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ABSTRACT

According to the classical Plate Tectonics theory, the interaction betweesn the “rigid™
plates is exhausted at the lithospheric level and does not involve, apart from the subduc-
tion zones, relevant heterogeneitics in the upper mantle. In the Mediterranean area,
lateral variations of the “Ud"” thickness—from about 0 1o 100 km—and lateral changes xs
Jarge as about 15% of the shear-wave velocities in the lithosphere-asthencaphere system
have been clearly evidenced on the batls of surface-wave dispersion messurements and
P-wave tomography. The strongest Interal heterogeneities in the lithosphere occur in the
Proximity of tectonically active areas. In Particular, subduction of continental litho-

imply a positive density contrast in the upper mantle of the order of 0.05 glem’.
Another challenge to classical Plate Tectonics in continent-continent collision zones are
the plate boundaries, which are not linear features, bt rather wide “belts". Large
shocks seem 20 occur In well-defined zones where a relevant gradient in the lid thickness
has been detected,

1. INTRODUCTION

_Abginl‘ﬂlirly years ago a new theory, named Plate Tectonics, evolved and very quickly
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acquired mchimpomneet}ntluh:putwufeltmuchbunchor&nhschnm.
It bas been supported by a spectaculasly increasing amount of evidence which hay
ensured its growing popularity. The theory explains the tectonic evolution of the outer
layers of the Earth by the relative movements, st the surface of the globe, of a limjted
number of “rigid” plates. These boundaries are delimited by earthquake belts of varj-
able width. At the accreting boundaries hot new material i brought up to the surface
and expands taterally whereas, at consuming boundaries, the cooled old material sinks
down, being thrusted under an adjoining plate. Continents, because they are lighter,
override oceanic pistes and are never consumed, The rigid plates, which together make *
up the lithosphere, are believed to be partially decoupled from the underlying material
through a zone of reduced strength, the asthenosphere. Deformations of the plates can
ondy occur pear the plate boundaries; one expects to find there large tectonic features
such as orogens, subduction, rift zones, and volcanoes.

In the case of an oceanic lithosphere located between two continental plates being
completely consumed, a continent-continent callition follows, possibly leading 1o an
Alpine-Hiralayan type of belt. In such 4 way continental masses join together leading
to an accretion of the single continents. Thus, from the Precambrian to the Carbonifer-
ous, several elements have besp sccreted, through » seriey of otogenesis, 10 the Euro-
pean continent. The circum-mediterrancan belts could represent, in the future, the seam
joining Europe with Africa. According to the classical schemes of Plate Tectonics, when
the continent-continent collision begins the subduction process terminates and only &
“crustal shortering™ ensues dus 1o the push acting on the two lithospheric masses. This
sterms from the fact tlaunoldmlcll!haplpmundnkmdbembductedmuu
underlying ssthenosphere due to the high density values acquired during its cocling and
ageing process (Viaar and Woctel, 1976). A coatinental lithosphere, on the other hand,
could not nademomlprmdmtothelwdemwvuuuoﬂhnmt.

The interaction of Africa and Eurape may be described, sccording to the theory of
Plate Tectonics, as a kinematic aystem dominated by the spreading in the Atlantic
Ocean (e.g., Smith, 1971). The boundary which separates the African from the Eyrasian
plate runs from the Azores lalands at the Mid-Adantic Ridge to the Strait of Gibraltar
along a well defined fracture zone iy the ocoan and continues on 10 NW Africa, Sicily,
Italy and SE Europe along s rather wide deformation belt, As & result of this gigantic
collision major orogens wers formed such ax the Atlag mountain range, the Apennines,
the Alps, the Carpathians, the Dinarides and the Taurides. The effects of the plate col-
lision, which at present implies & lithospheric shortening in the Mediterranean-Alpine
belt of about § to 10 mmy/yr (Mueller, 1984), are not confined 10 the crustal layers, but
seem Lo involve also the upper mantie. Examples are found in the presence of slices of
oceanic and subcontinental mantle peridotites within the collisional suture (Dal Piaz et
al, 1972), in the existence of lithespheric roots in the Betic Cordillera (Panza et al.,
1980a, b; Marillier and Mueller, 1985), in the Alps (Panza and Mueller, 1979; Babuiks
et al, 1985; Spakman, 1986a) and in the Central Apennines (Calcagnile and Panza,
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1981, in the thickening of the lithosphere in the Alpine area snd 10 the south of It,

including slmost all of the Po Valley (Calcagnile and Panza, 1981), and in the possibly
related (lilies, 19758, b) thinning of the lithosphere in the Rhine Graben ares (Panza et
al., 1980, b). Therefore the basic concepts of Plate Tectonics, which give an elegant ex-
planation of the “orogenic cycles™ cannot be applied to the Alpine tectonics in the
Mediterranean mmexhumdthhmdnmmmlnuwﬂ:yﬂco-cmmal
properties of the upper mantle ncar the circum-mediterrancan mountain belta is siso
required by recent palinspastic reconstructions {Scandane and Patacca, 1984). The total

volume of continental crust that has been involved in the deformational process i by *

far (at least twice) greater than that present today in the mountain beits, even taking
into sccount erosional effects. If this computation is extended to the whole lithosphere
the amount of “missing™ masses is even greater. The shortening cannot therefore justify
the disappearance of enormous quantities of continental crust which, for the circum-
mediterranean case, are of the order of several tens of millions of cubic kilometers. One
has to allow, therefore, an open system for the continent-coatinent collision processes
and consider that large portions of continental crust have been involved in the subduc-
tion process. With the term subduction we Intend a sinking of the lithosphere into the
asthenosphere without implying that the geometry of the system has to be similar to
the classical Benloff planes which have been identifisd along the Pacific plate margins.

