistral motion at rate between
3 and 5 mm/yr [Wdowinsky et al., 2004; Gomez et al., 2007; Le Beon et al., 2008; Reilinger et al., 2006, Molnar and
Dayem, 2010]. This fault system has a long history of strong and often destructive historical earthquakes. As
the Middle East has been inhabited for millennia, archeological evidences of historical earthquakes are numerous
[e.g., Meghraoui et al., 2003]. Cities such as Jericho, the oldest city in the world, were repeatedly hit and severely
damaged by strong earthquakes [Ben-Avraham et al., 2005]. Khair et al. [2000] compiled a seismic catalog of
historical earthquakes with estimated magnitude (Ms andMl) larger than 5.0 along the Dead Sea Transform Fault.
This catalog includes 82 earthquakes between 2150 B.C. and 1997 A.D. During the last millennium, the strongest
earthquakes (Ms 7.4–7.5) occurred in 1822, 1759, 1201, and 1170. The August 1822 event, in particular, destroyed
60% of Aleppo and was felt in all of the Middle East.

2.2. Geodesy and Kinematics

Starting in the early 1990s, the increasing number of Global Positioning System measurements in the
Euro-Mediterranean region has provided denser and more accurate surface velocity fields. It is now possible
to image crustal deformation and, in well-sampled regions, resolve slip rates on major faults. A review of
the kinematics revealed by two decades of GPS measurements from campaign acquisitions across the
Mediterranean area has been recently presented in Nocquet [2012].

Here we combine a new three-dimensional geodetic velocity solution [Serpelloni et al., 2013], obtained from
the analysis of more than 800 continuous GPS (cGPS) stations, with velocities published in the recent
literature, aiming to fill some of the gaps in the heterogeneous distribution of cGPS sites around the

Figure 4. (a) Interpolated GPS velocities (orange vectors, a smoothed representation of data in Figure 3a, obtained by first averaging velocities weighted by their
uncertainties on a 1° × 1° grid, and then using spline-in-tension interpolation [Smith and Wessel, 1990]), NNR-MORVEL56 [Argus et al., 2011] long-term plate velocities
(gray vectors, both in Eurasia-fixed reference frame), and Kostrov summed Harvard/gCMT moment tensor solutions (depth< 75 km), colored by their mean
horizontal strain, and normalized by the tensor norm. (b) Horizontal strain rate field inferred from the interpolated geodetic velocities shown as moment tensors,
where blue, red, and green indicate extensional, compressional, and strike-slip types of deformation state. (c) Same plot as in Figure 4b but allowing for rigid pla-
te motions within the Nubia Plate away from where there is GPS data, minimum distance for infill is 150 km.
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Mediterranean area. In particular, we used velocities from Reilinger et al. [2006], Le Beon et al. [2008], Alchalbi
et al. [2010], and Floyd et al. [2010] for the eastern Mediterranean and Middle East, from Burchfiel et al. [2006]
and Bennett et al. [2008] for the Balkans, and from Serpelloni et al. [2007] and Koulali et al. [2011] for northern
Africa and the western Mediterranean. The published velocities considered are originally defined in different
realization of the stable Eurasian Plate and can be aligned to a common reference frame by estimating the six
parameters (three rotations and three translations) of a Helmert transformation using stations that are in
common between the different solutions and a reference solution. We first estimate the absolute Eurasian
pole of rotation starting from Serpelloni et al. [2013] horizontal velocities, defined in the International Global
Navigation Satellite Systems Service (IGS) realization of the International Terrestrial Reference Frame 2008
[Altamimi et al., 2011; Rebischung et al., 2011], which is located at 97.9°E/55.6°N, and rotates at angular velocity
of 0.261°/Myr, and then align the published solutions to this Eurasian-fixed reference frame. We also show the
combined velocity field in a Nubia-fixed reference frame, defined by a rotation pole, estimated from Serpelloni
et al. [2013] absolute velocities, and located at 79.9°E/49.6°N, rotating at angular velocity of 0.270°/Ma with
respect to IGS08.

Although geodetic solutions show some differences in the definition of the instantaneous Nubia/Eurasia
relative rotation pole (see Serpelloni et al. [2007] and Nocquet [2012] for a summary), most of the recent
studies [e.g., Serpelloni et al., 2010; D’Agostino et al., 2011; Reilinger and McClusky, 2011; Altamimi et al., 2012;
Saria et al., 2013] agree as to a pole of rotation located offshore west of Africa (25 ± 5°W, 5 ± 5°S) with an
angular velocity of ~ 0.06°/Myr. Such a pole predicts a convergence rate of ~5.5 mm/yr in a N25 ± 5°W
azimuth at the longitude of Cyprus, with its magnitude westward slowly decreasing toward the west as
directions swing from nearly north-south to northwest-southeast, changing to pure right-lateral strike-slip
motion along the Gloria fault in the Atlantic and predicted NE-SW extension along the Terceira ridge, near the
Azores triple junction. These trends are in general agreement with seismotectonic observations [Vannucci
et al., 2004; Serpelloni et al., 2007], although the Arabia/Eurasia relative motion remains still debated [Vernant
et al., 2004; Vigny et al., 2006; Reilinger et al., 2006; Reilinger and McClusky, 2011].

Figures 3a and 3b show horizontal velocities with respect to the Eurasian and Nubian plates, which
delineate how the relative motions between the three major tectonic plates, Nubia, Eurasia, and Arabia, are
accommodated within the Mediterranean and the surrounding Alpine belts. This figure highlights how domains
of deformation are notably independent from the motion of the major tectonic plates. The most spectacular
aspect of the GPS velocity field is in the eastern Mediterranean, where the zone of interaction of the Arabian and
Eurasian plates indicates the counterclockwise rotations of a broad area of the Earth’s surface including the
Arabian Plate, adjacent parts of the Zagros and central Iran, Turkey, and the Aegean/Peloponnesus relative to
Eurasia at rates in the range of 20–30 mm/yr [Reilinger et al., 2006; Hollenstein et al., 2008; Floyd et al., 2010;
Le Pichon and Kreemer, 2010]. Rates increase toward the Hellenic Trench system. There, the Nubian lithosphere
subducts beneath the continental lithosphere of the Aegean at a velocity close to 4 cm/yr, which contrasts with
the slow (~6 mm/year) Nubia/Eurasia convergence rate. At the eastern end of this region, focused deformation
occurs along well-defined and narrow (approximately few tens of kilometer) boundaries (the Dead Sea fault
system, the East and North Anatolia Fault, and the Gulf of Corinth) and wider areas (western Turkey, and to a less
extent the Aegean). Localized deformation appears clearer in the velocity field with respect to Nubia (Figure 3b).
The increase of velocities toward the Hellenic Trench is westward, from Anatolia to the Aegean, and directed
northward, reaching as far north as the southeastern Carpathians and Balkans mountains.

The second striking feature of the GPS velocity field is the abrupt decrease in the motion rates west of 20°E.
In the central and western Mediterranean, velocities with respect to Eurasia are of the order of few
millimeter per year, and show two patterns, the first spanning from northern Africa and Sicily, where sites
move NW-ward at few mm/yr, and the second located in the circum-Adriatic area, where sites move NE-ward
to northward at similar rates. Velocities with respect to Nubia highlight two “African” domains, the Pelagian/
Sicily and the Moroccan Rif, where systematic deviations from the predicted Nubia-Eurasia plate motions are
apparent (Figure 3a). Here direction of motion rotates and large strain rates occur [Serpelloni et al., 2010;
Koulali et al., 2011]. Along the Italian Peninsula, the velocity field has two distinct main trends. Sites located
on the Tyrrhenian side of the Apennine chain move toward the northwest, whereas sites located on the
Adriatic side of the chain move toward the north-northeast. This differential motion results in the SW-NE
oriented extensional deformation that characterizes the Apennines chain. In the northern Adriatic region,
material comprising the northern Adriatic microplate rotates counterclockwise about an axis in northwestern
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Italy [Battaglia et al., 2004; D’Agostino et al., 2008], resulting in NS shortening along the southeastern Alps.
In the Pannonian Basin, velocities are NE-ward oriented, with decreasing rates toward the east. In the
Balkans, GPS velocities show mainly southward motion, with increasing rates toward Greece [e.g., Burchfiel
et al., 2006].

The third relevant and original aspect of the geodetic field is its vertical component. Newly emerging
evidence of vertical ground deformation comes from the increasing number of cGPS stations over Europe.
Figure 3c shows vertical velocities from Serpelloni et al. [2013] and highlights the presence of spatially
coherent patterns of uplift and subsidence. In the western Mediterranean, Iberia shows a general pattern of
regional subsidence, but with varying rates. Uplift is localized in central Iberia, and in southeastern Spain,
whereas the fastest subsidence rates are close to�3 mm/yr and are located in southern Spain. The Alps show
a general uplift, with fast rates (~2mm/yr) in the western and central Alps, which decrease toward the eastern
Alps turning to stable or negative values in the Slovenian Alps. Toward Eastern Europe, the Pannonian-
Carpathians region shows slow subsidence in the Hungarian plain and stable or slow uplift in the Carpathians.
Fast subsidence characterize the Po Plain in northern Italy, while the Apennines show differences in the
vertical velocity pattern both along and normal to the mountain range, with the positive signal localized
along the chain axis, characterized by the higher topographic relief, and fastest uplift rates in the central
Apennines (~2 mm/yr). Calabria shows subsidence in its western (Tyrrhenian) side and uplift in its eastern
(Ionian) side. The fastest subsidence rates (down to �10 mm/yr) of the Mediterranean are in the southern
Tyrrhenian Sea. Eastern Mediterranean vertical deformation is less constrained by a smaller number of sites.
The Balkan mountains of Bulgaria shows a rather coherent pattern of uplift, at rates of ~1.5 mm/y, and also
Crete and the Cyclades show uplift at ~1 mm/yr. Continental Greece and the Gulf of Corinth subside at
rates down to 2 mm/yr. The Levantine shows an increasing rate of uplift, up to 2 mm/yr, closer to the
Dead Sea fault trace. The most striking feature of vertical deformation over Europe and the Mediterranean is
the presence of undulations of the vertical velocity patterns, at different spatial scales, occurring both in
tectonically active regions, such as the eastern Alps, Apennines, and eastern Mediterranean, and in regions
characterized by a low or negligible tectonic activity, such as central Iberia and western Alps. These
undulations correlate with topographic features in general.

The match between coseismic strain and geodetic strain rates is illustrated in Figure 4. Figure 4a shows an
interpolated and smoothed horizontal geodetic velocity field, in the Eurasia-fixed reference frame, based
on the GPS velocities shown in Figure 3a. For comparison, it also illustrates the velocity field estimated from
NNR-MORVEL56 model [Argus et al., 2011] and the summed moment tensors from the gCMT catalog for
depths< 75 km. Figures 4b and 4c show the horizontal strain rates inferred from the interpolated geodetic
velocities of Figure 3a, and visualized as moment tensors in analogy to Figure 4a. Geodetic strain rates match
the style of seismic strain from moment tensor summation, although the scarcity of GPS data in northern
Africa prevents any reliable comparison between geodetic and seismic deformation styles along the
seismically active belts of northern Algeria, Tunisia, and Libya (Figure 4b). Figure 4c shows geodetic strain
rates based on GPS augmented with plate motion vectors in northern Africa obtained from a Nubia-Eurasia
relative rotation pole located at 27°E/9.9°N and rotating counterclockwise at a rate of 0.057°/Ma. This solution,
although based on the assumption that large part of northern Africa and the Ionian and Aegean seas move
as part of a rigid Nubia plate, provides a more complete image of crustal deformation along the plate
boundary. Along the northern Africa plate boundary crustal strain rates show E-W extension in the Gulf of
Cadiz (Spain), N-S shortening along the Moroccan Rif, transtension in the Gulf of Cadiz (Spain), and
approximately N-S shortening along the Moroccan Rif and Atlas, and change to NW-SE oriented shortening
and strike-slip associated to the oblique Nubia-Eurasia convergence in northern Algeria [Meghraoui and
Pondrelli, 2013]. Shortening, from geodetic and seismic data, is also present in southeastern Spain, whereas
the Betics shows E-W extension, which continues in the Alboran Sea [Stich et al., 2006]. Strike-slip tectonics is
present in Tunisia and Libya, representing a rather diffuse NW-SE trending shear zone, decoupling the
Pelagian and Sicily block (southern Italy) from the Nubian Plate [Serpelloni et al., 2007, 2010]. Shortening is
then transferred along the southern Tyrrhenian seismic belt, where geodesy indicates increasing shortening
rates toward the central Aeolian region (southern Italy) and a transition to NW-SE extension in the Messina
Straits [Argnani et al., 2007]. A good agreement between geodetic and seismic style of crustal strains is also
found along the Hellenic Trench (Figure 4). Overall, geodetic deformationmatches seismic deformation along
the Italian Peninsula [e.g., Hunstad et al., 2003; Angelica et al., 2013], with extension normal to the Apennines
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chain axes well imaged by divergence of the geodetic velocities (Figures 3b and 4a), decreasing from south to
north. The northern Apennines show a transition from extension to compression toward the Po Plain (Italy),
where active shortening is present along the mountain front and in the Po Plain [Bennett et al., 2012].
Approximately N-S shortening along the eastern Alps is well imaged by seismic and geodetic strains, and is
associated with the NW-ward convergence between Adria and Europe [D’Agostino et al., 2005; Devoti et al.,
2011; Bennett et al., 2012]. The NE-oriented collision between Adria and the Balkans is the cause of NE-SW
oriented shortening along the eastern coasts of the Adriatic Sea (Figure 4). Geodetic deformation rates
increase toward Ionian Greece, where strike-slip deformation mainly accommodates the southward motion
of the Hellenic and Aegean areas with respect to Eurasia and the Adriatic region. Greece and Anatolia show
the highest deformation and seismicity rates of the Mediterranean region, mainly along the Hellenic arc and
the North Anatolia Fault (NAF) system (Figure 2b). The North Anatolia Fault is outlined by a narrow zone of
pure dextral strike slip that widens within the North Aegean Sea and dies out abruptly at its western end
(Figure 4). Geodetic and earthquake data agree in NE-SW oriented extension in continental Greece and
western Anatolia, as a response to the increasing velocity from Anatolia to Aegea. The average rate of
extension within most of the inner south Aegean is small, and an order of magnitude smaller than the
extension rates within western Anatolia and continental Greece. Central Anatolia shows lower deformation
rates than its northern and southern boundaries. The relative motion of Arabia, Anatolia, and the Sinai blocks
is well recorded by seismic and geodetic deformation (Figures 3 and 4), with active thrusting and strike-slip
tectonics along the East Anatolian Fault and the Dead Sea Fault.

These 3-D geodetic features are set within the framework of the slowly converging plate Eurasian and Nubian
plates, pointing to the simultaneous interplay of different geodynamic processes needed to explain the
complex kinematics [e.g., McKenzie, 1972; Jackson and McKenzie, 1988; Faccenna and Becker, 2010; Le Pichon
and Kreemer, 2010; Reilinger and McClusky, 2011].

