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Abstract

Subduction zones appear primarily controlled by the polarity of their direction, i.e., W-directed or E- to NNE-directed,
probably due to the westward drift of the lithosphere relative to the asthenosphere. The decollement planes behave
differently in the two end-members. In the W-directed subduction zone, the decollement of the plate to the east is warped
and subducted, whereas in the E- to NNE-directed, it is ramping upward at the surface. There are W-directed subduction
zones that work also in absence of active convergence like the Carpathians or the Apennines. W-directed subduction zones

Ž . Ž .have shorter life 30–40 Ma than E- or NE-directed subduction zones even longer than 100 Ma . The different
decollements in the two end-members of subduction should control different PTt paths and, therefore, generate variable
metamorphic assemblages in the associated accretionary wedges and orogens. These asymmetries also determine different
topographic and structural evolutions that are marked by low topography and a fast ‘eastward’ migrating structural wave
along W-directed subduction zones, whereas the topography and the structure are rapidly growing upward and expanding
laterally along the opposite subduction zones. The magmatic pair calc-alkaline and alkaline–tholeiitic volcanic products of
the island arc and the back-arc basin characterise the W-directed subduction zones. Magmatic rocks associated with E- or
NE-directed subduction zones have higher abundances of incompatible elements, and mainly consist of calc-alkaline–
shoshonitic suites, with large volumes of batholithic intrusions and porphyry copper ore deposits. The subduction zones
surrounding the Adriatic plate in the central Mediterranean confirm the differences among subduction zones as primarily
controlled by the geographic polarity of the main direction of the slab. The western margin of the Adriatic plate
contemporaneously overridden and underthrust Europe toward the ‘west’ to generate, respectively, the Alps and the
Apennines, while the eastern margin subducted under the Dinarides–Hellenides. These belts confirm the characters of the
end-members of subduction zones as a function of their geographic polarity similarly to the Pacific subduction zones.
q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Subduction zones occur where the lithosphere
Ž .descends into the asthenospheric mantle Fig. 1 . The

presence of a subduction zone has been firstly recog-
Ž .nized by seismicity Fig. 2 . The knowledge of these

zones rapidly increased since the papers by Wadati
Ž . Ž .1935 and Benioff 1949 . Since then, subduction
zones have been investigated via seismology, seismic
tomography, seismic reflection, surface geology and
other means such as magmatic petrology and geo-

Žchemistry, gravity, etc. e.g., Menard, 1964;
Barazangi and Isacks, 1971; Forsyth and Uyeda,
1975; Schubert et al., 1975; Bally, 1983; Giardini
and Woodhouse, 1986; Jarrard, 1986; Von Huene,
1986; Fowler, 1990; Dziewonski et al., 1993; Bebout

.et al., 1996, and references therein . In this paper, we

do not intend to discuss all the main peculiarities of
subduction zones or to make the state of the art of
‘subductology’, themes that have been the aim of

Žother classic papers e.g., Jarrard, 1986; Peacock,
.1996 . We rather want to focus on the differences

between subduction zones as proposed for the Pa-
Žcific margins Nelson and Temple, 1972; Dickinson,

.1978; Uyeda and Kanamori, 1979 , integrating geo-
physical, geological and volcanological data. The
usual explanation for these differences is the variable

Žage of the down-going lithosphere, e.g., Forsyth and
.Uyeda, 1975; Jarrard, 1986 .

We alternatively propose to test whether the geo-
graphic polarity influences the gross feature of the
subduction zone and the associated orogen. This
could be related to the main flow of plate motion
Ž .Fig. 1 and the ‘westward’ polarization of this flow,

ŽFig. 1. Location of the subduction zones discussed in the text. The lines represent the mainstream of absolute plate motion modified after
.Doglioni, 1993 .
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Ž .Fig. 2. Map of deep and intermediate earthquakes )40 km ; they delineate most of the subduction zones. Events are from the NEIC
Ž .catalogue 1974–1997 . Lines refer to sections of Fig. 3.

owing to the westward delay of the lithosphere rela-
tive to the underlying mantle. The two classes of
subduction zones mentioned in the text have to be
seen no strictly W-directed vs. E-directed, but fol-
lowing or opposing the mainstream proposed in Fig.
1.

2. General remarks on subduction zones

The subducting lithosphere may have different
composition and thickness. As much as it is thick
and old, the oceanic lithosphere is the most easily
subducting one. There is a simple, let say trivial
observation indicating that among two plates, the
denser is the one which subducts. For a recent
analysis of the comparative buoyancy values of dif-

Ž .ferent types of lithosphere, see Cloos 1993 . There-
fore, when a denser oceanic lithosphere is located
west of a lighter one, the subduction will dip to east,

Žand vice versa. The Pacific margins e.g., Lallemand,
.1995 are clearly showing this control, e.g., the

oceanic lithosphere subducting eastward underneath
the continental Cordillera. Oceanic lithosphere and
thinned continental lithosphere which underwent
magmatic underplating are the segments of litho-
sphere which are observed along subduction zones.
The descending oceanic lithosphere has variable

Ž .thickness mean values between 30 and 90 km .
There are zones where oceanic ridges interact with

Ž .subduction zones Lallemand et al., 1992 . Continen-
tal lithosphere carrying a crust of more than 30 km
thickness shows drastic reduction of the subduction
activity and convergence rates when it encroaches
the trench in all types of subductions.

Clearly, sensu latu subduction zones occur where
two plates converge, like in the Andes or in the
Himalayas. However, there are subduction zones that
developed in geodynamic settings with very low or
not convergence in the direction of the slab retreat.
Examples are the Caribbean, the Apennines and the
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Carpathians. These subduction zones have in com-
mon the average W-directed orientation of the slab.

We prefer to use the term direction rather dip of
the subduction zone because along an arcuate sub-
duction the dip may vary of 1808, whereas the
direction of plate motion is defined by a more pre-
cise angle. For example, along the arc of the Apen-

Žnines the subduction dips to the southwest northern
. ŽApennines , or to the west–south–west southern
. Ž .Apennines , or to the northwest Calabria , or even
Ž .to the north Sicily and Maghrebides .