The most powerful geophysical tool for regional studies of the lithosphere-astheno-
sphere system is at present represented by the combined use of surface-wave dispersion
measurements -and body-wave teavel times (tomography and deep acismic sounding
experiments). The interpretation of deep scismic sounding experiments has clearly evi-
denced a layering in old continental crusts such as thoss prosant in the stable perts of
Alftica and Europe. Detalled models of the crust in the European area (Mueller, 1977)
indicate the presence of a low-velocity sedimentary layer lying over a crystalline base-
ment, in which the velocity of body waves increases with depth (upper crust). At s
depth of about 10 km a soft layer s encountered characterized by a decrease of Pwawe
velocity (middle crust). Below it there is a layer (lower crust), with much higher velo-
cities, composed of metamorphic rocks (amphibolites and granulites) arising from the
sransformation of various rock types residing originally in shallower parts of the crust.
This material has beon transported by collisional processes to depths where it is not in
equilibrium snd, therefore, the different rocks undergo a series of metamorphic pro-
cesses which change thelr physico-chemical charactér. Among such processes, the
progressive expulsion and migration towards the surface of volatile elements is particu-
farly relevant. Tho concentration of these volatiles and incipient processes of partial
melting sre probably responsible for the reduction in strength of the middle crust and
the ensuing Jow-velocity channel. In some areas, a low-velocity channel has been iden-
tified alio in the lower crust.

1t is very Yikely that in the belts arising from the collision of continental plates, the
various nappes have their origin in the slivers of crust sheared off along these weskness
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zones, defined by the low-velocity layess. It is therefore reasonable to assume 2 model in
which the upper crust is respensible for the formation of parts of the nappes and of the
crustal roots. Almost all of thr lower crust, on the other hand, along with the litho-
apheric part of the mantls (the 1id) is undergoing subduction. Due to the high values of
the density of the lower crust there are no more isostatic effects preventing the subduc-
tion of the continental lithosphere deprived of its low-density upper crustal “skin™. In
some cases, a5 in the lvrea zone, slices of the lower crust can also be peeled off and
contribute to the Alpine nappe edifice. Recent results of the seismological investigation
based on the analysis of body-wave travel time data (Dziewonski, 1984; Spakman, '
1986s, b) and surface-wave dispersion (Panza et al., 1980a, b; Woodhouse and Dziewon-
£ki, 1984) indicate the presence of large jatoral variations not only in the lithosphere but
also in the detper mantle up to depths of several hundred kilometers. In the case of the
Precambrian shields, the asthenospheric low-velocity layer ia practically absent (Cal-
cagnile and Panza, 1978; Poupinet, 1979; Punza, 1980; Calcagnile, 1982). The entity
comprising these high-velocity materials, reaching depths of the order of 400 km under
stable cratons, and \he overlying lithosphere, has been called “tectosphere™ by Jordan
(1975). The tectosphere s defined oa the basis of its kinematical behavior, slnce the
lithospheric and sublithospheric portions of the contisental plates move around as 2
single entity. On the other hand, the lithosphere and asthenosphere are defined on the
basis of their dynamical behavior, that is, how they react to applied forces. Under the |
ocesns the tectosphere and lithosphere can be considered as coincident, while under the
continents (e.g., Fennoscandia) the tectosphere may reach depths well below the
lithospheric ones. The discovery of these tectospheric roots is therefors a further
challenge for the clastical Plate Tectonics theory, which postulates that the plates are
formed everywhere by the lithosphere and that the upper mantio dost k0L prosent
Iateral heterogencities from & chemical point of view.

The Mediterranean area ks the result of a complex lithosphere-asthenosphere inter-
sction in relation 10 the collision of continental masses. In this region, both the Euro-
pean and African blocks are subject to systems of great fractures that generated conti-
nental rift structures and tectonic troughs such as the Rhine and Rhone Grabens and the
Pantelleria trough in the Channe] of Sicily. In the deformation belt situsted between
these two more atable masees, several orogenic systems can be distinguished: the
Pyrenees-Provencal system in the interaction zone between the European plate and the
Iberian microplate and the series of systems arising from the collision between Europe
and Africa. Among theso last are the Betic-Baloaric system, the Alpine-Carpathian-Bal-
kan system with its nappes overlying the European foreland, and the Maghrebian-Apen-
ninic-Southalpine-Dinaric-Hellenic system with its nappes overlying the African foreland
(Panza et al., 1980b). The geographic distribution and the direction of formation of
these systems are already irregular due to the form of the continental margins that have
collided. Moreover, their irregularity has been enhanced by the subsequent tectonics,
like the overriding of one orogenic beit over the other (2.5., the Alpine belt is in part
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oversidet in Tuscany-Ligurla and in Calabria by the Apenninic beit) and by the rotation
of microplates leading 1o the opeaing of aceanic-type basins (Algero-Provengal and
Tynhenian basing) with the contempoiancous deformation of whole orogenic belty
(Calabrizn Arc) (Amodio Morelli et al., 1976; Scandone, 1979; Calcagnile ot al., 1981),