3. Crustal Structure

Several published compilations constrain the structure of the crust in the Mediterranean. Most of them use
seismic data where active source reflection/refraction data and receiver function analysis serve mainly to
detect the Moho discontinuity, and surface wave tomography can sense the associated velocity gradients for
short period waves. Gravity analysis can also be used, although such work typically involves assumptions
about isostatic compensation. Despite these long-standing efforts, crustal complexities and the lack of data in
specific regions are apparent in the disagreement between different published models. In addition, there are
a number of recent regional contributions investigating in detail specific areas that are not included in
those compilations.

Figure 5 shows the crustal thickness from four larger scale models: (a) EuroMoho [Grad et al., 2009], (b) EuCrust07
[Tesauro et al., 2008], (c) EpCrust [Molinari and Morelli, 2011], and (d) CRUST1.0 [Laske et al., 2013]. They all are
based on a mix of active source seismic profiles, body and surface waves, receiver functions as well as gravity
data, and, as such, not independent estimates. In particular, EpCrust is mainly based on EuroMoho data, and
CRUST1.0 used an averaging approach based on a range of regional models.

Consistent features of Moho structure include the following: (i) a thicker crustal beneath most of the orogenic
belts, with peaks of more than ~50 km beneath the Alps, Pyrenees, and northern Hellenides; (ii) 10 to 20 km
thin crust in the Liguro-Provençal, Tyrrhenian, and Ionian basins; (iii) a crustal thickness of ~25 km for the
stretched continental domains such as the Alboran, Northern Tyrrhenian, and Aegean Sea and as thin as
15 km for the Cretan Sea; and (iv) a ~30 km thick crust in undeformed domains such as Iberia and France.

The detailed structure shows, however, relevant differences, in particular in areas of orogenic belts and in the
Middle East. Beneath mountain belts, for example, the Moho is often doubled, with the Moho from the
downgoing and upper plates being superposed and difficult to distinguish. Such complexities are usually
smoothed out in large-scale models. Themaps also show different crustal thicknesses for the Alps, frommore
than 50 to less than 40 km, in particular on the western part. For example, receiver function analysis shows a
much thicker crust in the western Alps with respect to other models, more than ~50 km [Di Stefano et al.,
2011]. The Moho depth beneath the Apennines is well constrained by active source seismic data [Scrocca
et al., 2003, and references therein], receiver functions [Piana Agostinetti and Amato, 2009; Di Stefano et al.,
2011; Miller and Piana Agostinetti, 2012], and shallow tomography studies [Di Stefano et al., 2009]. These
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studies show that the Adriatic crust is on average ~30–35 km thick and is flexed to a depth of ~40–50 km
beneath the Tyrrhenian Sea, where the Moho is ~20–25 km thick (western Italy). Beneath the northern
Apennines (northern Italy) and Calabria (southern Italy), the maximum crustal thickness is ~50 km, whereas
beneath the central-southern Apennines, it is nowhere deeper than ~40 km. This trend is not clearly
expressed in some of the large-scale model shown here. Crustal thicknesses in other orogens, such as the
Bitlis or the Betics-Rif, are still poorly constrained.

Another region where discrepancies are large is western Anatolia. EuroMoho and EpCrust overestimate
the thickness of the western and northwestern Anatolia compared to EuCrust07 which provides average
values of ~30 km. However, the latter is in agreement with recent receiver function measurements, showing
an average crust over western Anatolia ranging from 25 to 30 km [Karabulut et al., 2013; Vanacore et al., 2013].

As we will discuss later on, the uncertainties in crustal thickness will of course have consequences on
the shallow structure imaged by seismic tomography, and on the estimate of the crustal component of
isostatically supported topography.

4. Mantle Structure
4.1. Mantle Tomography

The detection of high- and low-seismic wave speed regions through seismic tomography has become a
fundamental tool for linking tectonics and mantle geodynamics. The Mediterranean represents a key site
where, from the early 1990s, tectonics models have been mutually compared and validated against
seismic tomography models [e.g., De Jonge and Wortel, 1990; Spakman, 1990; Wortel and Spakman, 1992,
2000; Spakman et al., 1993; De Jonge et al., 1994; Panza et al., 2007].

Seismic wave propagation is primarily sensitive to two resolvable parameters, the P and S wave velocity.
Potential sources for seismic velocity anomalies imaged by tomography are temperature anomalies,
compositional variations, the presence of partial melt, and anisotropy [see, e.g., Nolet et al., 2007]. Given
the strong sensitivity of upper mantle velocities to temperature variations [e.g., Goes et al., 2000], velocity
anomalies are here simply interpreted in terms of temperature anomalies in a first pass, as alternative
interpretations, e.g., in terms of composition, would require further constraints.

Figure 5. Comparison of crustal models for Moho depth. (a) EuroMoho [Grad et al., 2009], (b) EuCrust07 [Tesauro et al., 2008], (c) EpCrust [Molinari and Morelli, 2011],
and (d) CRUST1.0 [Bassin et al., 2000; Laske et al., 2013]. Contours show long-wavelength (300 kmGaussian filter) smoothed, positive topography in 750m contours to
allow visual association of regions where high topography is mirrored by isostatically thickened crust.
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The structure of the Mediterranean mantle is rather well illuminated by many different tomographic models.
We show in Figures 6 and 7 a selection of representative P and S wave velocity models in the region of
interest, expressed as percent differences with respect to their referencemodels. As expected, P and Smodels
differ in terms of resolution, mainly because the former are based on body wave data only, while the latter
also include surface wave observations. Generally, teleseismic P waves, which constitute the bulk of most
data sets, are numerous but limited in depth resolution as they travel in the vertical direction over most of the
upper mantle; this problem is only partially made up by using observations which improve crossing ray
coverage, such as regional [e.g., Piromallo and Morelli, 2003] or shallow phases (pP, pwP, and PP, e.g., Li et al.
[2008]), which are more difficult to measure than direct P. Body wave S data are less numerous than P data,
but surface waves (fundamental modes and overtones), which are primarily sensitive to shear velocity, are
strongly affected by the uppermost mantle structure and enhance vertical resolution in this depth range. The
observed longer wavelength character of S [e.g., Boschi et al., 2009; Schivardi and Morelli, 2009] with respect to
P [e.g., Bijwaard et al., 1998; Piromallo and Morelli, 2003; Li et al., 2008] models in the Mediterranean was first
ascribed to sparser sampling (epicentral distances of S models often larger than ~10°). However, recent
results obtained, e.g., by Schmandt and Humphreys [2010] based on USArray data indicate that, with a
sufficiently dense sampling, resolution differences between body wave and surface wave-basedmodels tend
to be reduced (see, e.g., the comparison in Becker [2012]). In the case of the Mediterranean, this can be
observed in Figures 6b and 6d, comparing model EU30 [Zhu et al., 2012] and the P model PM0.5 [Piromallo
and Morelli, 2003], clearly characterized by heterogeneities of similar scale. The former represents a step
forward in tomography resolution; it is obtained inverting the whole waveform by means of a numerical
description of wave propagation and is clearly characterized by significant signal at short wavelengths
compared, for example, to the S model SAVANI [Auer et al., 2014], obtained from a joint inversion of
fundamental modes, overtones, and body wave data. Mapped anomaly amplitudes often vary widely among
published tomographic models that, nevertheless, show similar patterns [e.g., Becker, 2012]. For example, P
and Smodels of Figures 6 and 7 share a similar long- to intermediate-wavelength component (at scales larger
than ~400 km), while discrepancies emerge at shorter wavelength.

The main large-scale tomographic structures at 70 km depth are the relatively high wave speeds of the East
European Platform, Armorican Massif, east-Mediterranean sea and Adriatic Plate and the low velocities of
central and eastern Europe, western Mediterranean and Tyrrhenian basins, Pannonian Basin and Anatolian

Figure 6. Comparison of tomographic models: S wave models (a) SAVANI [Auer et al., 2014] and (b) EU30 [Zhu et al., 2012] and P wave models (c) MITP08 [Li et al.,
2008] and (d) PM0.5 [Piromallo and Morelli, 2003]. Horizontal layers in the upper mantle at 70, 150, 300, and 450 km. Seismic velocities are expressed as percent
differences in wave speeds with respect to a reference model; note the difference in color scale for each panel.
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Plate. At smaller spatial scales, models EU30 and PM0.5 (Figure 6) depict a discontinuous belt of high-velocity
anomaly located beneath the Alpine-Mediterranean orogenic belt, extending from the Maghrebides, to
the Calabrian Arc, (the Apennines, the Alps, and the Carpathians) to the Dinaric-Hellenic arc (also visible in
MITP08 by Li et al. [2008]), commonly interpreted as subducted lithosphere [see, e.g., Wortel and Spakman,
2000]. Low wave speeds characterize areas related to the Cenozoic Rift System of Central and Western
Europe. The fragmented signature of the Alpine subduction persists down to 150 km beneath the entire
Alpine-Mediterranean belt (models EU30 and PM0.5), while at 300 km, it spreads in a more continuous and
larger scale structure. These broader anomalies at 300 km depth are a common pattern among the four
models. From this depth downward, models show pronounced differences, likely due to differences in the
data and vertical resolution of the various models. High-velocity anomalies become dominant from 450 km,
entering the transition zone, where subducted lithosphere stagnates atop the 660 km discontinuity [e.g.,
Wortel and Spakman, 2000; Piromallo et al., 2001; Piromallo and Faccenna, 2004; Dando et al., 2011;
Mitterbauer et al., 2011; Ren et al., 2012]. All models show high wave speed heterogeneities accumulated
below central-western Europe and the Aegean, with the exception of EU30 where high velocities cover the
whole region of interest.

Cross sections in Figure 7 run along an EW oriented, longer profile (AA′) and two shorter profiles cutting
the Aegean (BB′) and Calabrian (CC′) subduction zones roughly perpendicular to the arcs. The longer profile
AA′ captures the anomaly pattern of alternating high and low velocities below the Mediterranean. Here it is

Figure 7. Vertical cross sections (length of cross sections is ~50° for AA′ and ~15° for BB′ and CC′) of tomographic S wave models SAVANI [Auer et al., 2014] and EU30
[Zhu et al., 2012] and Pwave models MITP08 [Li et al., 2008] and PM0.5 [Piromallo and Morelli, 2003]. See text for details about the different models and description of
imaged features. Note the difference in color scale for each panel.
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possible to detect high-velocity anomalies in correspondence of the deep inclined seismic zone at depth
beneath the Aegean and Calabrian arcs plunging into the mantle in opposite directions (at ~20° and ~25°
distance along AA′), separated by an elongated slow anomaly which in Pmodels is consistently imaged from
about 100 km depth downward. While EU30 detects a slow anomaly of much limited vertical extent (in the
depth range 200–400 km), SAVANI depicts a smoother and deeper structure (from about 250 to 300 km
downward). Both high-velocity slabs are identified as anomalies down to the transition zone and, more
clearly by shorter wavelength models EU30, MITP08, and PM0.5; the Hellenic slab anomaly is thicker and
particularly prominent. The slab continuity with depth, however, differs among models. Along profile BB′, the
Aegean anomaly in MITP08 is anticorrelated to EU30/PM0.5 above 200 km. The S model SAVANI seems to
suggest a detachment along BB′: in the depth range 300–400 km, the slab might be too thin to be resolved by
the long-period surface waves which constitute the bulk of data on which SAVANI is based. The Calabrian high-
velocity anomaly in EU30 shows a gap at about 300 km depth on profiles AA′ and BB′, which the authors
interpret as slab detachment [Zhu et al., 2012], while the MITP08 and PM0.5 models suggest only limited
thinning. The western Mediterranean and Tyrrhenianmantle are underlain by lowwave speed anomalies slightly
shallower in SAVANI and EU30 (down to ~200–300 km) than inMIT08 and PM0.5 (down to ~300–400 km)models.
Differently, the Aegean supraslab mantle appears layered in the S models, with a high velocity sandwiched
between a shallower and a deeper low velocity, a feature not seen in P models which image widespread
slow anomalies. Overall, low wave speed anomalies in the supraslab and subslab mantle seem to be dominant
(in size and amplitude relative to high velocities) in P with respect to S models; these important discrepancies
could hint at a nonthermal origin of some anomalies (i.e., possible compositional or partial melting variations) or
a trade-off with seismic anisotropy, which needs to be further analyzed.

4.2. Seismic Anisotropy

Seismic anisotropy is widespread in the Earth and provides information about dynamics, in particular for the
uppermost mantle where we expect that anisotropy is mainly caused by the alignment of intrinsically
anisotropic olivine crystals in mantle convection (LPO (lattice-preferred orientation) type of anisotropy; see,
e.g., Silver [1996], Montagner [1998], Savage [1999], and Long and Becker [2010] for reviews). LPO-induced
anisotropy is expected to be a record of recent (~5 Ma, Becker et al. [2006]) asthenospheric flow, and the
most direct measurement of seismic anisotropy is split S phases. Those arise when a single pulse is split into
two quasi S waves propagating at different speeds upon traversing an azimuthally anisotropic medium. A
shear wave splitting measurement can detect the polarization orientation of the fast pulse (“fast azimuth”)
and the delay time between the two pulse arrivals as proxies for the overall alignment of the symmetry axis
and the strength of anisotropy along the raypath.

Compared to the orientation of fast azimuths, delay time estimates are less reproducible, somewhat analysis
method dependent, and show larger variations with back azimuth [e.g., Savage, 1999]. This makes the
interpretation of station-averaged delay time values complicated, particularly in continental regions where
shallow, frozen-in anisotropy from past deformation may overprint deeper, shear-induced LPO fabrics related
to the present-day asthenospheric flow [e.g., Fouch and Rondenay, 2006]. Compared to the end-member
case of a single olivine layer that is uniformly sheared to saturation fabric strength, there are several
mechanisms that can reduce average SKS delay times, including the following: (i) orientation of symmetry
axes out of the horizontal (e.g., by radial flow and pure, rather than simple shear deformation), (ii) strong
rotations of horizontally aligned fast axes with depth due to complex flow, and (iii) superposition of
differently aligned shallow (e.g., lithospheric fabrics) with deeper asthenospheric shearing. One
interpretation of delay times, then, is of being indicative of the degree of consistent shear deformation
as recorded in the uppermost mantle rock column, roughly underneath the station.

LPO anisotropy caused by mantle flow in the upper mantle will also be expressed in differences in SH
and SV polarized seismic wave velocities, i.e., radial anisotropy. Those anomalies are typically imaged
using surface waves, and radial anisotropy patterns have been used to constrain mantle flow on global
scales [Becker et al., 2008]. Radially anisotropic tomography is generally of lower lateral resolution than
the inferences that are possible from shear wave splitting. Regional work for the Mediterranean by
Schaefer et al. [2011] indicated general consistency between seismological imaging and geodynamic
modeling, but detailed tectonic inferences on the scales we attempt here have to await future
seismological model refinement [cf. Auer et al., 2014].
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Figures 8a and 8b show a compilation of the nonnull shear wave splitting measurements in the
Mediterranean from the compilations of Wuestefeld et al. [2009] and Becker et al. [2012], both updated
May 2013 based on the analysis of SKS and SKKS arrivals [e.g., Barruol and Souriau, 1995; Barruol et al., 1998,
2004, 2011; Hatzfeld et al., 2001; Barruol and Granet, 2002; Margheriti et al., 2003; Sandvol et al., 2003; Civello
and Margheriti, 2004; Schmid et al., 2004; Diaz et al., 2006; Lucente et al., 2006; Plomerová et al., 2006; Baccheschi
et al., 2007; Buontempo et al., 2008; Diaz et al., 2010; Evangelidis et al., 2011; Kovács et al., 2012; Bokelmann et al.,
2013; Miller et al., 2013]. The color-coding of sticks indicates delay time for station-averaged splits, and
orientation the fast azimuth. Average values of delay times in the central Mediterranean (~1.2,…, 2 s) are much
larger than in the Aegean (~ 0.5 s) region where anisotropy is complex and strongly depth variable [e.g., Endrun
et al., 2011]. Anisotropy is also small in southwestern Morocco where the cratonic lithospheric signature
may overprint asthenospheric shear [Miller et al., 2013].