In the Pacific, W-directed subduction zones are
Ž . Ž .steep up to 908 and deep down to 670 km with

respect to those directed to the east which are on
Žaverage shallower and less inclined Isacks and

.Barazangi, 1977; Lundgren and Giardini, 1994 . This
Ž .asymmetry Fig. 3 was defined in terms of Mariana

Žtype and Chilean type subduction zones Dickinson,
.1978; Uyeda, 1981 . This comparative subductology

Ž .of Uyeda 1981 has been challenged by many au-
Ž .thors e.g., Jarrard, 1986; Scholz and Campos, 1995 .

These differences have been mainly interpreted in
terms of different age of the subjecting lithosphere,
i.e., older, colder and denser in the W-Pacific sub-
ductions where the slabs are steeper; other attempts
were related to the dimension, composition and ve-

Žlocity of plates, mantle convection, etc. e.g., Hager
.and O’Connell, 1978 . Alternatively, Nelson and

Ž . Ž .Temple 1972 , Uyeda and Kanamori 1979 and
Ž .Ricard et al. 1991 interpreted this asymmetry in

terms of a relative eastward mantle flow or the
Žwestward drift of the lithosphere. Doglioni 1990,

.1992 also described the geological signatures asso-
ciated with this asymmetry and proposed an undulate

Ž .Fig. 3. Ipocenters of the Marianas and Chile subduction zones in the Pacific after Isacks and Barazangi, 1977 , compared with the
Ž . Ž .seismicity of the Apennines Selvaggi and Chiarabba, 1995 and Hellenides Papazachos and Comninakis, 1977 opposed subduction zones.

The Pacific asymmetry is present also in the central Mediterranean subduction zones where the Ionian oceanic lithosphere is subducting
contemporaneously both underneath the Apennines and the Hellenides. Location of the sections in Fig. 2.
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flow of plate motion on the Earth’s surface, along
which the asymmetry of the western and eastern
Pacific subduction zones persist as a function of the
geographic polarity in terms of geophysical and geo-
logical differences along the other subduction zones
of the world, even in complicated areas such as the

Ž .Mediterranean or Indonesia Fig. 1 .
Most of these differences have been so far ex-

plained in terms of slab pull and age of the subduct-
ing oceanic lithosphere, or rates of convergence be-

Ž .tween plates e.g., Royden and Burchfiel, 1989 .
Ž .Waschbusch and Beaumont 1996 proposed that the

two end-members of orogens develop when the con-
Žvergence rate is either faster double vergence oro-

.gen, no back-arc spreading, e.g., the Alps or slower
Žsingle vergence and back-arc spreading, e.g., the

.Apennines with respect to the subduction hinge
roll-back.

The Adriatic plate in the Mediterranean is overrid-
ing Europe to form the Alps and it underthrusts
Europe to generate the Apennines; therefore, the
same lithosphere determines different thrust belts as
a function of the polarity of the subduction. More-
over, the Adriatic continental lithosphere and the
Ionian possibly oceanic lithosphere are subducting

Žboth under the Apennines steep W-directed subduc-
. Žtion and under the Dinarides–Hellenides shallow

.NE-directed subduction , as shown by tomography in
Fig. 4. The two related thrust belts follow the east
and west Pacific rules, in spite of the same variations
in age and thickness of the subducting lithosphere. In
the Pacific itself, the W-directed subductions are the
fastest in the world and the slab is steep, while the
Andean subduction is active since the Mesozoic and
the slab is shallow. Those examples are clearly in
contradiction both with the age of the subduction,

Ž .Fig. 4. Tomographic image of the Mediterranean upper mantle in a roughly E–W cross-section. Top: location of the profile solid line on
Ž .the map for orientation. Bottom: P-wave velocity structure in percent deviation from reference velocity model SP6. Darker lighter shading

Ž .denote positive negative anomalies, and contour levels are 0.5% apart. The depth axis is given in kilometers without vertical exaggeration.
Regardless the continuity of the slabs which might be function of the reference velocity model, we interpret in this section the asymmetry
between the steep high velocity body beneath the Apennines and the less inclined high velocity body along the Dinarides subduction zones.
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and the age and thickness of the subducting litho-
sphere as the basic constraints of the tectonic style.

The present Apennines subduction shows focal
mechanisms with down-dip compression parallel to

Ž .the slab Frepoli et al., 1996 . This contrasts with a
negative buoyancy of the supposed slab pull effect
which is invoked also for the detachment of the slab
into the mantle: the slab pull should generate exten-
sion along the down-dip direction of the slab and this
is not observed for the Apenninic subduction zone
which is the recent evolution of the western Mediter-
ranean slab that retreated from west to east during
the Neogene and Quaternary. Delamination pro-

Ž .cesses Channell and Mareschal, 1989 with subduc-
tion of the lithospheric mantle and in some cases of
the lower crust have also been invoked.

A very popular concept in the literature is the slab
detachment, or slab breakoff, a process that would
imply mantle substitution to the falling subduction

Žbody e.g., Platt and Vissers, 1989; Davies and Von
.Blanckenburg, 1995 . However, in the case of the

Alboran sea, where this model has been widely
applied, the extension that should have resulted from
this supposed detachment of the slab is oblique and
cross-cut the Betic orogen. This indicates an inde-

pendent origin of the extension with respect to the
Ž .Betic subduction zone Doglioni et al., 1997 .

3. Subduction zones and the westward drift of the
lithosphere

The westward drift of the lithosphere relative to
the underlying mantle could explain the asymmetries

Ž .among the subduction zones Fig. 5 . The ‘west-
ward’ net rotation of the lithosphere has been de-

Žtected in the hot spot reference frame Le Pichon,
1968; Gripp and Gordon, 1990; O’Connell et al.,

.1991; Ricard et al., 1991; Cadek and Ricard, 1992 .
Ž .In particular, O’Connell et al. 1991 perform a

spherical harmonic expansion of tectonic plate mo-
tions. They observe that the toroidal term of degree
one, representing the net rotation of the lithosphere,
follows the same pattern of the spectrum whenever
the hot-spot reference frame is considered. Since any
other choice of reference would have resulted in a
value of the degree one term discordant with the rest
of the spectrum, they argue that it probably has
significance.