2. THE MAIN FEATURES OF THE LITHOSPHERE-ASTHENOSPHERE
SYSTEM IN THE MEDITERRANEAN AREA

In the Mediterranean area, it iy possible to distinguish several types of crusts (for a -

recent review sce Meissner et al., 1987). Stable continental areas, such az Central Eur-
ope, the lberian plate and the High and Middle Atlas are characterized by crusts having
an evident and regular seismic layering with a mean thicknass of sbout 30-35 km. Rift
areas (e.g., the Rhine Graben) have a thinned crust, while young orogenic zones (e.g.,
the Alps) have » thickened crust. Young oceanic basing (e.g., the Tyrthenlan and West-
ern Mediterranean oncs) have un Intermediate or oceanic type of crust, while some
recent orogenic belts (¢.g., the Apennines) have, in general, a crustal thickness of only
about 35 km, which is less than one would expect. At crustal levei there seems to be,
therefore, a very wesk signature of orogenic belts. Laubscher (1988) proposes a pulled-
back Adriatic subduction zone beneath the Nocthern Apennines, which is decoupled
from the overriding plate. The smoothly transitional Moho In the ares may only be
spparent, due to the difficulty of identifying, with the presently available data, the
merging festures of two different types of Maoho, the Tyrrhenian and the Adriatic one,

Also, the Jithospheric part of the mantle, “the Hd™ presents strong Lateral variations
both in thickness and elastic properties (Panza et al., 1980s; Suhadalc and Panza, 1988),
A “porma] lid” with thickness not excoeding about 7$kmand|henvelocmesequl to
or greater than 4.50 km/s corresponds to platforms and massifs and must be considered
10 represent the “undisturbed™ upper mantle structure in large parts of Europe and in
general in stable continental eseas (KnopofT, 1972). Peactically the entire Iberian ponin.
sula, the whole Alpine domain of North Africs, wester and northem France, Britain
and Ireland, Belgium, Denmark, southern Sweden, northern and central Germany,
Czechoslovaicia, Poland, the narthem Adriatic Sea, the eaxtern part of the Jtalian penin-
sula a8 well as the Corsica-Sardinta block fall into this category. -

A considerabie thinning of the lid {thickness not exceeding 15 km) is observed as
the Centra) European Rift tystom is spproached, which extends from the North Sea
through the Netherlands into the Lower Rhine Embayment. it then cuts through the
eastern part of the Rhenish manlf, follows the Upper Rhine Graben, passes under the
Bresse and the Franco-Swiss Jura mountain into the Molasse basin of western Switzer-
land, traverses the French Prealps and finally merges with the Rhone depression further
south. This major structure is one of the dominant mantle festures in Europe. A similar
thinning of the lid is chserved under the Western Mediterranean in regard to the Balesric
Fromontory and the Valencis Trough (Maillier and Mueller, 1985} associated with an
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average shear-wave velocity of sbout 4.3 km/s. Quits low Lid velocities (sbout 43

km/s) are found slso in the deeper Algerian and Provengal basing. The i I extremely
thin or even spaent in the Tymrhenian Soa where the sverage sub-Mobo S-wave velocity is
about 4.2 km/s. This anomaly extends under the North-Centra) Apennines, where the S-
wave velocity in the sub-Moho materia] may be as low as about 4.05 kmfs.

Regions with & #thick” 14 (maximum thickneus of about 105 km) are malnly
ansociated with tectonically active areas, such as the French Massif Ceniral, the Greece -
Acgean Sea grez and the Central-Eastern Alps. Recent tomographic studies (Babuiks et
AL, 1985) indicate for the lid & possible maximum thickness of about 120 km in the
Alpine area. In the Adristic Sea the southem part seems to hawe 2 thicker lid than the
northern part (Panza, 1985). -

The asthenospheric low-velocity layer is & commeon feature 1o stable Europe and .
Notth Africa, with the exception of the Baltic shield, characterizad by velacities so high
a3 to exclude the presence of a significant amount of partial melting in the whole upper
mantle, ’

A map of the elastic properties of the lithosphere-uthzno;plure tystem in the
Mediterrancan area, drawn on the basis of & huge number of inversions of surface-wave

ongoing subduction procesy (e.5., Papuzachos and Comninskis, 1977), Spakman (1986b)
Proposes, from a tomographic inversion of teleseismic P-wave delays, that the subduc-
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tion slub beneath Greece, the Aepean Ses and Turkey resches deptha of at beast 600 km,
and that its deeper part seems to be getached from the upper one at depths between
150 and 250 km. Laubscher {1988) has recently proposed for back-arc spreading areas &
“pull-arc” model in which the slsb is falling dus to gravity and the subduction zone
recedes from the plate in front leaving In jts wake a roughly equidimensional extensional
basin (back-arc basin). The high hest flow values and the positive froe-sir anomalies,
with a pronounced peak, north of Crete, strongly support the idea of a back-arc basin
and of an upwelling asthenosphere.

Below the Adriatic Sea and Jondan Sea the lithosphere ks quite thick, about 90 km *
or more, and the average crustal thickness lurgely excoeds oceanic valuos (Calcagnile et
al., 1982). The concept of Adria as an African promontory has, in fact, gained further
recognition in the last years (Channell et al., 1979), even if there s still s wide spectrum
of ideas about its original shape and on the time period during which il was in connec-
tion with the African plate. The link between the Adriatic microplate and Africa passes
through the lonian Sea, where the lithosphere is of continental or continental-margin
type (Cloetingh et al., 1979; Farrugia and Panza, 1981; Calcagnile et #l., 1982). The
continuity in the average elastic propertics in the lid under the Adriatic and lonian Seas
supports the concept above, but at the same time constitutes s major challenge to relate
it to the present bathymetry and the lonian Sea subsidence history. The northemmost
extension of the Adriatic promontory Is stil doubtful, but a significant thinning of the
lithosphere can be observed in the North-Central Adriatic Sea, north of the Ortona-
Roccamonfina:line, which seems 10 be the maln line of dislocation between the North-
ern and Southern Apennines (Locardi, 1983; 1988). This thinning of the lithosphare can
be very ressonably associated with the deformations of Adria after the continental
collision (s.g,, D'Argenio snd Horvath, 1984). The heat flow in this region is almost
everywhere low to normal and the freeir anomalies are mainly negative, as should be
expected If the idea of the cald Adriatic promontory being related to the African
platform is accepted.