Splitting measurements in Figure 8a are shown on top of the P wave velocity anomalies from model PM0.5
[Piromallo and Morelli, 2003]. The map is a vertical average of velocity anomalies between 100 and 400 km
depth, based on the assumption that anisotropy is mainly caused by asthenospheric flow roughly in those
depth regions. This simple comparison highlights that azimuthal anisotropy strikes parallel to the high-
velocity zones along the Alpine-Mediterranean belt, and perpendicular to the direction to the high-velocity
zones in the back-arc region [Jolivet et al., 2009].

Overall, the region shows a range of intriguing patterns of fast azimuths, and presumably mantle shear
(cf. Figure 8c), where relatively homogeneous patterns over length scales of approximately thousands of
kilometer are interrupted by smaller scale features, associated with the Alboran domain, the Alps, as well as
the Tyrrhenian and Hellenic subduction zones, for example (Figures 8a and 8b). In particular, over the central
and western Mediterranean, we see a dominance of EW direction turning progressively toward NW in the
north (southern France) and toward WSW to the south (Morocco). This large-scale pattern also shows a
westward increase in delay times toward the Tyrrhenian trench; the fast azimuths strike parallel to the
stretching direction of the back-arc basin and have been related to back-arc extension [Lucente et al., 2006;
Jolivet et al., 2009].

In the eastern Mediterranean, fast orientations trend NNE from the Aegean back-arc basin to Anatolia, with
little apparent signature of the North Anatolian Fault [e.g., Biryol et al., 2010]. Also in this case, a smooth
increase in delay times is foundwhenmoving toward the trench. The fit between stretching direction and SKS
there has also been interpreted in terms of back-arc extension [Kreemer et al., 2004; Jolivet et al., 2009].

The orientation of the trench parallel features is complex and generally positioned along the high-velocity
anomalies, likely associated with subducted lithosphere (Figure 8a). Beneath the Apennines, Alps, and Atlas, the
patterns of fast axes follow the orientation of the mountain chains. Beneath the Apennines, we find a decrease
in delay time in the central Apennines. In this region, the orientation of the anisotropy has been related to the
trench parallel flow of mantle material beneath the slab induced by its retrograde motion [Margheriti et al.,
2003], whereas the variations in delay time have been interpreted as being due to a larger vertical component
of shear beneath the central Apennines [Lucente and Margheriti, 2008]. Close to subduction zones, it remains
unclear whether the anisotropy signal is derived from the subslab mantle [Margheriti et al., 2003] or from the
slab itself, as proposed for other regions [Faccenda et al., 2008], and the multiple possible causes of subduction
zone-associated anisotropy are reviewed by Long and Becker [2010] and Long [2013].

Figure 8. (a) Azimuthal anisotropy from shear wave splitting superimposed on uppermost mantle seismic tomography. Red to blue sticks indicate SKS splitting
measurements from the compilations by Wuestefeld et al. [2009] and Becker et al. [2012], updated as of August 2013 [e.g., Barruol and Souriau, 1995; Barruol et al.,
1998, 2004, 2011; Hatzfeld et al., 2001; Barruol and Granet, 2002;Margheriti et al., 2003; Sandvol et al., 2003; Civello and Margheriti, 2004; Schmid et al., 2004; Diaz et al.,
2006, 2010; Lucente et al., 2006; Plomerová et al., 2006; Baccheschi et al., 2007; Buontempo et al., 2008; Evangelidis et al., 2011; Kovács et al., 2012;Miller et al., 2013], with
orientation showing the “fast axes” and color coding for delay time. Background color is a smoothed version of the regional model by Piromallo and Morelli [2003],
embedded in, and anomalies scaled up, to the global model by Simmons et al. [2007], where velocity anomalies were averaged within the depth range of 100 and
400 km. Superimposed plate boundaries (in black) are from Bird [2003], and dark green contours are smoothed topography in 500 m contour spacing for positive
elevation only. (b) SKS splitting from Figure 8a but averaged on 1× 1° bins; gray sticks show equivalent SKS splitting derived by full waveform synthetics from the
vSV surface wave model of Debayle and Ricard [2013], derived using the method discussed by Becker et al. [2012]; gray wedges and double sticks indicate expected
(one standard deviation) variation of fast axes and delay times with back azimuth. (c) Mantle flow in the Mediterranean. Dark green vectors are surface plate
velocities from the NNR-MORVEL56 model [Argus et al., 2011] in a Eurasia-fixed reference frame; plate boundaries are as in Bird [2003] and shown with black heavy
lines. Red vectors indicate the inferredmotion of themantle at 250 km depth with respect to the surface using a circulationmodel of Hager and O’Connell [1981] type
with plate motions and density inferred from the SAVANI model of Auer et al. [2014].
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Beneath the Hellenides and the Aegean, the delay times are smaller and orientations turn from NW-SE,
parallel to the belt, to NNE in the back-arc area. This has also been interpreted as related to the complex
southwestward migration of the retreating slab [Brun and Sokoutis, 2010]. Indeed, regional studies indicate a
layered anisotropy in the Aegean Sea that may be related to the fabric within the mantle and in the lower
crust [Kreemer et al., 2004; Endrun et al., 2011].

The foreland regions, for example, the Adria microplate between Italy and Balkans are distinct. Here the
anisotropy azimuths progressively rotate from trench parallel—NW-SE—beneath the Apennines toward a
NS orientation. At the NE corner of the Adria plate, SKS fast azimuths turn again to NE direction. This fabric has
been interpreted as related to the overprinting of mantle flow induced by the retrograde motion of the
slab in combination with an older inherited NS fabric within the lithosphere [Plomerová et al., 2006;
Baccheschi et al., 2007].

There are other, smaller scale features, showing trench-perpendicular SKS azimuths within subduction
windows or at the edge of slabs (Figure 8a). This applies, for example, in the Sicily channel, at the western
corner of the Calabrian slab, where SKS fast axes turn to NS and then EW in the Tyrrhenian Sea [Civello and
Margheriti, 2004]. Another example is northeast Morocco, along the northwest African coast, where SKS
turn to a NE trending direction [Diaz et al., 2010]. This pattern is found at the eastern edge of the high-seismic
velocity anomaly under the Alboran Sea and has been interpreted as being related to the perturbation of
mantle flow at the edge of a slab [Faccenna et al., 2004; Diaz et al., 2012; Miller et al., 2013; Alpert et al., 2013].
Anisotropy may image the inflow of subslab mantle material within the subduction window itself, attaining a
toroidal pattern around the edge of the slab [Civello and Margheriti, 2004; Funiciello et al., 2006; Piromallo et al.,
2006; Faccenna et al., 2004, 2005; Jolivet et al., 2013; Alpert et al., 2013]. As was argued by Faccenna et al.
[2013] for the Middle East/Hellenic slab setting and the Afar plume, southern Morocco may be another site
where upper mantle flow is affected by plume influx and slab segmentation [e.g., Duggen et al., 2009]. SKS
and local S splitting for Morocco indicate that such flow from the Canaries may be channeled by lithospheric
heterogeneity on scales of the Atlas mountains [Miller and Becker, 2014], and the NW African craton
[Alpert et al., 2013].

The patterns of azimuthal anisotropy from an averaged representation of the SKS results shown in Figure 8a
can be further compared with azimuthal anisotropy from surface waves (Figure 8b). The latter have
relatively poor lateral resolution but provide an independent estimate of anisotropy, and lend themselves
easier to exploration of depth dependence. Figure 8b shows results from the Rayleigh wave (vSV) model of
Debayle and Ricard [2013], interpreted in terms of equivalent shear wave splitting using the full waveform
approach of Becker et al. [2012]. Back azimuthal variations, as shown in Figure 8b as gray wedges, can then
be used as some indication of the variations of anisotropy with depth.

The comparison between surface and body wave-based anisotropy shows a general match of expected delay
time amplitudes. Older, global surface wave models did generally underestimate the SKS delay times
[Montagner et al., 2000;Wuestefeld et al., 2009; Becker et al., 2012], implying that there is now convergence in
terms of the general amplitudes of inferred azimuthal anisotropy. While local fast azimuths are often not
matched that well between the surface and body wave models, the surface wave estimates for the
Mediterranean do provide a large-scale average of the general features as could be inferred by further
smoothing of SKS results [cf. Becker et al., 2012]. In particular, consistent patterns include a modification of
a general NEE orientation of fast axes by central and eastern Mediterranean features (presumably related
to the Tyrrhenian and Hellenic slab associated flow). Moreover, the surface wave-based anisotropy indicates
large back azimuthal complexity underneath the eastern Mediterranean Sea (not well imaged by SKS).

Figure 8c shows a comparison of surface velocities (from NNR-MORVEL56 [Argus et al., 2011]) in a Eurasia-
fixed reference frame and relative mantle flow velocities at 250 km depth (blue and red vectors, respectively).
The latter are computed using a simplified Hager and O’Connell [1981] approach (no lateral viscosity
variations) by prescribing plate velocities and converting seismic velocity anomalies from tomography (the
SAVANI model of Auer et al. [2014]). We scale this model to density with a constant scaling factor and apply a
simplified viscosity profile. Computations are performed with the HC software [Milner et al., 2009], and
details are explored below. However, based on this example, it can be seen that the Mediterranean mantle
may be expected to display a complex flow field [Faccenna and Becker, 2010], where the “sublithospheric
mantle is leading the plate” in several regions, and surface velocities are in places reversed from deep

Reviews of Geophysics 10.1002/2013RG000444

FACCENNA ET AL. ©2014. American Geophysical Union. All Rights Reserved. 17



currents [cf. Hager and O’Connell, 1981; Long and Becker, 2010]. On the largest scales, one may infer that the
shearing that is implied by the relative velocities between surface and deep mantle, rather than surface
velocities in some absolute reference frame, provide a better, first-order explanation of the broad anisotropy
patterns [cf. Becker et al., 2014].

The quantitative interpretation of anisotropy will be further investigated in section 9 where we will show detailed
comparisons with predictions of LPO development and synthetic splitting based on mantle flow models.

5. Tectonic Evolution of the Mediterranean

Several kinematic models describe the tectonic evolution of the Mediterranean [Dewey et al., 1973; Biju-Duval
et al., 1977; Tapponnier, 1977; Dercourt et al., 1986, 1993; Malinverno and Ryan, 1986; Savostin et al., 1986;
Dewey et al., 1989; Patacca et al., 1993; Gueguen et al., 1998; Faccenna et al., 1997; Wortel and Spakman,
2000;Mazzoli and Helman, 1994; Jolivet and Faccenna, 2000; Rosenbaum et al., 2004; Jolivet et al., 2003; Handy
et al., 2010; Carminati et al., 2012].

There is a substantial agreement between different kinematic models during the Tertiary [Savostin et al.,
1986; Dercourt et al., 1986; Dewey et al., 1989; Ricou, 1994; Mazzoli and Helman, 1994; Jolivet and Faccenna,
2000; Rosenbaum and Lister, 2002], while the Cretaceous velocity field and the motions of Iberia are more
disputed [e.g., Olivet, 1996; Rosenbaum and Lister, 2002; Capitanio and Goes, 2006; Handy et al., 2010].

The reconstruction in Figure 9 is based on the original model by Jolivet and Faccenna [2000], further revised
using more recent data compilations [Jolivet et al., 2003; Jolivet and Brun, 2010; Horváth and Faccenna, 2011].
It is illustrated in five stages at 35, 23, 15, 10, and 5 Ma. The position of the trench is estimated on the basis of
the amount of back-arc extension (the red line underlines the active portion of the trench) computed by
first subtracting the oceanic crust and then restoring the thickness of the continental crust to that of the
shoulders. This gives a minimum amount of extension since the crust on the shoulder itself may have been
significantly thinned. Paleomagnetic data provide an important constraint for the block rotation timing,
constrained by paleodeclinations. We assumed that Adria’s motions are coherent with that of Africa, in line
with the lack of relevant differential rotation [Channell et al., 1990].

The overall plate tectonic evolution of the Mediterranean in the Tertiary is dominated by the collision of the
Adria plate, in the center of the Mediterranean, along the Alps. The asymmetry of the Adria plate, whose size
increases eastward, produces asymmetry in the subduction system (Figure 9). This system consists of two large
trenches, flanking the Alpine collision, the Liguro-Provençal/Tyrrhenian on one side and the Hellenic on the
other side. Both slabs started to retreat at ~30–35 Ma, although a minor older rollback phase ~45 Ma of the
Hellenic Trench is attested to by the Rhodope extension [Brun and Sokoutis, 2010]. Much of the complexity we
see today in the Mediterranean is due to the inherited paleogeography. The presence of small oceanic basins
and continental blocks in the Tethyan realm produced intermittent phase of subduction and collision (Figure 9).
A remnant of this land-locked old oceanic lithosphere is now preserved only in the Ionian abyssal plain [e.g.,
Speranza et al., 2012].

The Cenozoic tectonic evolution of the Mediterranean region can be summarized in three successive stages:

1. Before ~30–35 Ma (Figure 9a), the subduction of the African Plate below Eurasia led to a compressional
regime in the upper plate along most of the convergent margin. This led to the formation of mountain
belts such as the Betic Rif orogen, the Dinarides, and the Hellenides. Subduction of the European
lithosphere below Apulia-Adria induced the formation of the Alps and Carpathians. During this period, the
crust of the upper plate was thickened by thrust faulting stacking and crustal material underwent high
pressure–low temperature (HP-LT) and even ultrahigh pressure-LT metamorphism. In particular, Alpine-
type chains formed with similar evolutions from west to east, involving a first stage of oceanic obduction
and subduction, followed by subduction of the thinned continental crust of the lower plate, and
shortening coeval with exhumation of the subducted crust. Considerable amounts of shortening are
documented in the Alps, the Apennines, and the Dinarides-Hellenides.

2. After 30–35 Ma (Figures 9b and 9c), the tectonic regime changed in all back-arc regions, where extension
took over after compression. Trenches started to retreat at rates of few cm/yr with increasing velocity
throughMiocene time. This extensional regime led to collapse of the previously thickened orogenic wedges
and exhumation of high-temperature metamorphic domes below shallow-dipping extensional shear zones.
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Within subduction zones, a HP-LT metamorphic regime still prevails and blueschists continue to form and
exhume while high-temperature domes exhume in the back-arc regions.