This is in agreement with the finding of Ricard et
Ž .al. 1991 . According to them, summing the vectors

Fig. 5. W-directed subduction zones are steeper and deeper with respect to the E–NE- or NNE-directed subduction zones. Note that the
decollement plane of the eastern plate is warped and subducted in case of W-directed plane, whereas it ramps toward the surface in the
E–NE-directed subduction, enabling the uplift of deep seated rocks: this asymmetry may be explained by the ‘westward’ drift of the
lithosphere relative to the mantle and controls the strong differences in morphology, structure and lithology of the related thrust belts.
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of plate motions in the hot spot reference frame a
westward component of the lithospheric motion of a
few centimeters per year remains. This is mainly due
to the high speed of the Pacific plate toward the
‘west’ which is not entirely compensated by the
other plates which are moving in the opposite or

Ž .different directions. Ricard et al. 1991 show that
lateral heterogeneities in the asthenospheric viscosity
are a possible mechanism to justify this phe-
nomenon, although its real causes are not yet fully
understood.

It is important to observe that the term ‘west-
ward’ net rotation refers in fact to an ‘undulated’

Žmotion with a pole at about 848E and 568S Ricard et
.al., 1991 . Therefore, its larger effects should be

observed in the Mediterranean, in Japan, in the Mari-
anas and in Chile. However, plate velocities relative
to the mantle are variable probably due to lateral
heterogeneities and viscosity variations both at the
base of the lithosphere and in the asthenosphere.

This rotation might imply a relative ‘eastward’
Ždirected mantle flow Bostrom, 1971; Nelson and

Temple, 1972; Uyeda and Kanamori, 1979; Uyeda,
.1981 . The consequence of the ‘westward’ delay of

the plates with respect to the underlying mantle,
confirm that plates may have a general sense of

Ž .motion, a sort of mainstream Fig. 1 , and that they
are not moving randomly. If we accept this postulate,
plates are moving along this trend at different veloci-
ties toward the ‘west’ relative to the asthenospheric
mantle. Rather than exactly west it would be better

Žto say moving generally ‘westward’ SW, WWN,
.etc. along flow lines, which undulate and are not

Ž .E–W parallel Fig. 1 . This phenomenon can account
Žfor the different dip of subduction zones steep W-

.directed and shallow E–NE-directed and the pecu-
liar geological signatures of the opposite subduction
zones.

The roll-back of the slab along W-directed sub-
duction zones implies a substitution of the litho-
sphere by the mantle. Since the retreat of the sub-
ducting lithosphere is eastward directed, an equiva-
lent amount of mantle should move eastward to
replace the lithospheric loss. We might argue that
vertical motions of the mantle could compensate this
loss without invoking the lateral eastward migration
of the mantle, but the steep attitude of the W-di-
rected subduction zones and the strong increase of

the viscosity value at the 670 km discontinuity be-
Ž .tween upper and lower mantle Hager, 1990 make

the mantle adjacent to the seismically detectable slab
an isolated system, with inhibited communication
among eastern and western sectors of the slab, and
the upper and lower mantle underneath. This sup-
ports the notion that as the slab vertically retreats
eastward, we should kinematically expect a contem-
poraneous migration of the mantle toward the east.
This does not exclude that the eastward moving
mantle is the cause for the eastward slab retreat and
not a consequence of it. An actively eastward push-
ing mantle agrees with the westward drift of the
lithosphere relative to the asthenosphere detected in

Ž .the hot-spot reference frame Ricard et al., 1991 ,
and it supports an eastward oriented push at depth on
the slab in order to generate the arcuate shape of the
subduction zone like an obstacle in a river.

Subduction angles change with depth. According
Ž .to Marotta and Mongelli 1998 , the main factors in

determining them are the slab pull, the pressure due
to the subduction induced mantle flow and the pres-
sure exerted by the asthenospheric motion relative to
the lithosphere. The authors consider the slab as a
thin elastic plate of finite length embedded at its
initial point of immersion in the asthenospheric man-
tle. W-directed slabs subduct with larger angles be-
cause they do it with a counterflow trend with
respect to the lithosphere–asthenosphere relative mo-
tion. Conversely, E-directed subductions yield
smaller angles because of the uplift due to flow-ward
motion. The W-directed subduction zones have a
negative balance of lithospheric accretion. In other
words the subducted lithosphere could be anchored
by the relatively eastward moving mantle and even-
tually annihilated. In contrast, E- or NE-directed
subduction zones provide a thickening of the hang-
ingwall lithosphere from underneath, producing a
positive balance of lithospheric growth.

It is noteworthy that seismicity along subduction
zones is decreasing toward the polar regions; this
would confirm a general polarization of plate motion
that agrees with a westward drift of the lithosphere
relative to the mantle which as stated above, does not
coincide with the geographic poles.

There are orogens and subduction zones which do
not follow the flow proposed in Fig. 1, i.e., the E–W
trending southern Carribbean belt or the Pyrenees
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Ž .e.g., Teixell, 1998 . Those are orogens related to
second order rotations of plates. However, those
features have in general geometries similar to the
orogens associated with E-directed subduction zones.

4. Seismicity along subduction zones

The shallow seismicity indicates that seismic cou-
pling at convergent plate boundaries can vary enor-

Žmously from one subduction to another Scholz and
.Campos, 1995 . The depth of the decollement planes

could also control the seismic coupling. In the accre-
tionary wedge, the depths of the decollements are
function of the thickness and rheology of the in-
volved rocks. No clear distinction can be performed
between W-directed and E- or NE-directed subduc-
tions, although it seems that boundaries where at
least one of the plates is continental normally host
larger earthquakes than those where there is only
oceanic lithosphere. According to Lay and Kanamori
Ž .1981 , the two end-members are the Marianas sub-
duction where large earthquakes are absent, and the
Chilean subduction that is characterised by some of

Žthe largest events ever observed including the largest
event ever recorded, the Great Chile Earthquake,

. Ž .1960, M s9.5 . Ruff and Kanamori 1980 showw

in fact that there is a relation between the presence
of back-arcs and low seismic coupling.