The North-Central Apenntues zone is charscterized by high heat flow, thin litho-
sphere and sub-Moho material with extremely low velocities overlying deeper mantle
material with much higher walocities, greater than sbout 4.40 km/s. This situation may
be considered as due to 3 mante diapir with an associated upwelling of the astheno-
spheric layer (Locardi, 1986, 1988, Dells Vedova ot al., 1988), in which cold litho-
spheric roots, probably remnants of the Alpine collision process are present. The mini-
mum compressionsl stresses observed normal to the longitudinal axis of the Central
Apennings, well in agreement with Neogenic and Quaternary magmatism, indicate that
tensional processes in this ares have played a relevant role after the collision. Peculiart-
ties in the upper mantle of this region extending to even greater depths have been detec-
ted by Scalera et ul. (1981), who determined s rise, of about 100 km, of the 400 km"
discontinuity. This rise of the “400 km™ discontinuity scems, however, tobe a feature
common 1o most of the European area. A normal location of the “400 km™ discontin-
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uity can be found in the Baltic shield (Calcagnile and Panza, 1978) and in the Mediter.

ranean basing (Mayer-Rosa and Muelier, 1973) and south of them (Mseddi, 1976),

The Tymhenian Sez as well m the Western Mediterranean Sea are believed to be
post-collitional small oceanic basing, They are characterized by thin and young oceanic
lithoaphere (Hsii, 1977; Panza and Calcagnile, 1979) with thickness less than about 50
km. Both sub-Moho and sub-lid aversge S-wave velocities are quite low (in the roges
4.20 - 4.35 km/s and 4.0 - 4.3 km/s, tespectively). A layered lithosphere betow the crust
has. to be introduced 1o interpret the surface-wave data from the Balearic Promontory

and the Valencia Trough (Marillier and Mucller, 1985). The snomalous structure of *

these two regions is similar to what is found in regard 10 continental sifts (Mueller
and Bonjer, 1973; Nolet and Mueller, 1981). The main characteristics of the upper-
‘mgnye gre comparable to those found near tpreading axes of opening oceans, but also
résemble models proposed for back-arc basing (Evana et al., 1978), even if, for the Iat-
ter, & much higher lid velocity {sbout 4.6 km/s) and a nof-sodow asthenoapheric velo-
city (sbout 4.35 km/s or more) are found.

The heat flow is among the highest measured in Europe and the free-air anomalies
are pogitive. This is in accord with the hypothesis of an octan opening and thinning of
the lithosphere.

Seismogenetic material embedded in the low-velocity ssthenospheric layer Is
present in the Tyrmhenian and Acgean Seas. In these areas, the thick dashed tines in
Figure 1 indicate schematically the space distribution of iritermediate and deep-focn
carthquakes (Caputo et al., 1970, 1972; Papazachos and Comninakia, 1977; Ritsema,
1979; Gasparini et al., 1982; Malinverno and Ryan, 1986). In the TyﬂhenhnAtI\e
presence at depth of a cold and brittle (selsmogenetic) body cannot be however recon-
ciled with the situstion of a classical Benioff zone, since no great shallow esrthquakes
are present at the suzface projection of the Benioff zone. Thia deep-reaching body b also
strongly deformed, having a concave shape (Caputo et al., 1972; Gasparini et al,, 1982).
Many controversial hypotheses exist concering the dynamical evolution of the Tyr-
thenian Sea (for more detalls, soo Calcagnile et al., 1981). Anderson and Jackson (1987
have recently proposed that the intermediate and deep-focus earthquakes are related 10
the lasge-scale disruption of a slab, which Is no longer in active subduction.

The Sardinia-Corsica block has continental characteristics and its marging to the
Tyrthenian Ses and the Sardo-Balearic basin are passive or of Atlantic-type (Scandone,
1979) with nc seismicity. In the area the lithospheric thickness is around 70 km, & value
indicating & gentle thinning of a continental lithospheric block. It is generally agreed
that Corsica-Sardinia has rotated by about 30° counterclockwise leaving in its wake the
Ligurian basin. The manoeuvering space for this Lower Burdigalian rotation {Montigny
et al., 198%; Rehault et al., 1985) might have been provided by the rapid sinking of a
detached subduction zone under the Northern Apenninic arc (Laubscher, 1988), Rapid
Totations of small blocks along the sirike-slip boundaries of 1he resulting back-arc basing
would thus be possible.
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The Moroccan Meseta and the High and Middle Atlos have quite similar upper-
mantle structures (Marillier and Mueller, 1985), which can be compared 10 the Eurc-
pean Platform, and appear to be quite different from the undeformed interior of Africa
(e.5., Gumper and Pomeroy, 1970). Although some sarthquakes about 150 km deep
have been reported under the High Atlss, the surface-wave results indicate no major
thickening of the lithosphere beiow the Atlas mountain range (Mariilier and Mueller,
1985). This may be a consequence of the relatively small horizontal {compared to the

Alpine chain) shortening of the continental platform during the Atlas mountain build-

ing.