3. After the Miocene (Figures 9d–9f), trench retreat is associated with a progressive bending and arching,
tightening and eventually lateral tearing of the subducted slabs took place at different times in the
Alps, Dinarides, Hellenides, Alboran, and the Tyrrhenian. This is well attested by the presence of discon-
tinuity along the trench and by formation along the arc of flexural basin of different ages [Royden et al.,
1987]. In several regions, Tyrrhenian, Aegean, and Alboran, the lateral tears separate the subducting
lithosphere from the stiff and buoyant continental plate, leading to an acceleration of trench retreat and

Figure 9. Evolution of the Mediterranean region in five steps. Red lines indicate active subduction. Red and blue volcanoes indicate calcalkaline and anorogenic,
respectively. Yellow region: extension area, arrows: stretching direction.
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surge of Na-alkaline anorogenic volcanism. The progressive decrease in the size of active portion of the
trench eventually caused the end of subduction.

Looking at the Mediterranean as a whole, it appears that the Alps had a distinct evolution with respect to the
surrounding regions. Sustained by the slow continuous motion of Adria, the Alpine orogenic wedge is
only slightly affected by extension, which occurred much later, after 15 Ma. The Alps display a more continuous
tectonometamorphic evolution compared to the Aegean, the Tyrrhenian, and the Alboran domains. The
western Alps in particular show a stable p-T regime throughout their evolution, with a single cold p-T gradient
from the Late Cretaceous to theMiocene [e.g., Jolivet et al., 2003]. Moreover, when the other convergence zones
record the abrupt change of tectonic regime from contractional to extensional, the Western Alps show more
active propagation of thrusts toward Europe and backthrusting on Adria develops in the Southern Alps. This
behavior can be explained by boundary conditions in that the Alps have been situated always in front of the
NNW moving Adriatic continental plate. Therefore, compression prevailed all the time. However, there are
indications that the 35 to 30 Ma time interval was a period of major tectonic reorganization in the Alps, too.
Namely, the Periadriatic intrusive activity occurred in late Eocene to early Miocene time [e.g., Schmid et al.,
2013]. The pattern of sedimentation in the foreland basin also changed drastically during this period, and an
increased sediment influx of shallow marine and then continental molasses (coarse continental deposits)
replaced the flysch deposition (deepmarine continental slope deposits) with an increase of the sediment influx
[Sinclair, 1997; Kuhlemann and Kempf, 2002; Kuhlemann et al., 2002].

In contrast, the gravitational potential energy increase associated with the thickened crust was limited by
eastward escape of an internal Alpine orogenic wedge [Horváth et al., 2006; Ustaszewski et al., 2008],
facilitated by the subduction of the land-locked Late Cretaceous Tethyan basin in the Carpathian embayment
(Figure 9) [Schmid et al., 2008]. The internal Alpine wedge welded together in the middle Miocene with a
second orogenic wedge that was detached from the internal side of the Dinarides to form the present
Pannonian Basin [e.g., Horváth et al., 2006; Stojadinovic et al., 2012; Ustaszewski et al., 2010]. The timing of the
main events of this complex back-arc basin development are well constrained by stratigraphy of synrift and
postrift strata, extension and subduction-related magmatic rocks, and thermochronology of exhumed
metamorphic complexes [Konecny et al., 2002; Schefer et al., 2011; Stojadinovic et al., 2012; Scharf et al., 2013].
The consistent patterns of synrift sedimentation, fast exhumation, stretching of the continental crust, and the
associated widespread silicic volcanism suggest that extrusion commenced at ~ 22 to 20 Ma and peak
activity lasted to ~12 to 11 Ma. The retreat of the trench continued with decreased rate until the present.

The central Mediterranean region represents perhaps the largest back-arc province in the Mediterranean.
Here there is agreement both on the timing and amount of extension. The first stage of back-arc extension is
bracketed between ~32–30 Ma and ~16–15 Ma [Cherchi and Montandert, 1982; Gorini et al., 1994; Burrus,
1984; Seranne, 1999] and is accompanied by the ~ 40° clockwise rotation of the Sardinian-Corsica block
[Gattacceca and Speranza, 2002], leading to the opening of the Liguro-Provençal basin. In this region, synrift
deposition started 10–12 Ma on the eastern Sardinia shelf and Calabria margin [Kastens et al., 1988; Sartori,
1990; Mattei et al., 2002]. Consequently, localized spreading centers (at 4–5 Ma, Vavilov basin, and at 2 Ma,
Marsili basin in the Tyrrhenian area) [Sartori, 1990] formed at very fast rate [Nicolosi et al., 2006]. Extension in
the Tyrrhenian has currently stopped, or significantly slowed down to a fraction of that rate [D’Agostino and
Selvaggi, 2004; Serpelloni et al., 2007]. The volcanic arc migrated southeastward from the Provençal and
Sardinia margin, where calcalkaline suites erupted from 38 to 32 Ma up to 13 Ma [Beccaluva et al., 1989;
Lustrino et al., 2009, 2011], to the Tyrrhenian basin at ~ 5 Ma (5–2 Ma), reaching its present-day position in the
Eolian Island (Figure 2) [Beccaluva et al., 1989; Kastens et al., 1988; Argnani and Savelli, 1999]. In Sardinia and in
the Southern Tyrrhenian, a new phase of magmatic activity occurred during the Pliocene with the eruption of
alkaline to tholeitic suites [e.g., Faccenna et al., 2005; Lustrino and Wilson, 2007; Carminati et al., 2012].

The timing and amount of extension in the Aegean-Algerian and Alboran Sea is more disputed. For the Aegean
Sea, the amount of extension is considered to be ~400–500 km, and most of the reconstructions are based upon
paleomagnetic data and core complex exhumation history. Faccenna et al. [2003] estimate ~400 km of extension
partitioned between~300 km in the last 15 Ma and ~100 km between 30 Ma and 10 Ma. Van Hinsbergen and
Schmid [2012] provide a similar estimate. A larger estimate of~700 km extension has been proposed by Jolivet
and Brun [2010]. The age of the first back-arc extension is still disputed. In early interpretations, it was supposed to
start as late as 13 Ma [Le Pichon and Angelier, 1981] or even 5 Ma [McKenzie, 1978]. However, faulting in
sedimentary basins suggested earlier ages in themiddleMiocene [Mercier et al., 1976]. The earliest unconformable
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marine deposits in extensional basins date from the base of theMiocene (Aquitanian 23–20Ma), they are found in
Naxos and Evia, Aegean Sea [Guernet, 1971; Angelier et al., 1978; Katsikatsos et al., 1981; Sanchez-Gomez et al.,
2002; Kuhlemann et al., 2004]. The base of the Miocene could then be considered as the earliest possible date
for extension in the Cyclades within the Aegean Sea [Ring et al., 2010]. Yet extension in the Greek Rhodope [Brun
and Sokoutis, 2007] and large-scale normal faulting in the Bulgarian Rhodope [Burchfield et al., 2003] show that
extension starts in middle Eocene in the north Aegean. The simultaneous starting in middle Eocene of
extension in the Rhodope and of exhumation of high-pressure metamorphic rocks in the Cyclades led Brun and
Faccenna [2008] to propose that the process of high-pressure rock exhumation was extensional and driven by
gravity (slab rollback).

Paleomagnetic rotations [Kissel and Laj, 1988] and thermochronology data (see review by Jolivet and Brun
[2010]) indicate an acceleration of extensional processes at ~15 Ma. An extensional displacement of ~700 km
since themiddle Eocene implies amean displacement rate of 1.7 cm/yr. An independent data set is provided by
the space-time distribution of magmatic products in the Aegean region. These show a clear southward
displacement at a fairly constant rate of 2–3 cm/yr from 35Ma to the present. Before that period, the magmatic
arc had been quite stable in the northern Aegean and the Balkans since the Late Cretaceous. This suggests that
slab rollback has indeed started some 30–35 Ma ago, which fits the timing of exhumation and p-T-t evolution of
metamorphic domes in the Northern Cyclades. Although the displacement of the magmatic arc seems at first
order to proceed at a quite constant rate since the Late Eocene [Jolivet et al., 1998], the displacement rate has
likely varied through time with acceleration since the middle Miocene to reach the present-day values close to
2.5 cm/yr in Crete [McClusky et al., 2000]. In contrast, early displacement rates were likely rather low in Eocene-
Oligocene time, i.e., significantly less than 1.0 cm/yr [Brun and Sokoutis, 2010].

The age of extension is poorly constrained in the Algerian basin, North Africa. In the Valencia trough, the
westward continuation of the Provençal basin, extension occurred between ~26 and ~16 Ma [Vergés and
Sàbat, 1999], following the clockwise rotation of the Balearic Islands and the extension of the Kabylie belt
[Parés et al., 1992]. A few million years later extension shifted in the Algerian basin and should have
occurred before ~6–7 Ma, when Messinian evaporites were deposited on the oceanic crust [Vergés and
Sàbat, 1999], and after the compressional episode in the Balearic archipelago ended ([Vergés and Sàbat,
1999], ~15–12 Ma). The volcanic arc migrated southward following the trench system. Calcalkaline volcanism,
25–13 Ma in age, first occurred in the Valencia trough and migrated southward to the North African coast. In
northern Algeria, subduction-related volcanic activity spanned from ~16 to 10 Ma, first with the eruption of
low-K arc tholeiites and then with the emplacement of granitoids and acidic lavas with a strong crustal
signature [Maury et al., 2000; Fourcade et al., 2001].

Further to the west, extension affected the orogenic wedge of the Alboran domain (i.e., surrounding
Alboran Sea). The ages of synrift sediments and radiometric dating indicate that extension in the Alboran
region started at ~27–25 Ma [Comas et al., 1999]. Extension was associated with a thermal event, as revealed
by magmatism and by the clustering of most radiometric ages around ~22–18 Ma [Platt and Whitehouse,
1999; Zeck, 1999; Platt et al., 2013]. The amount of extension and the vergence of the subduction process in
this region are also disputed. Faccenna et al. [2004] estimate ~200 km of extension, based on the thickness of
the crust in the Alboran Sea [Torné et al., 2000] or even less [Carminati et al., 2012]. Spakman and Wortel’s
[2004] estimate is almost double that. The processes at work in this tight arc are highly disputed. Some
models predict that Alboran extension is due to a lithospheric mantle Rayleigh-Taylor instability, resulting in a
radial collapse of the orogen at the surface [Platt et al., 2003; Molnar and Houseman, 2004]. Others relate
the extension to lithospheric delamination or to slab rollback [Lonergan and White, 1997; Faccenna et al.,
2004; Spakman and Wortel, 2004], or propose a south-dipping subduction or a switch from south-dipping to
north-dipping subduction [Verges and Fernandez, 2012].

In the Anatolia-Aegea region, a major strike-slip fault, the North Anatolian Fault (NAF), started to form in
themiddle-late Miocene in eastern Anatolia [Sengor et al., 2005]. Whether it started as a wide shear zone already
running from east Turkey to the Aegean Sea, or if it propagated westward to reach the Aegean domain 5–6 Ma
ago, is debated [Armijo et al., 1999; Flerit et al., 2004]. Also disputed is the relation between the Aegean
extension, nowadays localized in the Corinth Rift and on western Anatolia, and the Anatolia motion. Present-
day geodetic velocities show that the Aegean domain moves faster southwestward than the rest of Anatolia
(Figure 3) and the current compression along the East Anatolian Fault is almost negligible [Reilinger et al., 1997].
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6. Discussion

The Mediterraneanmay represent a comprehensive test site to investigate the potential connection between
deep mantle processes and shallow tectonics. In the previous sections, we reviewed the present-day state of
deformation as deduced from active faults, seismicity, and geodetic velocity fields. We also provide
information on the structure of the crust and mantle as deduced from seismological investigations, such as
seismic tomography and anisotropy. We review the geological evolution of the Mediterranean over the last
35 Ma, to illustrate how the subduction system evolved in space and time. A number of questions result,
such as: what controls the style of subduction in the Mediterranean and the formation of the arc-back-arc
system? Is the motion of microplates, i.e., Adria, Aegea, and Anatolia, related to lithospheric dynamics and
plate convergence or to deep mantle dynamics, instead? Is there a signature of mantle convection, i.e.,
dynamic topography, on the topography evolution of the Mediterranean?

The second part of the paper will outline attempts to answer these questions. We start by comparing tectonic
reconstruction with tomography to validate the two sets of data, in particular regarding the amount of
subduction (section 7). We will then review the large amount of models proposed so far to explain the
velocity of subduction and the style of deformation of the region (section 8). We will then present
convection models to probe the relation between the Anatolia, Adria, and Aegea motions and mantle
convection (section 9), as well as the match between the predicted pattern of mantle convection and
the anisotropy data (section 10), and lastly discussing the origin of the topographic features in the
Mediterranean (section 11).

7. Tectonic Reconstructions and Seismic Tomography

Because of the slow convergence and the land-locked frame [Le Pichon, 1982], the Mediterranean represents
an ideal site to assess the accuracy of the consistency between tomographic models and tectonic
reconstructions. Fast seismic anomalies along convergent margins are usually interpreted as traces of cold
subducted lithosphere in the mantle, providing constraints on the geological reconstructions of the
subsumed basins [e.g., Ricard et al., 1993; Hafkenscheid et al., 2006]. To validate this interpretation, it is
possible to compare the volume of fast seismic anomalies in the mantle with those of the subducted
lithosphere as constrained by geological reconstructions. Such analysis for the Mediterranean region has
been published by De Jonge et al. [1994], Wortel and Spakman [2000], Spakman and Wortel [2004], Faccenna
et al. [2003, 2004], van Hinsbergen et al. [2005], Hafkenscheid et al. [2006], Capitanio et al. [2009], and Jolivet and
Brun [2010]. The analysis consists in the comparison of the amount of convergence between underthrusting
plate and the overlying arc with tomography, for example, along given sections. The total subduction estimate
is the sum of the amount of convergence between plates plus the amount of trench retreat, which is the
amount of back-arc extension when erosion at trench is negligible. Here the Adriatic Plate is assumed to be a
coherent promontory of Africa [Dewey et al., 1989; Channell et al., 1990]. We will describe the results along
representative sections of the convergent margins in the Southern and Northern Tyrrhenian, Aegean Sea,
Algerian Sea, Alboran, Pannonian, and the Alps. The strike of the sections is parallel to the back-arc maximum
stretching direction, which is assumed parallel to the subduction direction (Figure 10).

The subduction estimates over the Cenozoic amounts to ~1000 km in both the southern Tyrrhenian Sea and
the Aegean Sea. This amount, however, is differently partitioned. Trench rollback is the largest portion in the
southern Tyrrhenian Sea, up to 80%, instead in the Aegean Sea plate convergence accommodated 60% of
subduction. In the Algerian Sea, the estimated amount of subduction is ~600 km, decreasing in the Alps to
~500 km, and to ~400 km in Alboran. Figure 10 shows such a comparison along the sections with the PM0.5
tomographic model and the estimate resulting in a reasonable match for the upper mantle slab in the
Aegean Sea [Faccenna et al., 2003; van Hinsbergen et al., 2005] and in the southern Tyrrhenian, where ~1000–
1200 km of subduction can be detected. Large misfits are found in the Alboran and the Algerian domains,
where tomography images a longer slab (~800 and 1000 km, respectively) than subduction estimates would
indicate [Faccenna et al., 2004; Bezada et al., 2013]. This may be due to an underestimated amount of
extension [van Hinsbergen et al., 2014] or delamination of the continental lithosphere, or because the sinking
material underwent significant stretching (see, e.g., Li et al. [2009] for the western Tien Shan). In the Alps, the
observed slab mass (~300 to ~150 km from Central and Western Alps, respectively) is instead smaller than
subduction estimates, interpreted as a recent slab breakoff episode [Piromallo and Faccenna, 2004].
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8. The Subduction Velocity

The comparison between tectonics and tomographic models provides additional constraints on the
dynamics of subduction. The subduction velocity can be defined as the sum of the back-arc motion (equal
to trench retreat) and the subducting plate’s convergence velocity [e.g., Becker and Faccenna, 2009].
Although the Aegean and the central Mediterranean subduction zones have different tectonic evolutions,
they had roughly the same amount of overall subduction during the Tertiary, mostly constrained by the
Africa-Eurasian plate convergence, with an average velocity of ~3 cm/yr during the last 30 Ma.