Plate boundaries deform in a complex way. Punc-
tual estimates of the strain field at the boundary,
such as those obtained from focal mechanisms, might
be highly misleading. Moreover, the latter can pro-
vide strong kinematics indicators even in areas where
earthquakes activity is not particularly relevant. To
reduce this bias, it is, therefore, necessary to recon-
struct the whole strain field integrating geophysical
observations with geological ones. In the Apennines
arc, for instance, the observed compression–exten-
sion wave is generated by the ‘eastward’ roll-back of
the subducting Adriatic–Ionian–African lithosphere.
The convergence between Africa and Europe can be
estimated within a few millimeters per year, that is
one order of magnitude lower than the velocity of
the Apenninic subduction roll-back toward the east.
The Apennines arc generated and generates compres-
sion and extension all around the arc, being the
tectonic pair independent from what Africa and Eu-

rope are doing one relative to the other. The N–S
compression in Sicily is located in the southern arm
of the Apenninic arc and do not necessarily entirely
reflects the relative motion of Africa and Europe.
Support to this model comes also from VLBI and
GPS data at sites well within the plates and, there-
fore, not affected by plate deformation. It follows
that seismicity around arcs of W-directed subduction
zones, which are simply controlled by the roll-back
of the slab, may not give reliable information on
plate motions.

Regarding deeper events, their rupturing pro-
cesses are still poorly understood. Petrological and
rheological transformations are expected along the

Žsubducting body Wortel, 1982; Wortel and Vlaar,
.1988; Gaherty and Hager, 1994 . A number of possi-

ble explanations are given by Green and Burnley
Ž . Ž .1989 , Meade and Jeanloz 1991 , and Kirby et al.
Ž .1991 all based or triggered by various phase transi-
tions. A comprehensive review is given by Frohlich
Ž .1989 . Details on the rupture process can also be

Ž .found in the papers of Houston and Williams 1991 ,
Ž .Vidale and Houston 1993 , and Houston and Vidale

Ž .1994 . It is noteworthy that some deep earthquake
seem to be located outside of known slabs. Accord-

Ž .ing to Lundgren and Giardini 1994 , they might take
Ž .place on some deflected portion of slab. Green 1993

Ž .and Green and Zhou 1996 demonstrated that poly-
crystals undergoing the ilmenitelperovskite trans-
formation show transformation-induced faulting oc-
curring only in the exothermic direction of the reac-
tion. They suggested the structural and thermody-
namic analogies between that transformation and
those expected in the silicates of the earth’s mantle.
They argued strongly that these results are relevant
to transformations occurring in subducting litho-
sphere. If so, it follows that faulting by this mecha-
nism cannot occur in the lower mantle, providing a
natural explanation for the termination of earth-
quakes just before 700 km depth.

5. Lithospheric properties and geometry of sub-
duction zones

In particular, we observe that W-directed slabs
have dip angles ranging from 408 of the fastest
western Pacific slabs to verticality of the blocked

Ž .Carpathians slab Oncescu, 1984 . The 11 W-di-



( )C. Doglioni et al.rEarth-Science ReÕiews 45 1999 167–208 175

Ž .rected subduction zones we examine Fig. 1 should
in fact be divided in two sub-groups. The first com-
prises the Pacific slabs and is characterised by active

Ž .convergence from 4 to 10 cmryear as well as slab
retreat, the second comprises the two Atlantic and
two European slabs where the dominant mechanisms
is slab retreat.

Ž .According to Isacks and Molnar 1971 , the distri-
bution of down-dip extension and compression within
the slab can be related to the maximum depth of the
slab and ultimately to the slab pull. It is noteworthy,

Ž .however, that Frepoli et al. 1996 question the role
of the slab pull for the Tyrrhenian slab on the base of
the focal mechanism distribution; its rate of descent
is small and this probably means that it reaches a
state of thermal equilibrium at a shallower depth.
This in turn has a great role in determining the
density difference between the slab and the surround-
ing mantle and might be the reason because the slabs
apparently do not sink, or it sinks slower. The At-
lantic and European slabs are not so well known as
the Tyrrhenian. It is, however, possible on the basis
of the few available data that their asset might be
similar. Moreover, their shallow depth might be only
apparent; the deeper portion might simply be no
longer distinguishable from the surrounding upper
mantle.

ŽIt has long been known e.g., Wadati, 1935; Be-
.nioff, 1949 that deep events delineate slab geometry

and that intermediate and deep seismicity is confined
Ž .within subducting plates Fig. 2 . In fact earthquakes

hypocenters delineate what is termed Wadati–Beni-
off zone and their mere presence is assumed as a
sure proof of the existence of subducting lithosphere
Ž .Fig. 3 .

However, a problem in defining slab geometry in
general is caused by discrepancies between tomo-
graphic imaging and earthquake locations; see, for
example, the Aegean subduction by Wortel and

Ž .Spakman 1992 where the subduction angle result-
ing from tomographic imaging is about 208 steeper

Ž .and deeper 670 km than that resulting from earth-
Ž .quakes 200 km . The latter are defined within few

kilometers in depth. Conversely tomographic imag-
ing is smeared out and can be severely biased by an
inappropriate starting model.

In particular in the Apennines subduction, the
several hundreds kilometers deep seismicity is con-

centrated in the southeastern Tyrrhenian sea
ŽPeterschmitt, 1956; Caputo et al., 1970, 1972; Sel-

.vaggi and Chiarabba, 1995 . However, few scattered
earthquakes have been recorded also below the

Ž .northern Apennines Amato et al., 1993 . The seis-
micity appears located along the northwestward pale-
ogeographic prolongation of the Ionian Mesozoic

Žlithosphere there are authors which interpret the
Ionian sea as composed of oceanic lithosphere, e.g.,
de Voogd et al., 1992; but there are other authors
which consider it as continental in character, e.g.,
Cloetingh et al., 1979; Farrugia and Panza, 1981;

.Suhadolc and Panza, 1989; Cernobori et al., 1996 .
The shortening in the Apennines accretionary

wedge is maximum in northern Calabria and south-
ern Apennines and decreases along the opposite arms
of the Apenninic arc. Therefore, the shortening which
is visible in the accretionary prism where the deep
slab seismicity is lacking or attenuated suggests that
subduction has occurred all along the Apenninic arc.

Ž .This is questioned by Marson et al. 1995 and Du et
Ž .al. 1998 who propose the absence of the deep slab

underneath the southern Apennines based on gravity
interpretation.

The Mesozoic facies piled up in the belt indicated
that they were lying on thinned continental crust.
The missing crust in the Apennines and the shorten-
ing in the belt support the subduction of those vol-
umes of continental lithosphere.

The continental crust has lower temperature of the
Ž .brittle–ductile transition 300–4008C than the

Ž .oceanic crust 500–6508C . The paucity of deep
seismicity along the southern and northern Apen-
nines could be attributed to the more ductile rheol-
ogy of the quartz–feldspar rich Adriatic continental
lithosphere with respect to the olivine–pyroxene rich
Ionian sea subducting underneath Calabria with a
more brittle behavior and generating a more elevated
seismicity.