The situation under the Betic Cordillera s much more similar to that in the Alps,
since the lithosphere may reach to depths of sbout 170 km. Earthquakes well below the
crust, up to 116 km depth (Vidal et al,, 1988), indicate that a large part of the litho-
aphere is involved in the active tectonics of that ares. The clearcut velocity contrast
usuplly present at the Lithosphere-asthenosphere , disappears (Marillies and Mueller,
1985), low lid velocitics are encountered In this area and therefore only s weak velocity
eontrast existt agringt the underlying asthenosphere. A similar feature found in the
Alps has been interproted by Panza and Mueller (1979) in terms of 4 “Verschluck-
ungszone’Y Since strong lateral heterogenaitics In these areas are present, the existing
surfuce wave jnvestigations might be giving only the average modeis illusirated here.

The main features of the lithosphere-asthenosphere system in the Moditerranean
arep can be summarized as follows. In stable foreland areas, which have a well layered
crust, the lid presents a normal thickness ranging from 50 to 70 km and overlies a well-
defined low-velocity channel, In these arcas, the whale lithospheric thickness is of the
order of 90 - 100 km or slightly less. The rigidity values are typical of continental areas
and present » sharp decrease at the base of the lithosphere. In continental rift areas,
characterized by & thinned crust, the lthospheric part of the mantle is also thin and the
whole tithouphere does not exceed 50 km. Below the Moho, » mantle with soft elastic
properties is quite often present.

Low 10 very low velocities in the tithospheric lid are found in the same regions
where the heat flow is high. Since high heat flow is usually encountered in areas whers
the tectonic activity Is recent, the same conclution can be drawn about the iow litho-
spheric velocities. On this basis it can be suggested that the whole lithosphere of the
Western Mediterranean basins is involved in the tecionic processes. This ls not only the
case of the deep oceanic or pseudo-oceanic basing where extension very likely occurred
on a large scale, but also for the shallow basins.

It is therefore evident that the strongest lateral heterogeneities in the Uthosphere
occur in tectonically active areas. The complexity of the lithospheric structure in these
areas indicates that the whole lithosphere-asthenosphere system has been strongly modi-
fied by the interaction between the European and African plates, and more particularly,
by Alpine tectonics.
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3. LITHOSPHERIC ROOTS

In the case of the Westorn Alps, the Northem Apennines and the Cordillers Betica
(shaded areas in Fig. 1), the value of the velocities below about 70 km depth can be as
high as 4.6 km/s. These higly velocities at such depths denote the presence of deep-
seated lithospheric roots, which seem to be almoat vertical and to interrupt the sstheno-
spheric low-velocity layer,

These roots do not seem to give rise to any seismic activity, with the exception of

some deep activity in southern Spain (Chung sad Kanamor, 1976; Hatzfeld and

Frogneux, 1980; Vidal et al., 1988). The high-to-normal values of the heat flow in this
A%y seem to originete mainly from crustal sousces, the mantle contribution being very
smali due to the presence of a thick lthosphers and its cold roots.

The subduction of continental lithosphere is dogmatically excluded by the ortho.
dox global tectonicians, while it is commonly admitted by many Alpine geologists who
have to justify either the high-pressure low-temperature metamorphism in coherent
units formed by continental crust (Dal Piaz et al,, 1972), or the deficit in the volumes of
continental lithosphere resulting from the comparison of the present structores of the
Mediterranean region with the original dimensions of the continental margins before the
continent-continent collision { Laubscher, 1970).

The effects of the possible subduction of continental lithosphers ought to be
detectable in the form of perturbations of the elastic properties of the asthenospheric
low-velocity layer, usually detected under the continents {Knopoff, 1972; Panza, 1980),
On the contrary, sn unperturbed asthenosphere would imply that continent-continent
collision exhausts its effects at lithospheric level.

The lithospheric roots in the Westen Alps and the thickened lithosphers in the
Central Alps have been recognized by mamy suthors (Panza and Mueller, 197%; Baer,
1980; Mueller ¢t al., 1980; Schwendener, 1984, Scarpa et al., 1988). Babuika et al.,
(1985), on the basis of telescismic P-wave delays, confirm the root under the Western
Alps and propose that s similar body exists under the Eastern Alps. A lithospheric root
in the East Carpathians, probably being the remnant of a paleosubduction, is detected
by Babulka et ul. (1984).

A high-velocity root under the Western Alps, extending to a depth of about 170
km, s detected by Spakman {1986a) who carried out & tomographic inversion of tele-
seismic P-wave delays. In his interpretation, the deeper structure of the Alps shows the
collision of two high-velocity alabs, the northem one slightly underthrusting its southern
counterpart, Spakman (1986b) detects at depths below 250 to 300 km a zone of high
P-wave velocities with the same outline as the whole Alpine orogenic belt in the Mediter-
rancan. This zone could represent parts of the subducted Mesozoic Tethys.

An snomalous mantle zone ynder the Alps has been proposed more than SO years
ago by Kraus (1931), who postulated s “double arogen™ model that was envisaged with
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lithospheric material “flowing down into the mantle from both sides™, In the foreland,
extensional structures associated with rifting and volcanism may thus be created.