In the central Mediterranean, the directional evolution of the subduction system has been strongly time
dependent and irregular while the convergence velocity was always constant and rather slow (i.e., around
0.5 cm/yr; Figure 9). Back-arc extension increased since inception at 30 Ma, peaking between 21 Ma and
16 Ma at ~ 3 cm/yr. Back-arc extension almost vanished between 16 and 10 Ma to increase again during
the Vavilov-Marsili (Tyrrhenian Sea area) spreading episode [Kastens et al., 1988; Nicolosi et al., 2006]. As the
net convergence rate was extremely low at that time, back-arc extension provides a direct estimate of the
subduction velocity. In the Aegean, back-arc extension started also at ~ 35–30 Ma, accelerating by ~ 15 Ma to
rates of ~ 2 cm/yr. Margin migration increased likely during the last 5 Myr to the present-day rollback
velocity of 3.6 cm/yr [Reilinger et al., 2006]. The convergence velocity here was higher than in the central
Mediterranean as the strike of the trench was almost perpendicular to the relative motion of Africa with
respect to Eurasia (Figure 9).

The average velocity of the subduction system decreases westward to ~ 2 cm/yr, along the Algerian margin,
and to ~ 1 cm/yr, in the Alboran domain (Figure 10). This is likely the result of two conditions, the narrowing
of the readily subductable oceanic lithosphere [e.g., Guillaume et al., 2010] and the decrease in convergence
on this end of the convergence zone. The same average velocity is estimated along the Alpine system,
which undergoes forced underthrusting imposed by the Adria plate motions. The Pannonian system shows a
trend similar to the central Mediterranean (Figure 10). Fundamental questions arise from this analysis that
concern the controls on the onset of back-arc extension and the velocity of subduction.

8.1. Onset of Back-Arc Extension

Three possible mechanisms have been proposed to explain the onset of back-arc extension in the
Mediterranean. The first considers the general change of boundary conditions for subduction and proposes the
widespread onset of back-arc extension, from the Alboran to the Aegean, as a result of the decrease in the
African Plate absolute motions [Silver et al., 1998; Jolivet and Faccenna, 2000; Reilinger and McClusky, 2011]. As
indicated by numerical [e.g., Enns et al., 2005; Capitanio et al., 2010; Stegman et al., 2010] and experimental work
[e.g., Funiciello et al., 2004; Bellahsen et al., 2005; Schellart, 2005], slab rollback in an isolated (e.g., without any
external forcing) system is the result of an imbalance between subduction and subducting plate advance

200

400

600

01020304050 Ma

am
ou

nt
 o

f t
re

nc
h 

re
tr

ea
t

time (Ma)

200

400

600

800

1000
km

01020304050 Ma

am
ou

nt
 o

f s
ub

du
ct

io
n

time (Ma)

Aegean (6) 
Tyrrhenian (3) 

Pannonian (7) 

Cent. Alps (5)
Algerian (2)

Alboran (1) Aegean (6) 

S.Tyrrhen. (3)

Pannonian (7)

N Tyrrhen. (4)

Alboran (1)

Trench retreat

200

400

600

800

1000
km

01020304050 Ma

am
ou

nt
 o

f p
la

te
 c

on
ve

rg
en

ce
 

time (Ma)

Central Alps (5)
Aegean (6) 

Tyrrhenian (3) 
Alboran (1) 

Total subduction plate convergence 

Algerian (2)
Algerian (2)

a b c

S Tyrrhenian

Alboran

Aegean (upper mantle) 
Algerian

N Tyrrhenian

Central Alps

tomography estimate

5 W 0 5 E 10 E 15 E 20 E 25 E 30 E 35 E

25 N

30 N

35 N

40 N

45 N

2
16

1 2

3 4 5 7
6

800
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[e.g., Elsasser, 1971; Molnar and Atwater, 1978]. In other words, when the subducting plate velocity toward
the trench differs from the vertical sinking velocity driven by the slab mass, i.e., the slab pull velocity,
convergence is partly accommodated by trench motions. The “natural” sinking velocity of the slab will be the
Stokes velocity mediated by slab bending effects depending on rheology [e.g., Conrad and Hager, 1999;
Capitanio et al., 2007; Stegman et al., 2010; Ribe, 2010]. When sinking is faster than plate advance, the difference
is accommodated by trench retreat, whereas the opposite case will lead to trench advance. A decrease in
the Africa-Eurasia convergence may have produced trench retreat of Mediterranean subduction zones,
producing the collapse of the Alpine-Mediterranean belt first and back-arc extension later. The general slowing
down of Nubia-Eurasia system has been recently revised and confirmed [from McQuarrie et al., 2003; ArRajehi
et al., 2010]. Reilinger and McKlusky [2011] suggest indeed a correlation between plate convergence and internal
deformation in the Mediterranean at ~24 Ma and ~11 Ma.

The second mechanism is related to the local dynamics of subduction. In the central Mediterranean, the
spontaneous retreat during the early stage of subduction is invoked to explain the back-arc extension.
Reconstructions show that at ~30 Ma, an incipient (~150 km) slab was already subducted in the upper
mantle. This may have triggered a “spontaneous” subduction system [Faccenna et al., 2001b]. Numerical [e.g.,
Becker et al., 1999] and analog experiments [e.g., Faccenna et al., 1999] confirm that 150–200 km of subducted
material may provide sufficient pull force to overcome resistance on a subduction fault and to bend the slab
at trench. In the central Mediterranean context, the slowing down of the Africa-Eurasia convergence velocity
probably had a minor effect in the subduction zone, being trench direction parallel to the relative
convergence. Therefore, in this area, trench rollback is of course inherently linked to the amount of
accumulated slab mass in the system needed to efficiently start self-consistent subduction. While this model
for a developing slab might apply to the central Mediterranean, it cannot be invoked for the Eastern
Mediterranean, where a long-term subduction was already ongoing. The Hellenic Trench started its
southward migration only around ~30 Ma, opening the Aegean Sea in its wake, while the rest of the Eurasian
margin, further east, remained stable.

The third process that may have triggered trench rollback in the Mediterranean could be related to the
dissection of slabs during subduction, i.e., breakoff and tearing. This mechanism may be efficient to trigger
back-arc extension as it may redistribute the force concentrating slab pull along a restricted portion of the
trench [Carminati et al., 1998; Wortel and Spakman, 1992, 2000; Buiter et al., 2002; Faccenna et al., 2005;
Guillaume et al., 2010]. A rotation of the slab and therefore of the plate boundary would follow, controlling the
tectonics as in the case of the Aegean or Apennines. The effect of slab ruptures has also been invoked for the
subsequent evolution of the Hellenic Trench, where lithospheric tears favor stress focusing and rupture
propagation [Govers and Wortel, 2005; Jolivet et al., 2013]. Lastly, the presence of an eastward mantle
flow with respect to the lithosphere has been advocated as another possible cause of the fast retreat of the
west-dipping Tyrrhenian slab [Doglioni et al., 1999, 2007; Panza et al., 2007; Carminati et al., 2012].

8.2. Plate Convergence Versus Back-Arc Extension

The central Mediterranean and Aegean subduction histories show a similar amount of subduction, although
partitioned in a different manner between convergence velocity and trench rollback. On average, the
subduction velocity during the last ~30 Ma was ~ 3 cm/yr. Assuming little effects of plate bending for
simplicity, from simple scaling relations for Stokes flow, assuming a density contrast between lithosphere
and ambient mantle for a well-developed slab, such velocities can be obtained for old oceanic lithosphere
using a mantle viscosity of ~ 1021 Pa s, although such estimates, of course, depend on the buoyancy, which
would yield smaller velocities for younger oceanic or continental lithospheres [e.g., Capitanio et al., 2007;
Royden and Husson, 2006, 2009].

Estimates of subduction velocities are affected by uncertainties on the age and amount of deformation of the
upper plate, which provide information on the trench migration. However, in the Mediterranean, the
evolution of each back-arc basin is robust and thus provides useful constraints.

A key factor controlling the evolution of the Mediterranean subduction zones is the presence of inherited
heterogeneities of the lithosphere, which produced significant spatial variations in the buoyancy and
strength of the subducted lithosphere. This peculiarity enhanced stepwise strain localization and the
development of slab tear episodes where oceanic lithosphere was laterally juxtaposed to continental one. As
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a consequence, the subducting lithosphere has been progressively fragmented, forming isolated, narrow,
and fast retreating oceanic slabs close to collisional zones [e.g., Guillaume et al., 2013]. The lateral change
from subduction to collision likely enhanced active back-arc rifts associated with rapidly rotating fore arcs
[Wallace et al., 2009].

The subduction of continental blocks can also play an important role in trench dynamics [Brun and Faccenna,
2008; Husson et al., 2009; Bialas et al., 2010; Tirel et al., 2013; Magni et al., 2013]. Because slab dip is a function
of slab buoyancy, the consumption of continental lithosphere decreases the subduction rate [Molnar and
Gray, 1979; Faccenna et al., 2001a, 2001b; Capitanio et al., 2010], thus increasing the slab dip [Royden and
Husson, 2006]. During continental subduction, as for the case of the northern Apennines, the crust may be
scraped off from the mantle favoring delamination and hence back-arc extension. If the block size is
small enough (< 500 km), the continental lithosphere may be completely consumed, leading to the
resumption of oceanic subduction and with a sudden increase on subduction rate and trench retreat [Royden
and Husson, 2006; Brun and Faccenna, 2008]. The geological record of trench retreat in the Aegean suggests
such a mechanism for the origin of Aegean extension [Brun and Faccenna, 2008; Royden and Papanikolaou,
2011; Tirel et al., 2013].

In the Aegean Sea, back-arc extension and hence trench retreat and subduction velocities accelerated at
~15 Ma. The simplest explanation for that would be the entrainment of oceanic lithosphere at the trench after
the consumption of the Adria block (Figure 9) [Royden and Papanikolaou, 2011; Jolivet and Brun, 2010]. As
indicated by analytical solutions [Royden and Husson, 2006], the acceleration of the Hellenic Trench from ~1 to
~3 cm/yr is indeedmatched by the estimated negative buoyancy increase of the incoming Ionian lithosphere. It
has been proposed that the acceleration of the Aegean slab could have been favored by the formation of a
lateral tear under southwest Turkey, separating the Ionian oceanic lithosphere from the buoyant continental
lithosphere subducting at that time beneath Anatolia (Figure 9c) [van Hinsbergen et al., 2010; Jolivet et al., 2013].
A similar but younger process occurred at the boundary between the Ionian Sea and the Adria plate on the
western side of the Hellenic Trench. This may be have guided the propagation of the North Anatolian Fault in
the Aegean Sea [Royden and Papanikolaou, 2011; Jolivet et al., 2013; Guillaume et al., 2013].

In the central Mediterranean, the overall increase in the subduction rate along the southern Tyrrhenian
transect (Figure 10) is explained, to first order, by the increased amount of subducted material. However, the
episodic back-arc extension and the stalling phase between the opening of the Liguro-Provençal and the
Tyrrhenian Sea, between ~16 and 10 Ma, is still debated. Two main models have been proposed. The first
accounts for the entrainment of a buoyant continental platform at the trench [Malinverno and Ryan, 1986;
Gattacceca and Speranza, 2002] (not shown in Figure 9). The other proposed model invokes the key role of
the lateral tearing of the Ionian slab from the buoyant African lithosphere to the west (Figure 9d) [Carminati
et al., 1998; Faccenna et al., 2005, 2007]. The timing of this episode is marked by the cessation of a flexural
basin and the change in nature of volcanism in northern Tunisia [Faccenna et al., 2007]. The onset of
Tyrrhenian extension is indeed well correlated with that of the formation and propagation of the tear. The
reconstruction of the Tyrrhenian subducting lithosphere shows that in the middle Miocene, the slab tip
should have reached the 660 km discontinuity and consequently evolved into fast rollback favored by the
onset of toroidal flow around the lateral edges of a torn slab [Faccenna et al., 2001a]. The short-lived
spreading pulses forming the Vasilov (early Pliocene; Kastens et al. [1988]) and the Marsili basins (early
Pleistocene; Patacca et al. [1993] and Nicolosi et al. [2006]) are likely related to variable slab rollback rates
synchronous with the abrupt reduction of the central Mediterranean subduction zone width during its
evolution [Guillaume et al., 2010; Faccenna et al., 2011]. Onset of extension in the Pannonian Basin and the
rapid retrograde motions of the Carpathian slab occurred at the same time of the fast Tyrrhenian slab
retrogrademotions leading to the Liguro-Provençal basin opening. In both regions, the fast episode of trench
retreat vanished at ~ 15 Ma. This correspondence may be fortuitous, or it may be related to the retrograde
motion of the Tyrrhenian slab that may have induced mantle flow from the Adriatic toward the northeast:
this, in turn, may have fostered and accelerated the retreat of the Carpathian slab inducing back-arc
extension in the Pannonian [Horváth and Faccenna, 2011]. The formation of a slab window in the northern
Dinaric slab is well documented by a phase of crustal melting and pluton emplacement postdating the main
thrusting activity [Ustaszewski et al., 2010]. The slab window and tear seem to be in agreement with the low-
velocity zone in the seismic tomography (Figure 6), although further modeling and anisotropy data are
necessary to validate this hypothesis.
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9. The Motion of Anatolia, Aegea, and Adria

The deformation of the Mediterranean is ultimately related to the low convergence rate between African and
Eurasian plate [McKenzie, 1972; Dewey et al., 1989]. Seismicity and geodesy show that the Mediterranean area
is not uniformly deformed, but strain is concentrated in narrow bands bounding smaller plates that are
moving independently from the overall convergent motion (Figures 2 and 3). The scale of those continental
blocks, or microplates, may be variable, and their definition and the appropriate mechanical treatment
(microplates versus thin viscous sheet), of course, depends upon the spatiotemporal scales of observation
[e.g., Nyst and Thatcher, 2004; Thatcher, 2009; Floyd et al., 2010]. However, at least three rather large
microplates can be distinguished and they show a remarkable, well-recognizable pattern in current surface
motion maps (Figures 1–3). Those are Adria, Aegea, and Anatolia. There may be other blocks that have
been recently described; such as the one including part of the Rif and Alboran in the westernmost
Mediterranean [Fadil et al., 2006] or Sicily [Serpelloni et al., 2010] but those will not be explored further here.