Recent tomographic investigations of the Apen-
nines slab show a much more continuous cold body

Žunderneath the Apennines than so far imaged Amato
.et al., 1993; Piromallo and Morelli, 1997 . The

differences in the subducting lithosphere, i.e., conti-
nental below the central–northern Apennines and
oceanic below Calabria are supported also by the
magmatism that shows clearly different sources
Ž .Peccerillo, 1985; Serri et al., 1993 . The decrease in
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velocity of the arc migration toward the northern
Apennines and Sicily should correspond to a de-
crease of the stress acting on the slab plane as well.
Therefore, the mechanical differences between the
Adriatic and Sicilian continental lithospheres and the
Ionian possibly oceanic lithosphere, and the lower
stress moving away from the Calabrian arc can
account for the decrease in slab seismicity along the
Apenninic arc.

In Fig. 4, a roughly E to W vertical cross-section
through a 3-D P-wave velocity model of the mantle
below the Calabrian arc and the Dinarides is pre-
sented, down to 700 km depth. The 3-D velocity
model shown here is derived by tomographic inver-
sion of P travel times of a large number of selected
regional and teleseismic earthquakes with shallow
focus reported in the International Seismological

Ž .Center bulletins Piromallo and Morelli, 1997 . The
model is parameterized by a grid of nodes with about
50 km spacing, both horizontally and vertically. Two

Ž .evident high positive velocity anomalies are de-
tected: an E-directed shallow dipping body and a
W-directed steeper anomaly, that can be interpreted
as images of the Dinaric and Apennines subducted
slabs, respectively. The scale of the anomaly con-

Ž .touring is in percentages of the ambient reference
mantle velocity given by the 1-D reference model

Ž .SP6 Morelli and Dziewonski, 1993 . Though the
images must be regarded as blurred mapping of
actual velocity structures, due to the combined effect
of data errors, inhomogeneous sampling by seismic
rays, model parametrization, linear approximation
and inversion algorithm, the resolution of the model

Žin the central part of the cross-section eastern
.Tyrrhenian to western Turkey is fair and the general

shape of the subducted lithosphere can be resolved.
The images which best show slab thickness and dip,
are usually obtained by vertical cross-sections per-
pendicular to its strike. The section of Fig. 4 is
probably slightly oblique to the Apennines and Di-
narides slabs. Nonetheless, the figure summarizes the
difference in the dip between the two subductions,
being shallower and less steep the Dinaric slab.

The velocity anomaly distribution along the strike
of the Apenninic chain could be influenced by the
presence of lateral variations in thickness and nature
of the lithosphere which underwent subduction. In
particular, the lower velocities beneath the Southern

Apennines detected by various tomographic studies
Žin the shallow layers of the models Amato et al.,

1993; Spakman et al., 1993; Piromallo and Morelli,
.1997 and interpreted as evidence for the detachment

Ž .of the slab Spakman et al., 1993 could be explained
by a difference in the nature of the subducting
lithosphere, this being of continental origin under-
neath the southern Apennines and oceanic or thin
continental underneath the Calabrian arc.

Steep roots underneath the central Alps down to
about 230 km have been proposed by Panza and

Ž . Ž .Mueller 1979 , Mueller and Panza 1986 and Du et
Ž .al. 1998 . The central–eastern Alps have been inter-

preted as the right-lateral transpressive segment of
Ž .the Alpine orogen Laubscher, 1971, 1983 . Their

steep roots may be interpreted as the dextral lateral
ramp of the subduction zone which is in any case
shallower than the Apennine ones.

6. Thermal state of W- vs. E–NE-directed sub-
duction zones

The W-directed subduction zones present among
the lowest and the highest heat-flow values of the
earth, respectively, in the foredeep or trench and in
the back-arc basin. The low values in the foredeep
Ž 2 .up to 30 mWrm are due to the deflection of the
isotherms with the subduction and to the sediments
filling the foredeep, whenever they occur. The accre-
tionary wedge is generally formed of superficial
thrust sheets mainly made of sedimentary cover and,
therefore, a low thermal gradient is expected. A
rapid increase of heat-flow is observed from the

Žforedeep toward the back-arc basin e.g., in the
southern Apennines, up to 80 mWrm2, Doglioni et

.al., 1996 . Back-arc basins are sites of very high
surface heat flow, up to 150 mWrm2, which is the
consequence of the thinning of the lithosphere. This
has generally been considered as due to pure-shear
extension and, therefore, characterized by a dome-

Ž .shaped symmetrical structure McKenzie, 1978 .
Ž . Ž .Wernicke 1985 and Lister et al. 1991 proposed

also an alternative asymmetrical thinning of the
lithosphere. A more careful examination of the distri-
bution of the heat-flow in a back-arc basin reveals

Ž .two important features: 1 the maximum value is
not located in the central sector of the basin, but it is
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laterally displaced eastward, toward the subduction
Ž .hinge; 2 the heat flow distribution follows that of

the sub-basins and boudins with a series of highs and
lows. This may be interpreted by supposing that the
extension of the lithosphere and the upwelling of the
asthenosphere is a pulsating phenomenon which oc-
curs following the roll-back of the subducting slab.
Probably each sub-basin may open by pure-shear or
simple-shear extension. An example is represented
by the back-arc basin related to the Apenninic sub-
duction, which is in fact the entire western Mediter-
ranean, where clearly heat-flow data and thermal
modeling show that the maximum heat-flow values
are encountered in the sub-basins: 120 mWrm2 in

Ž .the eastern Alboran Polyak et al., 1996 , 90–100
2 ŽmWrm in the Valencia trough Foucher et al.,

.1992; Fernandez et al., 1995 , and more than 200
2 ŽmWrm in the Tyrrhenian sea Rehault et al., 1990;

.Mongelli et al., 1991 .
E-directed subduction zones conversely present,

on average, high heat flow values. Taking the central
Alps as an example, we observe a heat flow of about
90 mWrm2 in correspondence of the Molasse basin
and the Helvetic Nappe, that decreases to about 70
mWrm2 between the Penninic Nappe and the Insub-
ric Line, and finally lowers to about 40 mWrm2 in
the Po Plain. This apparently contrasts with a thicker
crust in the case of E-subductions that should yield
average lower heat flow values than W-subductions.
However, it can be explained as due to a crustal
doubling and a corresponding doubling of the radio-
genic layers. For a more detailed discussion of the
thermal state of the Alpine subduction, see Cermak

Ž .and Bodri 1996 and references therein.
Shallow dipping subduction zones should in prin-

ciple be cooler than the steeper slabs, due to their
longer permanence in the cooler upper parts of the
upper mantle. This could also account for their

Ž .stronger seismicity e.g., Andes .