Az a consequence of the described deep-reaching lithospheric subduction, stivers
of upper crustal material were peeled off (*“flakes*) and piled up (Laubscher, 1974) thus

Fig. 2: #) Schematic croasesction through the crust-maaths systom of the Alps (after Laubscher,

1974). Caused by the plate cojlislon process, the mbducting porthern and southem Htho-
wpheres form o mearly vertical zope of “mublluence™ in the Alpine region (“lNthospheric
root™) which pesetrates doeply into the asthenosphers.
b) Schematic block diagram of the lower Nthosphere (uppermost mantie) in the arc of the
Westarn Alps (after Laubacher, 1985). Since both the Alrican (A) and the Eurasian (E)
upper crusts make up the Alpine nappe sdifice, both lower Bthospheres must be involved
und somahow sebducted at depth. Usually only the upper part of the crust s involved in the
Alpine sappe tectonics, except for the Ivrea zone (Iv) whers 3 whole lower crustsl “flake™
seems 1o have beon cbductsd. A “bivergent” (double) subduction zone Is the simplest and
most reasonable model 10 explain this deep-rasching collision structure.

1.




creating the complex nappe edifice of the Alpine mountains (Fig. 2a). Deepor parts of

e crust were thoved into each other (Mueller et al., 1980) and in this manner formed
the less dense crustal root above the much wider and deeper-reaching “lithospheric
-~ 10Gt" beneath the Alps (Fig. 23). A crust-mantle model of this type most saslly explaing
where the excess lithospheric material must have gone during this plate collislon process.
The tectonics of the Alps are usually displayed in the form of two-dimensional

. cros sections. As the arc of the Western Alps has a radius of only about 100 km which
" is of the same order as the thickness of the lithosphere, it is necessary (o view the actual

stuation in all three dimensions (Laubscher, 1985). The pile of nappes which has been

mapped on the surface consists of rocks derived from sediments of the uppermost more
or less S km of crystalline basernent. 1t ja apparent that the surficla) masses were
delaminaied (or “decoupled™ in » low-velocity zone) from the main body of the crust
and lower lithosphere which must have been subducted (Mueller et al., 1980). Since
upper crust,of both the African and Furasian piates are involved in the Alpine nappe
edifice, both African and Eurasian lithospheres must have been subducted. The simplest
solution would be a double or “bivergent” subduction as illustrated in Figure 2b (Laub-
scher, 1985). .

Between the shallow and deep lithospheric masses there exists a-depth range of pro-
found disharmony which makes it virtually impossible 10 combine the surface geology
with the deep structures deduced by geophysical methods. Smoothing out the surficial
nappes in the Western Alps proves shortening both in 8 N-S snd in an E-W direction.
Consequently, keeping the Eurasian plate (E) in n fixed position, the Adriatic promon-
tory of the African plate (A) must have moved relatively northwestwards. The motion
of the plate boundary must, therefore, have had a compressive and a strike-lip com-
ponent which at depth locks quite different from what can be mapped at the surface.

Field evidence supports the concept of “flake tectonics™ which requires zones of
weakness within the lithosphere which are identical with depth ranges of lowered seis-
mic velocities (Mueller, 1977). Three depth levels have been identified where slivers of
crustal material can be sheared off more easily: (1) st the 10p of the crystalline base-
ment beneath the sedimentary caver (“Jura” type), (2) neas the lower boundary of the
ppper crustal (or “sialic”) low-velocity zone (“Massif Central” type), and (3) immedi-
ately above the M discontinuify (“jvrea” type). The Jvrea body (lv in Fig. 2b) is a prime
example where the obducted “flake™ consists of lawer crustal material and even thin
slices of upper mantle rocks. '

A synthesis of the available seismic and gravimetric information in the regior of the
Central Alps provides a unique data set, which permits & mther detailed modeling of the
lithospheric structure (Schwendener, ¥984; Schwendener and Mueller, 1985; Mueller
and Panza, 1986). As a result of a gravity “stripping” procedure along a profile running
from Konstanz to Carrara (Schwendener, 1984; Schwendener and Mueller, 1985) a
smooth positive residual gravity anomaly of about 500 km in width has been obtained
with a maximum amplitude close to +100 mGal situated in the region of the Southemn
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Alps. Since hldi-qmlny selsmic data do not support the presence ol anomalously low '

intracrustal densities as & source for this anomaly, the source has 10 be sought in the
upper mantle, A least-squares inversion to determine the denaity of this anomalous body
results in a positive density contrast of about 0.05 ycmS. A nearly perfect fit s
obtained for the observed Bouguer anomalies and the anomalies calculated from the
crust-mantle model. The density contrast found in the upper mantle is too large to be
explained solely by thermal contraction due 1o the negative thermal anomaly (Mueller
and Panza, 1986). The presence of high-density (and associated high-velocity) material

must, therefore, be ascribed to lithospheric roots which have penetrated into the |

asthenosphere beneath the jouthern Alps, as suggested by Panza and Mueller (1979).

A gravity stripping procedure analogous to that followed by Schwendener (1984)
and Schwendenes and Muellor {(1985) has been applied to the Bouguer anomalies on a
profile running along the E-W axis of the Alps (Suhadolc and Panza, 1988). Even if
some crustal origin cannot be excluded, most of the long-wavelength residual anomalies
can be associated with lateral heterogeneities in the upper mantle, possibly selated to
the postulated lithospheric roots. This may be taken as an indicator of relevant density
variations which are also presont in the id”, However, before Introducing a further
degree of freadam to fit the data, » very detailed and systematic analysis of crust and
upper mantle geophysical properties is necessary, which may allow us to define, with
the necessary accuracy, a 3.0 model for the area.