9.1. The Motion of Anatolia to Aegean

The geodetically imaged motions of the Arabia-Anatolia-Aegean system show a spectacular counterclockwise
rotation velocity field with respect to Eurasia [Reilinger et al., 2006; Kreemer et al., 2004; Le Pichon and Kreemer,
2010]. Arabia behaves as a rigid plate moving NE to NNE, producing the spreading in the Red Sea and Gulf of
Aden and collision against Eurasia along the Bitlis–Zagros. While convergence in Iran is accommodated by
distributed northward decrease in the relative velocity, toward the west, the Anatolian Plate moves coherently
at present at an average rate of< 2 cm/yr, separated from Eurasia by the North and East Anatolian Fault
[Reilinger et al., 2006]. To the west, the Aegean plate is moving SW at �3.3 cm/yr following the retreat of the
Aegean trench [Kreemer et al., 2004; Reilinger et al., 2006]. Overall, the system has a circular velocity pattern,
accelerating toward the Aegean trench, about a pole determined for Anatolia-Eurasia motions located north of
the Nile Delta [see also Le Pichon and Kreemer, 2010].

Several studies analyzed the kinematics of the Mediterranean region to capture the dynamics of the system,
addressing questions regarding the motion of Anatolia and Arabia or why the Hellenic Trench retreats so
fast. One model proposes that the motion of Anatolia results from a westward extrusion of the plate from the
collisional zone [McKenzie, 1970; Tapponnier, 1977]. Geodetic evidence shows that Anatolia currently
moves westward faster than the northern Arabia shortening velocity [Reilinger et al., 2006]. Hence, the
Anatolia motion cannot be related to the push from the collisional zone. The velocity increase toward
the trench suggests that either the buoyancy of the system under gravitational potential energy [Hatzfeld
et al., 1997; Jolivet, 2001] or the subducting slab, or both, are driving the Aegean-Anatolia system. The
southwestward acceleration of the geodetic velocity and the negligible compression along the Eastern
Anatolian Fault suggest that the Hellenic slab system may play a relevant role as the main current driver,
exerting a suction on the upper plate to drag Anatolia-Aegea toward the trench [Le Pichon, 1982; Faccenna
et al., 2006; Le Pichon and Kreemer, 2010], even though the presence of an extensional plate boundary
between Anatolia and Aegean argues against an independentmotion of Anatolia with respect to the Aegean.

The slab pull model, however, can hardly explain the motion of Arabia. It may be related to slab pull exerted
by the Makran system [Bellahsen et al., 2003; Reilinger and McKlusky, 2011], given that the slab beneath
eastern Anatolia-Bitlis-Zagros is probably inactive and detached [Keskin, 2003, 2007; Sengör et al., 2003, 2008;
Hafkenscheid et al., 2006; Faccenna et al., 2006], but the remaining portion of oceanic slab is quite small.
Geological and volcanological indications suggest that the slab beneath Anatolia-Bitlis may have broken
around the upper Miocene, however, likely produced a significant reorganization of the system [Reilinger and
McKlusky, 2011; Cosentino et al., 2012; Faccenna et al., 2013]. It has also been proposed that the acceleration of
trench retreat of the Hellenic slab may be due to the extra load of the broken Anatolia portion of the slab
[Faccenna et al., 2006]. More recently, it has been suggested that mantle drag related to a large-scale
convection cell could efficiently pull continental plates toward collisional zones, thus favoring indentation
[Alvarez, 2010] and lateral escape [Le Pichon and Kreemer, 2010; Becker and Faccenna, 2011; Faccenna et al.,
2013]. This model also agrees with previous studies that suggested that Arabia is dynamically tilted bymantle
convection toward the Persian Gulf [Daradich et al., 2003; Forte et al., 2010; Moucha and Forte, 2011].

Despite the extensive prior efforts, basic questions on plate driving forces in the eastern Mediterranean
remain unsolved [Le Pichon and Kreemer, 2010]. For example, it is unclear how or if the large-scale convection
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cell associated with the African deepmantle plume relates to the smaller scale one associated with the pull of
the Aegean slab, and what causes intraplate volcanism in the Middle East. Moreover, the relative
contributions of crustal thickening during collision and active mantle upwelling, whether associated with
lithospheric delamination or removal or not, in the construction of high plateaus in collisional belts remains
unresolved. Although linked with the Mediterranean dynamics, the cause of Arabia’s motion will be not
further discussed here, limiting our discussion to the motion of microplates within the Mediterranean.

Following the discussion above, we can define three processes as potentially responsible for the motion of
Anatolia. The first is the indentation of the Arabian Plate that created high terrain in eastern Anatolia
whose excess gravitational energy (per unit area) can power westward movement of Anatolia relative to
Eurasia. The second is the downward pull of the Hellenic slab on the overlying region, which reduces
potential energy there, creates an eastward gradient in potential energy and produces return flow that may
efficiently drag the upper plate trenchward [Le Pichon, 1982; Faccenna et al., 2006; Le Pichon and Kreemer,
2010]. The third is a basal drag applied by sublithospheric mantle flow to Anatolia and may be coupled with
the second one in a convecting cell [Le Pichon and Kreemer, 2010; Faccenna et al., 2013].

To quantify the influences of these contributions, we compute the instantaneous mantle flow from seismic
tomography by converting velocity anomalies to temperature [e.g., Hager et al., 1985; Lithgow-Bertelloni and
Silver, 1998; Moucha and Forte, 2011]. We solve the Stokes equation for incompressible flow in a global,
spherical shell using a finite-element approach [Zhong et al., 2000]. In such an approach, velocity amplitudes
(controlling, e.g., microplate motions and formation of LPO anisotropy) will scale, to first order, with the
local density anomaly divided by the ambient mantle viscosity, and stress quantities will depend on density
anomalies alone, to first order [e.g., Gurnis et al., 2000].

We test several, geologically motivated models of lateral viscosity variations and several density models. The
boundary conditions of the mantle flow computations are shear stress free at all or most of the surface,
allowing for dynamically consistent plate motions guided by weak zones prescribed at plate boundaries
[Ricard and Vigny, 1989; Zhong et al., 2000]. The modeling details are discussed in Faccenna and Becker [2010],
whose approach involves prescribing the motions of large, “external” plates such as Africa and Arabia, only
leaving the Mediterranean plates free to move, and in Becker and Faccenna [2011], who modeled completely
“dynamically consistent” plate motions. The motivation for the partially constrained motion models is to
increase the regional kinematic realism given uncertainties such as density variations underneath the African
Plate. Results for all models are presented for a regional zoom-in of the global models around the
Mediterranean. All velocities are rotated into a Eurasia-fixed reference frame by subtracting the velocities of a
best fit rigid plate motion with axis of rotation as obtained from fitting the surface velocities within that plate.

The reference density structure for the mantle is based on several tomography models, with fast anomalies
within inferred continental keels removed above 300 km to correct for shallow compositional effects [Boschi
et al., 2010]. We use a Rayleigh number of 3.4 · 108 (defined as in Zhong et al. [2000]) with temperature scaled
such density anomalies go with shear wave velocity anomalies as (d ln ρ)/(d ln VS) = 0.2. This constant
scaling is adopted for simplicity; it does not take depth-dependent mineral physics relationships into account
[e.g., Forte, 2007] nor do we allow for compositional anomalies besides continental keels. However, such
complications should mainly affect the amplitude but not the geometry of mantle flow.

Density models can also be inferred for slabs alone, based on deep seismicity and/or inferred past subduction
[e.g., Hager, 1984; Ricard et al., 1993; Lithgow-Bertelloni and Richards, 1998], or by mixed models that explore
the respective roles of slabs versus tomography and edge forces [e.g., Becker and O’Connell, 2001; Conrad
and Lithgow-Bertelloni, 2002; Ghosh et al., 2010; Stadler et al., 2010]. Here we consider upper mantle models
that are entirely or partially based on slabs inferred from the Engdahl et al. [1998] seismicity based,
regionalized upper mantle (RUM) slab geometry of Gudmundsson and Sambridge [1998], following Ghosh
et al. [2010]. No crustal density anomalies or other effects leading to lithospheric driving forces due to
gravitational potential energy variations, besides those imaged by tomography, are considered.

We use a Newtonian viscous rheology with background viscosities for the lithosphere (depth z< 100 km),
upper mantle (100 km< z< 660 km), and lower mantle (z> 660 km) of 5 · 1022, 1021, and 5 · 1022 Pa s,
respectively. Within the lithosphere, relative viscosities are 0.01 for weak zones along plate boundaries,
defined as in Becker and Faccenna [2011]. This simple model achieves a good general match to global plate

Reviews of Geophysics 10.1002/2013RG000444

FACCENNA ET AL. ©2014. American Geophysical Union. All Rights Reserved. 27



Figure 11

Reviews of Geophysics 10.1002/2013RG000444

FACCENNA ET AL. ©2014. American Geophysical Union. All Rights Reserved. 28



velocities and the geoid [Becker et al., 2006a; Miller and Becker, 2012], and we explore additional lateral
viscosity variations as described below. The mantle flow model results for the region are then evaluated in
the light of the present-day geodetic velocity fields by comparing predicted horizontal surface motions with
seismic anisotropy (see section 9) and with dynamic topography (see section 10).

Model a (Figure 11a) shows results from the Africa-prescribed motion approach of Faccenna and Becker [2010],
focusing on the motion of Anatolia and Adria (white arrows) only under the convergence velocity produced by
the imposed motion of Arabia and Nubia toward Eurasia [DeMets et al., 2010]. The result of this simple model
shows that Anatolia is moving toward the west at a rate which is ~ 60% slower than the geodetic one while the
Aegean microplate motion is not matched at all. The motion of Anatolia here is simply due to the Arabia push.

Adding density anomalies (Model b; Figure 11b) along the Calabria and Aegean subduction zones increases
the motion of Anatolia and of Aegea and the direction of the Aegean plate is better reproduced. To test the
role of mantle drag, we computed circulation models based on different tomography models. Here we
show results from three models, which can be compared with other two S wave model shown in Boschi et al.
[2010]. Model c (Figure 11c) shows the results adopting the MITP08 model [Li et al., 2008]. Anatolia motion in
this model is even faster than the geodetic velocity, indicating that mantle drag due to the upwelling in the
Middle East and downwelling in the north Aegean is driving Anatolia westward. This is also quite clearly
shown by model d (Figure 11d) where Anatolia is still moving, though at a reduced rate, when overall
convergence between Africa/Arabia and Eurasia is set to zero. These calculations indicate that the motion of
Anatolia results from the combined action of threemain processes, as rigid escape toward the west produced
by plate convergence, return flow driven by the retreating the Hellenic slab and the drag exerted by the
convecting mantle [Faccenna et al., 2013].

Comparison with other Pwavemodels [Piromallo andMorelli, 2003] shows basically the same results (Figure 11e).
Conversely, the motion of Aegean is well reproduced by the LRSP30EU S wave model [Boschi et al., 2009, 2010]
that nicely produces velocity turning into a more NE-SW direction, although it does not match the westward
acceleration (Figure 11f). This may be possibly due to the fact that our model does not include the gravitational
potential energy forcing stored in the crust that may be relevant in the Aegean system [Le Pichon, 1982].

Lastly, model tests show that the mantle flow pattern is rather stable and is more sensitive to the location
of the plate boundaries than to the assumed general rheology. For example, models are only slightly sensitive
to the presence or absence of an asthenosphere low-viscosity layer (Figure 11g) and the addition of
temperature-dependent viscosity only slightly accelerates the velocity field but does not influence the
overall pattern (Figure 11h).

The result of these simple tests shows the following that:

1. The westwardmotion of Anatolia with respect to Eurasia can be reproduced correctly only when accounting
for the contribution of slab pull and the return flow from the retreating Hellenic slab that likely drag the
upper plate trenchward, in conjunction with a mantle upwelling in the Middle East and with the shortening
produced by the Arabia collision. The pattern of mantle anisotropy represents a relevant test to better
understand the style of mantle flow and will be discussed in the following paragraph.

2. The motion of the Aegean plate can be correctly reproduced by suction exerted by the retreating
Hellenic slab but it requires an additional contribution, probably the gravitational potential energy
stored in the Aegea and Anatolia lithosphere.

9.2. The Motion of Adria

The Adria region (Figure 1) is a relatively aseismic area encircled by active orogenic belts [McKenzie, 1972;
Channell and Horvath, 1976; Channell et al., 1979; Anderson and Jackson, 1987]. Stratigraphic and
paleomagnetic studies have described the kinematics of Adria as a promontory of the African Plate [Channell
et al., 1979]. The reconstruction of past relative plate positions [Dewey et al., 1989; Mazzoli and Helman, 1994;
Rosenbaum and Lister, 2002; Capitanio and Goes, 2006] and the absence of relevant differential paleomagnetic

Figure 11. (a–n) Microplate motions and dynamic topography for different density models and plate boundary configurations using the approach of Faccenna and
Becker [2010]. White vectors indicate predicted, gray-prescribed plate motions, and orange vectors are interpolated GPS observations (all in best fit Eurasia-fixed
reference frame). Background color is the dynamically induced topography by mantle flow. Weak zone geometry indicated by lines. See Faccenna and Becker [2010]
and Boschi et al. [2010] for details.
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rotations of Adria with respect to Africa in the Tertiary [Channell et al., 1979; van der Voo, 1993; Rosenbaum
et al., 2004] support this hypothesis. Present-day deformation patterns, as revealed by both seismological
and geodetic studies, however, point out that Adria current motions are independent of both Eurasia and
Africa. Despite these efforts, the boundary between Africa and Adria plate is still poorly defined, and different
locations have been proposed so far in the southern part [Anderson and Jackson, 1987], along the Apulia
Escarpment [Battaglia et al., 2004; Serpelloni et al., 2005], or by considering diffuse deformation in the
Ionian Sea [Goes et al., 2004; Stein and Sella, 2005].

In a Eurasian reference frame, Adria’s velocity is almost perpendicular to that of Nubia (Figures 1 and 2), with its
speed increasing southward, matching the counterclockwise rotation of a rigid plate with a rotation pole in the Po
Plain [Calais et al., 2003; Battaglia et al., 2004; Serpelloni et al., 2005]. This rotation well describes the motion of the
northern part of Adria (north of Apulia promontory), which may be separated from a southern block along a E-W
trending active fault zone, the mid-Adriatic shear zone, located roughly along the 41°N parallel [Westaway, 1990;
Calais et al., 2003; Oldow et al., 2002; Battaglia et al., 2004; Favali et al., 1993, D’Agostino et al., 2008]. South of this
fault zone, it is possible to identify another microplate, which includes the southern Adriatic block with Apulia
promontory, the Ionian Sea and, possibly, the Hyblean region in southern Sicily [D’Agostino et al., 2008]. This
southern block rotates clockwise around a pole positioned off Cyrenaica and is separated from Africa by the Sicily
channel extensional zone [Westaway, 1990; Argnani, 1990; Torelli et al., 1995]. The kinematics of those two
oppositely rotating blocks has been related to the Eurasia-Nubia plate convergence [D’Agostino et al., 2008].