7. Main geological characters of subduction zones

Fold and thrust belts or accretionary wedges are
the typical expression of subduction zones. They are
the area where material of both the footwall and
hangingwall plates is juxtaposed and shortened. The
transfer from the footwall to the hangingwall plate is

usually termed ‘accretion’, whereas the possibly tem-
porary transfer from the hangingwall to the footwall

Žplate is defined as ‘erosion’ Von Huene and Lalle-
mand, 1990; Von Huene and Scholl, 1991; Von

.Huene et al., 1994 . Material eroded and transported
down in subduction may eventually be re-exhumed
by more advanced and deeper thrusts, this cycle
providing a prograde and later retrograde metamor-
phic path.

ŽAnalogic models of accretionary wedges e.g.,
.Malavieille et al., 1992 show the importance of the

distance between thrust ramps, depth of the decolle-
ment planes and the viscosity contrasts in the in-
volved rocks. Accretionary wedges form on top of
regional monoclines which dip toward the hinterland
of the orogens. The dip may range between very low

Ž . Ž .angles 1–38 to higher values 7–158 . These steeper
angles are more typical of W-directed subduction
zones.

Accretionary wedges and orogens in general are
zones of earth’s degassing due to mantle processes,
but they are also areas where there is a general
expulsion of squeezed fluids contained in the sedi-

Žments and rocks in general e.g., Peacock, 1987,
1990; Le Pichon et al., 1992; Hyndman et al., 1993;

.Martin et al., 1995; Cochrane et al., 1996 .
The orogens have variable width which is mainly

function of the age of the subduction, depth of the
decollement planes, and polarity of the subduction.
We have the largest orogens such as the Andes and
Himalayas which are active since hundreds of mil-
lion of years. They have decollement planes that
reach the base of the lithosphere and the subduction
is E- or NE-directed. On the other hand, along the
Marianas subduction zone, the accretionary wedge is
poorly developed and where it exists is very narrow.
That subduction is mainly Neogene–Quaternary in
age, the accretionary wedge on top of the Pacific
plate has very shallow decollement planes, mainly at
the base of the sedimentary cover, and the subduc-
tion is W-directed.

Geologically, W-directed subductions are less
known because they are mainly below the sea-level.
W-directed subduction zones have arcuate shape and
average length of 2000–3000 km, with the convexity
verging toward the east. It was proposed that any

Žsubduction on a sphere generates an arc e.g., Fowler,
.1990 . However, this geometric observation does not
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explain why E- or NE-directed subduction zones do
Ž .not show such a shape e.g., Cordillera, Himalayas .

The W-directed subduction zones are associated
Ž .with low structural elevation 1–5 km of erosion ,

Žmainly single ‘eastward’ vergence or southeast, or
.northeast of the accretionary prism, mainly sedimen-

tary cover involved, one foredeep with high subsi-
dence rates, and a back-arc basin to the west.

The E–NE-directed subduction zones are instead
characterized by orogens with high structural eleva-

Ž .tion 20–50 km of erosion , double vergence, base-
ment rocks deeply involved by deformation, and two
foredeeps with low subsidence rates.

W-directed subductions occur both in case of the
Žhighest convergence rates among plates e.g., W-

. ŽPacific examples and no-convergence e.g., W-
.Atlantic examples . There are also W-directed sub-

ductions where the slab retreats eastward without
E–W convergence along margins of plates indepen-

Ždently traveling toward the NE e.g., the Banda arc
at the northwestern Australian margin, Veevers et

.al., 1978; Charlton, 1991 .
Thrust belts associated with W-directed subduc-

tions have a shallow new Moho beneath the thrust
belt with respect to the deeper and pre-subduction
Moho of the foreland. Moreover, the accretionary
wedges are composed of rocks scraped off the top of
the subducting plate and basement rocks from pre-
existing structural highs or inherited in the hanging-
wall from earlier orogenic belts. In some sections of
such belts, the crust may be missing due to subduc-
tion. Associated with a W-directed subduction there
always occurs a back-arc basin, with fast eastward

Ž .progradation 50 mmryear, e.g., the Tyrrhenian sea .
On the other hand, thrust belts associated with E-

or NE-directed subductions exhibit thickened crust
Ž .along the orogenic belt up to 60–70 km , large

outcrops of crystalline basement, a double vergence
Žthe frontal thrust belt synthetic to the subduction

.and the back-thrust belt antithetic to the subduction .
The main differences between the two thrust belts

end-members may be interpreted as resulting from
the polarity induced by the different behavior of the
decollement planes associated with subductions op-
posing or following the mantle flow. In the W-di-
rected subduction zones, the decollement at the base
of the lithosphere is subducted and only shallow
upper layers of the lithosphere are accreted. More-

over, the subducted lithosphere is replaced by new
asthenospheric material in the back-arc. In E–NE-di-
rected subduction zones, the decollement at the base
of the lithosphere is ramping upward toward the
surface and allows the uplift of deep seated rocks
Ž .Doglioni, 1992 .

There is a vaste literature on the metamorphic
rocks associated with orogens and subduction zones

Žin general see Ringwood, 1976; Peacock, 1996,
.with selected references therein for an updated list .