The lithospheric root detscted in the North-Central Apennines by surface wave dis-
persion measyrements (Panza ot al., 1980a; Calcagnile and Panza, 1981) and analysis of
travel time residuals (Scarpa et al., 1988) is overiain by hot low-velocity material which
might have heen empiaced by lateral gravity sliding connected with the Tymhenlan Sea
opening process (Locardi, 1988). This root is probably detached from the lithospheric
layer above and fits quite wall the “pull-arc” model proposed by Laubscher (1938).
The long-wavelength component of Bouguer anpmalies slong » profile from Corica to
Istria can be interpretod as dus to the presence of a high-density lithospheric root (Dells
Vedova et al., 1988). .

‘The root detected by surface-wave dispersiop measurements in the Cordillera Betica
area js less clearcut, since the S-wave velocity contrast with respect to the surrounding
material is rather small (Mariiljer and Mueller, 1985). This could mean a different evolu-
tionary stage of this root with respect.to those in the Alps and in the Apennines. ka
origin might be traced back to the Early Tertiary Alpine orogenesis or could be related
to the formation of the Arc of Gibraltar as » consequence of the Oligocene-Miocene
WSW motion of the Alboran block {Bouillin et al., 1986).

In relation to the North African coasts and the Western Mediterranean basin P-wave
tomographic studies (Spakman, 1986a) detect s portion of the upper mantle with
high-velocities—up 10 1% greater than the suirounding material—which extends contin-
uously to depths of the order of 600 km. The Interpretation of such observations
in terms of a descending slab is extremely fascinating, but it requites & relevant increase

1.
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(at least about 4%) of the seismic velocity In the slab as it penetrates in the mantle to

depths greater than about 300 km. A possible way to obtain such an increase in velocity
is to invoke phase transitions, which in turn could be responsible for the few deep
events recorded in the aréa (Chung snd Kansmori, 1976; Hatzfeld and Frogneux, 1980;
Vidal et al., 1988). Taking into account the pressure and temperature conditions, the
origin of deep events as due to phase transitions seems 1o supply & physically more
acceptable explanation than that offered by the idea of dislocaticns induced by stress
accumulation during the plate descent. An slternative to phase transitions as being

responsible for deep events, and equally free from the necessity of stress accumulation

in the descending slab, is to explain deep #vents as the resuit of the collision of differemt
tithospheric blocks detached from the sutface and gravitationally sinking in the astheno-
sphere (Ringwood and Green, 1966; Freund et al., 1980). The origin of deep earth-
quakes is still an open question and only the collection of more high-quality dats may
help in shedding some light on this very complex problem.

The subduction model proposed by Freund et al. (1980) seems to be particularly
wel suited to explain the tectonic evolution of the l1alian region and in particulsr of the
Tyrthenian Ses. The opening of the Tysmhenian Sea and its intermediate and deep
earthquakes can be explained by the dynamical subduction occurring on a moving plate.
The gravitationally descending block is overrun by the moving plate and this motion can
pull down and detach another block. The repetition of this process creates a subduction
zone in the direction of the movement. The gap in front of the subduction zone is filled
up by hot mantle material, formipg sn inter-arc marginal basin, whose apreading velocity
is equal to the velocity of the moving plate. The selative shear motion between the
descending blocks might be resppnsible for the intermediate and deep earthquakes ob-
served. Anderson and Jackson (]987) have shown from fault-planc solutions of Tyrrhen-
fan events in the range 230 - 300 km that all solutions except one have one plane that
dips within 20° of the horizontal and that shear occurs in & direction out of the plane of
the sisb. This implies that the sisb must be breaking up or, st lesst, that topography is
generated on its surface. These observations are, thus, very well explained by the Freund
et al. (1980) subduction model,

The root detocted under the Apennines may be, on the other hand, the result of
two steps of the subduction process. The first may be related to the emly Alpine col-
lision, the second to the gradual opeaing of the Tyrhenian Sea, as recently proposed by
Laubscher (1988) in his push-arc and pull-arc madels.

4. PLATE BOUNDARIES

The spatial distribution of shallow earthquakes Is generally taken as the marker of active
plate boundaries, This is generally true along the narrow ocesnic plate boundaries, the
study of which has led 10 some of the basic concepts of Plate Tectonics. In continent-
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continent callision areas, on the other hand, the plate interaction it more complicated ' -

and the scatter of carthquake epicenters is very large, In the Mediterranean area the :
location of the baundary between Europe and Africa has been proposed by Lort (19m) .
on the base of shaliow seismicity recorded in the time Interval 1962-1967. According to

her the plate boundary runs from the Azores Islands triplejunclion eastward to the '

North African coasts and Sicily, then encircles the Adriatic Sea and follows the Aegean
trench. Similar conclusions could be reached on the basis of other scismicity maps
covering different time intervaly (Waniek et al., 1982; Udias, 1985; CSEM, 1986; Goter,
1988). In these maps, however, the recognition of & narrow seisntic belt deflning the *
Africa-Europe boundary is mot so immediate. Diffuse seismicity s recorded also in
Central France, Pyrenees, Southeastern Spain (Udias e1 al., 1986). Clusters of setsmicity
occur west of Nosway, in Centrai Europe, to the north of the Alps, in Hungary and
Rumania. This diffuse seismicity is not associated with the uncertainties in the epi-
central location (usually less than 30 km) but rather suggests that the Africa-Europe
interaction is sustained by a whole system of “boundaries™, which might have been
more or less active in different time periods and which sometimes border small plates of
different size. The generai increase In seismicity encountoered moving eastward from the
Azores triple junction through the Western Meditermanean to Haly sad Groece could be
well explained by the different Africa-Europe canverging rates (McKenzie, 1972), sbout
1 cm/yr to the west of Spain and gbout 2 - 3 cm/yy in the Western and Esstern Mediter-
tanean, resulting in a counterclockwise rotation of Africa relative to Eusope, The diffuse
seismicity far from the boundaries proposed by Lort (1971) could be associated, as
already proposed by McKenzie (1972), to zones of weakness which have been strongty
active in different goological time intorvals and which might be at present releasing stress
either diffusing from the major presently-active fault zones or connected with the
non-rigid intraplate deformations,