Mantle flow models show also that the Adria plate can move independently from Africa [Ismail-Zadeh et al.,
2010; Faccenna and Becker, 2010]. In these models, Adria’s motion is related to a combination of plate
convergence and mantle dynamics (Figure 11). Considering the close position of the oppositely dipping
Hellenic and Calabria subduction zones, it appears difficult to transmit rigidly the motion from Africa to Adria.
The neck of the Adria plate between the Hellenic and Calabrian trench is too narrow. In addition, Adria is
probably laterally too firmly anchored by the opposite verging subducting slabs to be able to move
coherently with Africa. In particular, mantle flow tests (Figure 11) show that the motion of Adria is influenced
by mantle circulation and that the microplate does not behave rigidly (questioning the microplate concept).
The northern side, Po Plain, is, in fact, moving with respect to Eurasia toward the west, driven by the pull of
the western Alps slab (Figure 11). The central part, conversely, is pulled toward the east by the cold sinker
associated with the Aegean slab (Figures 11c and 11e). This is better shown by model without convergence
(Figure 11d) where southern Adria is movingmuch closer to what is observed from geodesy. Probably a more
realistic solution is obtained by considering the Alpine collisional boundary as inactive and removing the
weak zone there (Figure 11i). In this case, the expected surface velocity is closer to what is observed,
especially explaining the eastward motion of the central Adria plate. Changing the convergence velocity
model (Figure 11n, Serpelloni et al. [2007]) or the plate boundary by including also the Pannonian Basin and
the Carpathians, conversely, does not produce a relevant change in the Adria motion both for the MITP08 and
PM0.5 models (Figures 11l and 11m).

The results of this set of model runs for the Adria plate suggest an alternative model to that of crustal block
interactions [D’Agostino et al., 2008] that involves an active role from the subducting slab. In this model, the
eastward motion with respect to Eurasia observed in the central Adriatic zone is independent from plate
convergence and is generated by the pull of the Dinaric-Aegean slab. This portion of the subducting slab is
indeed seismically active. Its activity may be also related to the partial cessation of activity of the central
Apennines subduction zone. Further test would be necessary to better quantify the role of these active
processes in the central Mediterranean.

10. Mantle Flow and Seismic Anisotropy

Another constraint for mantle flow is provided by seismic anisotropy which in the upper mantle most likely
reflects the alignment of intrinsically anisotropic, single crystals of olivine into lattice-preferred orientation
(LPO) under mantle flow [e.g., Silver, 1996; Montagner, 1998; Ben-Ismail and Mainprice, 1998; Savage, 1999;
Long and Becker, 2010]. This motivates quantitative comparisons between inferences from geodynamic
models and seismological measurements, for example, of shear wave splitting [e.g., Hall et al., 2000; Blackman
et al., 2002; Behn et al., 2004; Becker et al., 2006b].
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Figure 12
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Here our approach consists of assuming that flow is steady state, for simplicity (cf. tests for time dependence
in Becker et al. [2003]), for the few Ma needed to achieve saturated textures. We follow tracer particles in
the global mantle circulation models we construct until stable LPOs, as predicted by the mineral physics
theory of Kaminski et al. [2004], are reached at each desired location [Becker et al., 2006a]. Then, we assign
pressure- and temperature-dependent elastic tensors to the resulting 3-D model of elastic anisotropy
from 50 to 410 km depth. From this, we compute synthetic seismograms assuming lateral homogeneity on
Fresnel zone lengths (~ 100 km) using a full waveform method for synthetic seismograms from which the
expected splitting can be computed for arbitrary back azimuths [Becker et al., 2006b]. However, here we will
only consider station-averaged splits and mainly discuss our models in terms of the average angular misfit,
hΔαi, of apparent fast axes for all available nonnull splitting measurements.

Large-scale, global numerical computations now allow exploration of a significant part of parameter space of
anisotropy formation at resolutions down to ~ 20 km, while treating the general ingredients of Stokes
flow modeling, density, and viscosity models, as variable parameters. This allows fitting regional anisotropy
and global metrics such as plate motions and the geoid [Miller and Becker, 2012; Faccenna et al., 2013]. All
of the models considered for modeling seismic anisotropy have fully self-consistently moving plate motions,
following the modeling approach of Becker and Faccenna [2011].

Whenmodeling shear wave splitting observations, the best published regional fast azimuthmisfits are of order
~20° and variations of model parameters provide inferences on the dynamics which affect mantle flow and
anisotropy in the region [e.g., Behn et al., 2004; Becker et al., 2006b; Miller and Becker, 2012; Alpert et al., 2013].
However, in a previous work on the Middle East system [Faccenna et al., 2013], we found that the match to
anisotropy in tectonically complex regions is sensitive to the details of choices regarding weak zones. As
expected from the complex plate kinematics explored in the previous section, the same holds true when
considering SKS data in theMediterranean from Figure 8 (except Kovács et al.’s [2012], data, not available to us at
the time), explored in Figure 12. Instead of trying to aim for the “best” model in terms of global azimuthal
anisotropy misfit, we show three cases that illustrate the effects of density anomalies and viscosity variations.

Figure 12a shows the predictions for induced plate motions and internal flow as driven by the SAVANI model
(Figure 6) and the reference weak zone geometry (also compare with Figures 8c and 11). The large-scale trends in
thewestern region of Spain and France fit moderately well with thismodel. However, Italy and central Anatolia are
not. If we replace the fast upper mantle structure in tomography by slabs as inferred from seismicity in the
Tyrrhenian and Hellenic region (RUM model of Gudmundsson and Sambridge [1998]), the predictions are
improved (Figure 12b), and the mean misfit of hΔαi reduced from ~43° to 34°. The localized sinkers underneath
Tyrrhenian and the Hellenic Sea lead to quite widespread inward flow (slab suction) in those regions, which
appears to be required by the SKS splitting. In the central-westernMediterranean, this flow is probably induced by
the rollback motion of the Calabrian slab [Lucente et al., 2006] matching properly the extensional direction [Jolivet
et al., 2009]. Perhaps surprisingly, the area that is apparently affected by this suction is large and extends over
Spain-North Africa and France for the Tyrrhenian case. It is remarkable that trench parallel directions observed
beneath the Apennines are also predicted by the pull of the Tyrrhenian slab, giving an alternative solution to
earlier suggestions of trench local mechanisms, and highlighting the nonuniqueness of slab anisotropy
observations [cf. Long, 2013]. Similar considerations hold for Anatolia-Bitlis fabric that is predominantly matched
by the pull and rollback-induced flow of the Hellenic slab, confirming our previous model [Faccenna et al., 2013].

This anisotropy modeling result also emphasizes the role of slab fragments for small-scale convection within
the Mediterranean domain [cf. Faccenna and Becker, 2010]. It indicates that large-scale models such as
SAVANI fail to image the required fine-scale structure that is now accessible to geodynamic modeling in light
of data-rich environments such as the Mediterranean. However, employing higher resolution models such as
PM0.5 did not improve the fit significantly compared to Figure 12b, which perhaps indicates that more

Figure 12. Comparison between synthetic and observed (as in Figure 8a but without the Kovács et al.’s [2012] data set) SKS splitting. Background gray wedges with
white sticks indicate flowmodel predictions of fast azimuth and delay times including their standard deviations from full waveform back azimuth scans (in analogy to
the surface wave synthetic SKS splitting in Figure 8b). Colored sticks are the splitting observations, colored by the local azimuthmisfit, Δα, with meanmisfit values for
the wholemodel domain (841 observations) indicated in the legend. (a) Reference weak zone geometry, mantle density inferred from the SAVANI model of Auer et al.
[2014]. (b) Density in mantle inferred from a combination of the SMEAN composite model in the lower mantle, and low wave speed anomalies from SMEAN plus
slab structure inferred from RUM in the upper mantle [cf. Ghosh et al., 2010; Miller and Becker, 2012]. (c) Density as in Figure 12b, but omitting the weak
zone around the Alpine chain [cf. Faccenna and Becker, 2010]. All modeling choices are as in Faccenna et al. [2013], see there for details.
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regional data should be added to multiscale shear wave tomography models that can benefit from the good
surface near constraints available from surface waves.

Figure 12c illustrates the role of weak zones [cf. Faccenna and Becker, 2010]. Removing the whole Alps
domain, i.e., considering the collisional zone as “locked,” does lead to an improvement in the fit to SKS in the
eastern, but not the western Alps that remain poorly fit. This trench pattern is actually poorly fit by those
regional models and may require significant lithospheric contributions related to the orogenic pattern
[Meissner et al., 2002]. Such lithospheric, perhaps frozen-in, fabrics are not considered here in our exploration
of asthenospheric anisotropy due to convection. Regional model refinement can also improve fits by
modifying density structures, as was done, for example, by Alpert et al. [2013] for the Alboran region.
However, we shall refrain from such further refinements here.

In summary, the comparison between mantle flow model and anisotropy support the idea that the large-
scale, quasi-symmetric, pattern of mantle flow in the Mediterranean is induced by the two retreating slabs,
the Calabrian and the Hellenic ones. This influences the mantle strain pattern on areas wider than previously
thought. Our results also support the idea that upper mantle is playing an active role on the microplate
motion of the Mediterranean region.

11. Isostatic Versus Dynamic Topography

Geomorphological and geodetic data show that within several Mediterranean regions, the topography is
ever changing, and at quite rapid rates. This is not only the case along plate boundaries, where variation of
crustal thickness is expected, but also in regions far from plate boundaries.

Remarkable features in the Mediterranean are represented by the significant (> 0.8 mm/yr) uplift rates
registered along several orogenic belts, such as the Alps and the central Apennines. Moderate uplift rates
(0.5 ± 0.2 mm/yr) are registered over northern Spain, in the Central system, Iberian chain, Valencia trough, the
Atlas, along the Catalan Coastal range [Janssen et al., 1993; Lewis et al., 2000; Gaspar-Escribano et al., 2004;
Cloetingh et al., 2002; Teixell et al., 2005; Casas-Sainz and de Vicente, 2009; Milller and Becker, 2013; Scotti et al.,
2013], and over Central-Southern Anatolia [Cosentino et al., 2012] (Figure 3c). Subsidence is distributed over
most of the basins in and around the Mediterranean, but particularly in these locales, the geodetic signal may
be affected or amplified by anthropic effects such as compaction due to gas and water pumping (e.g., Po
Plain and northern Apennines [Carminati et al., 2003a, 2003b]) (Figure 3c). The origin of the variation of the
topography and of the topography itself is complex, as may be related to different processes acting at
different levels, from the surface to the deep mantle.

Figure 13. Estimates of the residual topography obtained by subtracting Airy compensated models of crustal structure from the observed (long-wavelength
smoothed) topography for the different crustal models of Figure 5. Orange plate boundaries are from Bird [2003], dark contours are smoothed actual topography
in 750 m intervals for positive bathymetry only. Inset shows density values used for the crust, lithosphere (constant thickness of 100 km), and asthenosphere,
respectively, optimized by minimizing the residual for each model. (a–e) EPCRUST, EUCRUST, Euro Moho, CRUST2.0, and CRUST1.0 crustal thickness variations,
respectively. (f ) CRUST1.0 thickness and average lateral crustal density variations.
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Our contribution here is to discuss if the topography signal of some part of the Mediterranean can be
attributed only to its isostatic contribution, resulting from the buoyancy of the crustal andmantle lithosphere
layer, or if there is an additional contributions from deep mantle source. This deeper contribution is related to
the stress generated at the base of the lithosphere by the flow produced by density variation in the Earth’s
mantle. This produces a “dynamic topography” signal on the surface [Hager et al., 1985]. A possible way to
approach the problem of the “static” versus dynamic topography is to compute the expected elevation of a
given lithosphere column, assuming it to be in Airy isostatic equilibrium, and to compare that with its
elevation. The difference between its elevation and the one estimate from isostatic equilibrium is commonly
defined as “residual topography” (Figure 13). Eventually, the residual topography can be compared with a
model dynamic topography (Figure 14). Integrating in time observation and the modeling can provide
further constraints to the model [e.g., Gurnis et al., 2000; Daradich et al., 2003; Moucha and Forte, 2011].

The expected elevation (e) of a lithospheric column assuming it to be in Airy isostatic equilibrium with
respect to a reference level (H, usually taken as average ridge elevation, here �2.6 km) is given by the
lithosphere buoyancy, composed of a crustal layer with a thickness (lc) and density (ρc) overlying a mantle
lithosphere with a thickness (ll) and density (ρl), floating over an asthenosphere of density (ρa).

e ¼ f 1lc þ f 2lmð Þ � H (1)

where f 1 ¼ ρa � ρcð Þ=ρa and f 2 ¼ ρa � ρlð Þ=ρa (2)

Due to the composition of continental crust, �f2 is usually 1 order of magnitude lower than f1, and so the
contribution of the crust to elevation is more than the double than that of the lithospheric mantle
contribution. Therefore, the effect of crustal variation is more relevant than that of the lithosphere mantle,
and this is fortunate given our poor knowledge on the depth of the lithosphere-asthenosphere boundary
with respect to that of the Moho. The estimates of the isostatic topography suffer from the poorly
constrained buoyancy parameter of the lithosphere. As we have seen, the crustal structure around the
Mediterranean is only partly established (Figure 5). The main difference between the different models is in
the Middle East and in western Anatolia, where EuroMoho and EPCrust show thickening up to ~40 km
or more, whereas CRUST1.0 (which contains an average of the regional models) and Eucrust is always at
~30–35 km. Recent receiver function studies show that CRUST1.0 and Eucrust model are perhaps more
appropriate than other models [Karabulut et al., 2013; Vanacore et al., 2013]. Other differences between
models are found on orogenic belts, such as the Apennines, Pyrenees, or the western Alps, where crustal
thickness variation of up to ~10 km. The crustal density is also a rather poorly constrained parameter, being
dependent on the knowledge of the thickness of the sedimentary column and on the composition of the
lower crust.

The residual topography shown in Figure 13 is inferred from different crustal models as shown in Figure 5 by
correcting the observed topography for the expected isostatic topography. All topography estimates have
short wavelength structure removed by convolution with a Gaussian smoothing kernel of 6σ width of
250 km. All models assume a constant lithosphere thickness of 100 km and a reference density of 2775 kg/m3

and 3250 kg/m3, for the crust and the lithospheric mantle, respectively. For one model, we allow for lateral
variations in crustal density as inferred from the column averages of CRUST1.0. The asthenospheric
density value is set to minimize the residual in order to attribute the maximum possible topography
variations to isostasy, and best fit values range from 3202 to 3210 kg/m3.

With exception of the Pyrenees belt, all crustal models show a positive residual topography for Iberia, with
variable amplitude (Figure 13). The maximum of the residual is observed in the Iberian chain and in Galicia.
The Pyrenees shows a slightly negative or null signal, suggesting a nearly Airy isostatic equilibrium.
Positive residual topography is observed in Anatolia, particularly in the EuCrust07 model for the West
Anatolia [cf. Boschi et al., 2010]. Recent receiver function studies confirm this model, thus indicating that
Anatolia is more elevated than expected from isostasy [Komut et al., 2012; Karabulut et al., 2013; Vanacore
et al., 2013]. All the models also show a broad region of positive residual topography extending from the
Western Alps, Massif Central to the Bohemian massif. The western Alps, the Apennines, the Tell, and the Atlas
also have a positive sign. In those regions, however, the crustal structure is complex [Piana Agostinetti and
Amato, 2009] or, as for the case of North Africa, as of yet poorly constrained. Negative anomalies are found in
the deep Mediterranean basins. In those cases, the correction should account for the age-dependent density
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structure of the oceanic lithosphere, probably Jurassic in age [Speranza et al., 2012]. Negative topography
anomalies are also in the Po Plain, along the Dinarides, the Hellenides, and in the Black Sea-East European
platform. There, one may again explore a lithospheric origin of the residual topography such as due to
relatively thicker, older continental lithosphere [e.g., Artemieva, 2007].