According to the distinction that we are supporting
in this article, the different behavior of the decolle-
ment planes in the opposite subduction zones should
generate different metamorphic evolutions in the two
end-members. The different kinematic systems
should generate variables mechanisms of uplift or
burial determining different PTt paths as a function
of the subduction polarity and the location of the

Ž .starting rock within the evolving system Fig. 6 . It
will result that HPrLT metamorphism is intrinsic
more with the frontal thrust belt of E- or NE-directed
subduction zones, whereas the HTrLP metamor-
phism is more typical of the hangingwall of W-di-
rected subduction zones where the asthenosphere

Ž .replaces the slab at shallow levels Fig. 6 . In the
Žhangingwall of the Apennines subduction western

.Italian peninsula , a shallow asthenosphere has been
Ždocumented Calcagnile and Panza, 1981; Della Ve-

.dova et al., 1991; Doglioni, 1991; Mele et al., 1997 .
In a following chapter, we will see that W-directed
subduction zones appear to generate to the east of
pre-existing E-directed subductions. Relics of the
Cordillera or Alpine type orogens are scattered re-
spectively in the hangingwall and back-arc of the
Barbados and Apennines subduction zones. They
recorded the metamorphic history of both accre-
tionary wedges, first the E-subduction related and
later the W-subduction related thermal and pressure
evolution. Therefore, it could be useful to discrimi-
nate the PTt history of orogens as a function of the
subduction polarity: Within polyphased orogens the
PTt history can help to unravel the kinematics of the
opposed subduction zones. However, the W-directed
subduction zones are relatively less studied, due to
their general location below the sea-level. The
Japanese and Apennines W-directed subduction zones
are outcropping cases where to study the metamor-
phic history of this type of subduction. Nevertheless,
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Fig. 6. Main structural differences among orogens due to W-directed and E–NE-directed subduction zones. The paths of three possible
markers in the two systems illustrate different end-members of possible PTt metamorphic evolutions.

there are not univoque interpretations on the origin
of the metamorphism in those belts: There are mod-
els proposing that the metamorphic rocks cropping
out in Japan or in the Apennines were formed and
uplifted during ‘andean and alpine’ E-directed sub-

Žduction Sillitoe, 1977; Cadet and Charvet, 1983;
.Doglioni et al., 1998 , but there are also papers

proposing that these rocks were generated by the
normal evolution of the present W-directed subduc-
tion zone, without any flip of the direction of sub-

Ž .duction Jolivet et al., 1998; Rossetti et al., 1998 .
There are evidences that the two opposite subduc-

Žtions may coexist e.g., the Central America subduc-
.tion zones, Nicaragua vs. Barbados . This should

generate interference patterns both in terms of struc-
tures and PTt paths. This interplay probably occurred
also in the Mediterranean where the W-directed
Apennines subduction developed while the E-di-

rected Alpine subduction was still active. This would
explain the occurrence of HPrLT Early Miocene
occurrences of Alpine affinity within the internal
Apennines. However, there are authors that consider

Žthe HPrLT occurrences within the Apennines Theye
.et al., 1997 as intrinsic of the Apennines subduction

itself and not as indicators of the Alpine subduction
Ž .history Rossetti et al., 1998 .

The interference between the oblique eastward
migrating Apennines back-arc extension and the

Žwesterly migrating Betics compression Doglioni et
.al., 1997 should have generated a variegate set of

inversion structures and PTt paths in the western
Ž .Mediterranean Betic cordillera and Alboran sea .

Foredeeps are also very different depending upon
whether they are associated with thrust belts gener-
ated by W-directed or E–NE-directed subduction
zones. Along W-directed subduction zones, the sub-
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sidence rate of the foredeep may be up to 1–1.6
Ž .mmryear e.g., Apennines and Carpathians , while

along E- or NE-directed subductions they are of the
Žorder of 0.1–0.3 mmryear e.g., Alps and Dinarides,

.Doglioni, 1994 . This observation enables us to in-
terpret the slow filling of foredeeps of the first type

Ž .with huge flysch deposits Apennines or very lim-
Ž .ited deposition Marianas trench , and the much

faster filling of foredeeps of the second type which
are quickly filled by the classic flysch–molasse se-
quences and then by-passed. In the first case the
origin of the foredeep appears to be controlled by the
eastward roll-back of the subduction hinge resulting
from the eastward mantle push. In the second case,
the westward or south–westward roll-back of the
subduction hinge is probably controlled by the litho-
spheric load and by the downward component of the
advancing upper plate, contrasting with the upward
component of the eastward–northeastward mantle
flow. The cross-sectional area of thrust belts associ-
ated with W-directed subduction is smaller in com-
parison with the area of the foredeep. The area of

thrust belts associated with E–NE-directed subduc-
tion zone is instead always greater than the area of

Ž .the foredeep Doglioni, 1994 . All these observations
appear to maintain their general validity both in the
case of subduction of oceanic lithosphere and of thin
continental lithosphere.

In the foredeep of W-directed subduction zones,
the subsidence rate due to roll-back of the subduc-
tion hinge is so high that there are cases where the
frontal folds of the accretionary wedge uplift slower

Žthan the regional subsidence Doglioni and Prosser,
.1997 . That can be called as negative fold total uplift

Ž .Fig. 7 , to be distinguished from the typical case in
which folds growth faster than the regional subsi-

Ždence in Alpine type orogens positive fold total
.uplift . The negative fold total uplift is characterised

by envelope to the folds crest dipping toward the
hinterland. There are evidences of negative fold total
uplift even in trenches or foredeeps unfilled or poorly
filled by sediments indicating that the subsidence is
not simply due to the load of the clastic deposits

Žfilling the basin e.g., Timor, along the southern arm

Fig. 7. The fold-total uplift may be defined as the single fold uplift rate and the regional subsidence. This value can be either positive or
negative. This last case may occur along the front of W-directed subduction zones where the subsidence rates may be faster than the fold
uplift rate.
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Fig. 8. Comparison between the Apennines and Dinarides–Hellenides front in the southern Adriatic–Ionian seas. Note the deepest foredeep along the Apennines subduction and
the higher structural elevation of the Hellenides front. M, Messinian. The Apenninic front has negative fold-total uplift, whereas in the Hellenides it is positive.
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.of the Banda arc W-directed subduction zone . Fig. 8
is an example of the comparison of the two end-
members; in the front of the Apennines accretionary
wedge, the fold growths slowly than the regional
subsidence, whereas at the front of the Dinarides the
fold growths faster than the regional subsidence.
Therefore, the fold tends to outcrops from the sea.