The Azore-Gibraltar Ridge appears to be a relatively sharp boundary across which
the upper-mantle structure changes abruptly, over doop oceank basing as well as aver
the continental margins, while thig 1y not the case in the Western Mediterranean. Seis-
micity has been tentatively used 1o locate the plate boundary as precisely as possible in
this region, but In fact we have shown that the whole Western Mediterranean area, and
the upper mantle below it, are involved in the interaction between the two large plates,
As a consequence the concept of & sharp plate boundary, as defined by the theory of
Plate Tectonics, should be replaced, in the case of continent-continent collision, by a
relatively wide “boundary zone™ across which the transition occurs between the neigh-
bouring plates.

§f an attempt is made to correlate the distribution of epiceny@gs (Fig. 3) with the
lithospheric madel of Figure 1, no significant conclusions can be reached. If, however,
a high-pass filter in magnitude or inteasity is applied to the available data, it is casy to
st that the largest shocks distribute quite well along the active plate boundaries out-
lined by lateral variations in lithospheric thickness. An example, limited to the Central-
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Fig.3: Map of epicentres reported by CSEM from 1976 ko 1985 fncluding shallow, lntesmedinte
" and deep-focus earthquakes.

Eastern Mediterrancan, is given in Figure 4 (Panza, 1983, 1984), Strong events seem to
be correlated with the gradient of the lid thickness rather than with that of the whole
lithosphere.
It seems therefore reasonsbie to formulate the hypothesis that the major stress con-
centration, respongible for the genesis of large shocks, takes place in the id”and not in =~ /%> A 5
the crust. Because of the increase of Ppeessure and temperature with depth, aseismic dip
might be occurring in the lower part of the U st the plate boundary, This may ~ ~ %/ #7
cause enough siress to accumulate in the most brittle upper part of the lithosphere (the
upper crust) as to produce fracturing and thus generating the strongest shocks (e.g.,
Sibson, 1982; Bonafede ot al., 1987; Main, 1988). The smaller shocks, located outside
the belts defined by the occurrence of strong shocks, would then represent secondary
adjustments to the stress field in portions of the lthosphere not directly driven by the
“aseismic slip at depth. Ax a consequence it is possible to draw the conclusion that the
knowledge of the gross structure of the upper mantle in the European area allows 3
physical understanding of the occurrence in space of large shocks. The active betis can
be defined not only on the basis of historical seiamic records, but also on the basis of
structural propertics. In the Mediterrancan area the trace of the plate boundaries can be,
&1 present, defined by narrow bands rather than by linear features, as implied by the
classical scheme of plate tectonics.
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5. CONCLUSIONS

According to the classical Plate Tectonics theory, the interaction between the “rigid”
plates is exhausted at the lithospheric level and does not involve, apart from the subduc-
tion zones, variations in the upper mantie. However, lateral varistions of the #id” thick-
ness and lateral changes of the shear-wave velocities in the lithosphere-asthenosphere
system in the Mediterranean area have been clearly evidenced on the basis of surface-

wave dispersion measurements and P-wave tomography. In some areas it is possible 10

detect heterogencities even at depths as great as 400 km.

The strongest lateral heterogeneities in the lithosphere occur in the proximity of
tectonically active areas. The complexity of the lithospheric structure in these areas
indicates that the whole lithosphere-afthenosphere system has been strongly modified
by the interaction between European and African plates and more particulasty by
Alpine tectonics.

Moreover, Plate Tectonics does not allow for the subduction of continental litho-
sphere. This type of subduction, at first invoked by Alpine geologists, has boen later
detected by means of surfsce-wave dispession measurements and body-wave tomo-
graphy mainly as relevant lateral variations in the elastic properties of the astheno-
sphere. The gravity data imply a positive density contrast in the upper mantle of the
order of 0.05 g/cm? in relation to lithospheric raots, which seem to charscterize many
orogenic belts and which do not seem to give rise 10 any seismic activity with the excep-
tion of southern Spain,

According to Plate Tectonics, the boundaries between the various plates are defined
by linear features marked by seismic activity, This is true for ocean-octan or oceas-
continent interaction, but it ssems not to be true for continent-continent collisions. In
this last case the interaction between colliding plates Is wustained by relatively wide
“boundary belts™, The interaction might even cause siress release along zones of weak-
ness marking boundary zones strongly active in different geological times, In the Medi-
terranesa area large shocks stem to occur in well-defined zones where a relevant gradi-
ent in the lid thickness has been detected, while smaller shocks are quite scattered in
space.

In conclusion, the theory of Piate Tectonics preserves its general validity, but the
large amount of geophysical and geological dats gathered in the Mediterranesn area

Fig. 4: Synoptic representation of lithospheric propertion in the central-castorn Mediterrancan
region and distribution in space of shallow selsmic events with M 2 6.5 oz | 2 X. The size
of the circles, repressating epicentros, is proportional to focal volume. The space distribu-
tion of Intermediate and deep-focus earthquakes in the Tysrhenian Sea and the Aegean Sea
s schematized by thick dashed lines. The few available fault-plane solutions are schematized
by means of arrows.
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