The origin of the residual topography shown in Figure 14 could be due to different effects. They may be
related due to a variation on lithospheric thickness [cf. Gvirtzman and Nur, 2001; Artemieva, 2007]. For
example, to explain the elevation and recent uplift of Iberia would require a loss of ~30 km of mantle
lithosphere. Given our loose constraints on the lithosphere asthenosphere boundary, this model can be
hardly tested. In any case, this lithospheric thickness variation may be considered as a viable solution in areas
of recent deformation or near plate boundary [Göğüş and Pysklyweck, 2008; Komut et al., 2012], but it
hardly applies to intraplate region as Iberia.

The other possible source of elevation may be related to far-field stress, producing lithospheric folding
and undulation whose wavelength depends upon the elastic thickness and/or the presence of decoupling
layer [Cloetingh et al., 2002]. For the same case of Iberia, it has been proposed that the alternation of basins
and ridges may at least be partially explained by this effect.

The third possible explanation for the residual topography is related to mantle convection. Convective flow
may produce vertical stresses at the base of the lithosphere producing a transient “dynamic” topography
signal. The normal stresses generated by viscous flow due to density anomalies within the top ~500 km of the
mantle are used to infer the instantaneous surface deflection [Ricard et al., 1984; Richards and Hager, 1984].
The dynamic topography signal can be transient and lead to uplift and subsidence, as opposed to the
present-day out of isostatic equilibrium states, if the plate moves relative to the density anomalies, or
vice versa. It is expected to produce undulations of the surface topography with amplitude of few hundreds
of meters and wavelength of hundreds of kilometers [Braun, 2010; Flament et al., 2013].

Here we estimate the dynamic topography from instantaneous mantle flow computations from the radial
tractions acting upon a free-slip surface boundary condition in an incompressible Newtonian fluid
spherical annulus that has only radial viscosity variations, for simplicity. These approximations allow for a
semianalytical approach to estimate global mantle flow based on spectral methods [Ricard et al., 1984;
Richards and Hager, 1984]. Density models are again constructed by scaling the velocity anomalies from
seismic tomography to temperature.

The dynamic topographymodels shown here (Figure 14) are based on different tomographic models and can
be then compared with residual topography. Preliminary analysis shows that shear wave tomography
models can fit both horizontal geodetic data over microplates and the residual topography map better than
the body wave model, because the latter have generally poorer resolution in the shallowest layers of the
mantle [Boschi et al., 2010].

Here we estimate dynamic topography from TX2008 [Simmons et al., 2009], SAVANI [Auer et al., 2014], and
PM0.5 ([Piromallo and Morelli, 2003]; embedded into TX2008). Global models that do not incorporate refined
regional data sets, such as TX2008 (Figure 14a), show the first-order structure of the Mediterranean, as a
broad negative anomaly due to the presence of the slab beneath the Hellenic, a marked positive
anomaly beneath the Middle East-Anatolia and in the Tyrrhenian-central Apennines. Also, SAVANI
(Figure 14b) shows a more focused negative anomaly beneath the Hellenic region and northern France and
Middle East-Anatolia positive anomaly. In addition, this model shows a positive anomaly in the central
Mediterranean back-arc region extending from eastern Iberia-Valencia, Liguro-Provençal, and Tyrrhenian
basin. The reason for this signal is simply that all of those regions are underlain by a shallow low velocity
anomaly (Figure 6a).

The body wave models show a smaller scale, pattern of negative/positive anomaly basically confirming the
SAVANI model. TX2008-PM0.5 model shows a negative anomaly along the Hellenic arc and in northern

Figure 14. Predictions of dynamic topography from inferred surface deflections as caused by the present-day mantle flow. Computations use HC [Milner et al., 2009]
to explore simplified rheologies with only radial viscosity variations leading to imprecise plate motions. Density scaling uses (a) the global S wave model TX2008
[Simmons et al., 2009], (b) SAVANI by Auer et al. [2014], and (c) PM0.5 [Piromallo and Morelli, 2003] embedded in TX2008, as in the background of Figure 8a.
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France. It also confirms the presence of a positive anomaly beneath eastern Iberia-Valencia trough and
in the Middle East Anatolia. In addition, it shows a positive anomaly of smaller size in the Sicily channel,
central Apennines-Apulia, Massif Central, and northern Greece. Smaller negative anomalies appear in
correspondence of subducting slab such as beneath the western Alps, Calabria, and North Africa. Large
negative residual topography over the stable Eurasia region may be related to an increase of that mantle
lithosphere thickness [Artemieva, 2007].

From the comparison between residual and dynamic topography (Figures 13 and 14), it is possible to
draw the following considerations:

1. Dynamic topography shows a positive signal over east Iberia, in the Valencia trough. This anomaly matches
fairly well the residual topography. Geological indication also shows an episode of post-Pliocene uplift of the
entire region of few hundreds of meters and few millions of years after the end of the main tectonic event
[Janssen et al., 1993; Scotti et al., 2013]. Our analysis indicate that the origin of this doming event may bewell
explained by mantle upwelling but other possible causes as mantle lithosphere thinning or large-scale
folding can be equally considered. Same considerations hold for the Pannonian Basin.

2. Confirming previous indication [Faccenna and Becker, 2010; Komut et al., 2012], we also show that part of
the positive residual signal over Anatolia and Middle East may be related to mantle upwelling, as
suggested by geological indications [Cosentino et al., 2012].

3. The Hellenides and Peloponnese show negative dynamic topography which matches the residual topo-
graphy, suggesting that the pull of the Hellenic slab may be produce dynamic and detectable
subsidence [Husson, 2006];

4. Negative residual topography in the Adria region is supported by SAVANI and from TX2008-PM05 sug-
gesting a dynamic contribution from the Alpine slab as proposed by Shaw and Pysklywec [2007].

Quantifying the dynamic topography signal further requires a more detailed analysis. However, the
comparison between residual and dynamic topography and geomorphological data indicates that the role
of mantle flow on shaping surface topography over the Mediterranean is important. The most clear
signals are, not surprisingly, represented by the negative dynamic topography over the Hellenides slab and,
perhaps more surprisingly, the positive signal over Anatolia and Iberia [Faccenna and Becker, 2010; Boschi
et al., 2010]. In both those two anomalously high areas, geomorphological data indicate that those regions
have uplifted recently at rate of 0.5–1 mm/yr [Scotti et al., 2013; Cosentino et al., 2012] of few hundreds of
meters. The amplitude of the processes may be variable depending on the chosen crustal or tomographic
model, but it may be in the order of some hundreds of meters.

12. Outlook and Final Remarks

The result of the analysis of the structure and evolution of the Mediterranean can be summarized in few
relevant points.

1. The past and present velocity field of the Mediterranean is only subordinately guided by the plate conver-
gence. Back-arc spreading, now active only in the Aegean, has been episodic and punctuated by pulses of
fast extension. The speed of the microplates, Anatolia, Aegea, and Adria, is and has been faster than
plate convergence. The internal dynamic of the system, i.e., subduction process, rather than plate
convergence exerts a primary role on Mediterranean tectonics.

2. The structure of the Mediterranean crust and mantle is rather well illuminated and robust at long-
wavelength scale. The comparison between different tomography models highlights the presence of
high-velocity anomalies in correspondence of the deep inclined seismic zone of the Aegean and Calabria,
stagnating in the transition zone. Large low-velocity anomalies dominate the back-arc regions on the
slabs side. Mantle anisotropy is well aligned to the stretching direction of back-arc basins but extends
also outside them (i.e., Spain and France on the West and Anatolia-Bitlis to the East) whereas a predo-
minantly trench parallel pattern of anisotropy is observed beneath the subduction zones.

3. The amount of subduction estimated by Tertiary tectonic reconstruction is in good agreement with what
estimated from seismic tomography. The velocity of subduction and its retrograde motion can be
reproduced by a simple physical model of slab sinking in a viscously stratified mantle. However, the
presence of heterogeneities in the subducting material and the consequent slab deformation largely
influence the style of subduction.
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4. Simulation of the present-day pattern of mantle flow shows small-scale convection cells confined
between the base of the lithosphere and the transition zone. This style of convection is expected to
produce a recognizable signal on the surface in terms of horizontal and vertical motion. We explore the
model sensitivity field varying input data, i.e., tomographic models, weak zones distribution, and rheo-
logical profiles. We validate the numerical simulations using the present-day motion of the microplates,
seismic anisotropy, and dynamic topography.

5. Our best interpretation of the mantle flow beneath the Mediterranean is summarized in Figure 15. The cen-
tral Mediterranean represents the main “catchment area”: both the Hellenic and Calabria slabs are sinking
there, consuming the last remnant of old lithosphere beneath the Ionian Sea. At transition zone depth, high-
velocity material stagnates beneath the back-arc regions, as a result of the retrograde motion of the slab. At
shallow upper mantle levels, back-arc regions are dominated by low-velocity anomalies rooted in the
transition zone on themargin of the high-velocity bodies. We interpret this signal as due to an uppermantle
scale return flow, induced by the subducting slabs favoring upwelling of mantle to shallower depths. In this
view, the return flow of the Calabrian subduction is represented by a zone of upwelling positioned beneath
the Valencia trough/eastern Spain/Massif Central. The return flow of the Hellenic slab is beneath the
northern Hellenides/Anatolia. This is supported also by SKS fast polarization azimuth which, in the back-arc
region, is parallel to the extensional direction and is well aligned with what expected from the suction flow
exerted by retreating slab. Numerical simulation also shows that the motion of Anatolia is partly due to
drag exerted by the subduction-related mantle flow. In addition to this first-order pattern, there is a number
of small convection cells positioned on the side of the slab as shown by anisotropy and geological
studies (i.e., Sicily channel for Calabria, SW Turkey for the Hellenic slab, and SW African cost of Morocco
for the Alboran slab) and interpreted as toroidal flow around slab edges.

6. Comparison between residual and dynamic topography and morphological evidences indicates that at
least a fraction of the topography signal over specific Mediterranean areas cannot be explained by iso-
static equilibrium. There is a negative topography signal related to the subduction zones. Its surface
topographic effect has been described in the Tyrrhenian and Aegean Sea but its scale and amplitude still
need to be constrained. Similarly, it is possible to interpret the high topography of some undeformed
regions, such as eastern Spain/Massif Central to the West or the Anatolia plateau to the East, as partly due
to the upwelling return flow. Further analysis is required to properly quantify the static and dynamic
component of topography; for example, constraints on the structure of the crust and of the lithosphere
are essential to better assess its isostatic equilibrium.

In summary, we consider the Mediterranean as a key site where the linkage between mantle dynamics and
surface processes can be analyzed in detailed. Our conclusions are only preliminary but show that
understanding deformation over mobile belts requires the knowledge of mantle dynamics. Further studies and

AnatoliaAdria
Arabia

Figure 15. Cartoon showing the hypothetical pattern of mantle convection presently active in the Mediterranean (modified from Faccenna and Becker [2010]).
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more sophisticatedmodeling are necessary to test some of the ideas presented here. A main future step would
be to reconstruct back in time the pattern of mantle convection over geological time scale with high resolution,
including the interplay between convection and conduction and the modifications of crustal thickness
(thickening or thinning) that may become relevant for the distribution of lithosphere body forces.

Glossary

Azimuthal anisotropy: a simplified case of elastic anisotropywith hexagonal symmetry axis in the horizontal
such that vertically polarized shear waves propagate with velocity v_{SV1} along the “fast azimuth” compared
to v_{SV2} along the slow azimuth at 90°.
Backarc: the region positioned behind the volcanic arc on the opposite side of the subduction zone (i.e., toward

the upper plats). The tectonic regime of the back-arc area can be compressional, extensional, strike-slip, or
neutral depending on the relative motion between the trench and the upper plate.
Capable fault: a fault potentially able to generate surface deformations including coseismic deformations.
Dynamic topography: continental or oceans topographic deflection due to the stress generated by

mantle convection at the base of the lithosphere. It is transient as it varies with mantle flow.
Extrusion: or escape describes the motion of continental material away from collision zone related to

forces due to continental buoyancy.
Fabric: The fabric of rocks describes the spatial and geometric configuration of all the elements that make

it up, at microscopic scale. It is generally adopted to describe the structure on a metamorphic rocks.
Flysch: a sequence of sedimentary rocks deposited in a deep marine facies in the foreland basin of a

growing orogen. They consist of repeated sedimentary cycles with upward fining of the sediments.
Foredeep: a basin related to the bending and flexure at trench of the downgoing slab close to an

orogenic belt.
Fresnel zone: the three-dimensional, cone-shaped region along an idealized raypath that approximates

the region where Earth’s structure most influences seismograms at a given period as used for seismic
measurements, expected to be ~100–200 km in the upper mantle.
Lattice-preferred orientation (LPO): also as crystallographic preferred orientation describes the

nonrandomalignment ofmineral grains as a consequence of rock deformation, here used in terms ofmacroscopic
anisotropy resulting from alignment of intrinsically anisotropic minerals such as olivine under mantle flow.
Microplate: rigid tectonic plate significantly smaller than the surrounding ones. No size threshold exists

to define microplates.
Mobile belts: elongated continental margin plate boundaries that exhibit long-lived deformation history

along continental margin. They contrast the stability of cratons.
Molasses: Sedimentary continental deposits filling foredeep basin. They derive from the erosion of the

rising mountain belt.
Oblique convergence: the nonorthogonal relative motion of plates at plate boundary (subduction zone).
Orocline: a curved orogenic belt bent after its formation.
Radial anisotropy: a simplified case of elastic anisotropy with hexagonal symmetry axis in the vertical such

that horizontally polarized shear waves propagate with velocity v_{SH} that is different from that for vertically
polarized shear waves traveling with v_{SV}.
Receiver function analysis: a technique to isolate, on three-component seismograms, the signal from

P-to-S teleseismic waves converted at interfaces beneath the seismometer (receiver). The amplitudes of the
arrivals in a receiver function depend on the incidence angle of the impinging P wave and the size of the
velocity contrasts generating the conversions. The arrival times of the converted phase depend on the
depth of the velocity contrast, the P and S velocity between the contrast and the surface, and the Pwave inci-
dence angle. The relative amplitudes of the later arrivals and their frequency content depend on the
sharpness of the velocity transition.
Residual topography: the nonisostatic component of topography. It can be obtained by subtracting from

the actual topography the expected topography assuming isostatic equilibrium.
Seismic moment: a measure of the size of an earthquake based on the fault rupture area, the average

amount of slip, and the force required to overcome the friction coupling the rocks that were displaced
by seismic faulting.
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Seismic tomography: A technique that uses the recordings at seismic stations of seismic waves to derive
three-dimensional images of Earth’s interior in terms of seismic parameters (wave speed, attenuation).
Subduction zone coupling: friction between the two sides of a subduction interface and related short-

term (interseismic) slip rate.
Synrift: Deposits filling an extensional basin during its opening phase. It contrasts with postrift deposits

that accumulate after the main extensional phase.
Tectonic inversion: reactivation of a structure or a basin under a different tectonic regime. More

common is the positive tectonic inversion to indicate an extensional basins or normal faults reactivated
under compression.
Trench rollback: also as slab rollback, the backward/oceanward motion of the trench with respect to

the upper plate.
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