Close observations on these differences between
orogens have been pointed out also by Royden and

Ž . Ž .Burchfiel 1989 and Royden 1993 . They associ-
ated these differences to the efficiency of the slab
pull, regardless of the subduction geographic polar-
ity. However, the westward drift of the lithosphere
relative to the asthenosphere can contribute to pro-
duce these differences. In fact the polarity imposed
by the westward delay of the lithosphere should
generate different kinematics of the decollement

Žplanes along opposed subduction zones Doglioni,
.1990, 1992 . These determine that along a W-di-

rected subduction zone much part of the down-going
plate is lost and only superficial layers are involved

Ž .in the accretionary wedge e.g., Apennines . The
decollement at the base of the down-going plate to
the east is subducted. In fact the volume of the
orogen in the hangingwall of W-directed subduction
zones is always minor. In a section of the Apennines
in northern Calabria it has been calculated in about
2.900 km2 vs. about 62.000 km2 of subduction.
Only a little amount of the crust is involved in the
orogen and much part of it is subducted. We observe
thin-skinned compressive tectonics at the frontal ac-
cretionary wedge mainly involving only the sedimen-
tary cover, whereas the belt is characterized by
thick-skinned extensional tectonics cross-cutting the
entire crust. On the contrary, along opposed E–NE-
directed subduction zones, the thrusts entirely in-
volve the upper and lower plates, thickening in the
orogen both the crust and the lithospheric mantle
Že.g., Alps, Polino et al., 1990; Roure et al., 1990,

.1996 . That is why we observe large slices of base-
ment in the Cordillera or similar orogens. Therefore,
the orogens are characterized by thick-skinned com-
pressive tectonics throughout the double verging oro-
gen, apart the frontal parts which frequently exhibit

Žthin-skinned tectonics e.g., Jura at the front of the
.Alps, Rocky Mountains which are, however, always

rooted in basement ramps along more internal zones.
Extensional tectonics in those orogens are confined

to the upper layers, while compression is acting at
Ž .depth e.g., Dewey, 1988 .

The kinematics of W-directed subduction zones
generate a loss of lithosphere which is eastward
retreating. This movement has to be compensated by
the asthenosphere which goes to replace the rolling-
back slab. A shallow asthenosphere in the hanging-
wall of W-directed subduction zones is commonly
observed and can explain the high heat flow of these

Ž .areas Doglioni et al., 1996 .

8. Topography and gravimetry of subduction
zones

An analysis of topographic profiles associated
with satellite free air gravimetric anomalies profiles

Žalong subduction zones Harabaglia and Doglioni,
. Ž1998 shows that average low topography y1250

.m and pronounced gravimetric anomalies charac-
terise W-directed subduction zones. The average

Ž .depth of the trenches is y5000 m Fig. 9 . On the
Ž .contrary, average elevated topography 1200 m and

smoother gravimetric waves are peculiar to E- or
NE-directed subduction zones. The average depth of
the trenches is about y3000 m for the E- or NE-di-
rected subduction zones. The W-directed subduction
zones are characterized by a narrow arc-chain in the

Žhangingwall of the subduction about 200–300 km in
.section , that rises to 2000–3000 m over the mean

plate height. The subducting plate is typically only
1000–2000 m lower than the overriding one. If the
subducting plate is oceanic, there is always a pro-
nounced trench, whereas for continental plates, the

Ž .trench may be filled e.g., Carpathians or partly
Ž .filled Banda by sediments. The associated volcanic

arc is typically well defined.
W-directed subductions show strong negative

free-air gravimetric anomalies with an asymmetric
Ž . Ž .shape 150–200 mgal along the trench Fig. 9 , and

Ž .a prominent positive signature over 100 mgal cor-
responding to the arc-chain, and similar gravimetric
values on both plates immediately off the trench–arc
system.

Conversely E–NE-directed subductions are char-
acterized by less pronounced negative gravimetric

Ž .anomalies about 100 mgal or less with a strong
Ž .asymmetric shape relative to the trench Fig. 9 , less
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Ž . Ž . Ž . Ž .Fig. 9. Average topographic profiles a , b , and free-air gravimetric profiles c , d across the main subduction zones of the earth. These
confirm the presence of two classes of subduction zones of which differences are related to the geographic polarity of the subduction zone
Ž .after Harabaglia and Doglioni, 1998 .

Ž .pronounced positive anomalies less than 100 mgal
corresponding to the orogen, and higher gravimetric

Ž .values 20–40 mgal on the overriding plate immedi-
ately off the back-thrust belt with respect to those
observed on the subducting plate immediately before
the plate bulge. In case of subducting continental
plates, there seems to be a large compensation.

Some of the subduction zones do not present all
the peculiarities of the W- or E-class. However, none
of them differs by more than a couple of character-
istics from the standard of its assigned class. There-
fore, topography profiles across subduction zones
show two distinct signatures.

The average gravity profiles across the two end-
Žmembers of subduction zones W- and E–NE-di-

.rected are very different both in terms of amplitude,
shape and relationship with topography. In the Apen-

Ž .nines W-directed subduction zone , for example, the
minimum gravimetric values are located more to-
ward the foredeep rather than exactly below the

Ž .mountain range Mongelli et al., 1975 , while they
are more coupled with the topography in the Alps

Ž .Nicolas et al., 1990 where a lithospheric root has
Ž .been detected Mueller and Panza, 1986 .

All these differences are particularly evident along
the Pacific margins, but they persist also along the
other subduction zones of the world in the Atlantic,
Mediterranean, Himalayas and Indonesia regions, and
they are primarily function of the geographic direc-
tion of the subduction, regardless of the involved
lithosphere. The Italian geodynamics is shaped by
two opposite subduction zones, i.e., the western Alps
and the Apennines, which fall respectively into an
E-directed subduction zone and a W-directed sub-
duction zone. The two belts show the characters of
the global signatures in terms of topography and
gravimetry as a function of the subduction polarity,
having the same Adriatic plate involved, i.e., overrid-
ing Europe in the Alps, underthrusting Europe in the

Ž .Apennines Fig. 10 . Obviously, this conclusions
may not be so straightforward if we were to look at

Ž .different data sets. For example, Marson et al. 1995
obtain rather different results by forward modelling
of bouguer anomalies. In particular, they note that
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Fig. 10. Application of the topographic and gravimetric differences between orogens to the Italian thrust belts. The Alps show elevated
Ž .topography and gravimetric minimum relatively coupled with the belt A, after Buness, 1991 . The Apennines rather show lower topography

Ž .and a gravity minimum displaced toward the foredeep of the belt B, Mongelli et al., 1975 .

the slab in the Southern Apennines should be much
shallower than along the Calabrian arc and Tuscany.
This is not in contradiction with Harabaglia and

Ž .Doglioni 1998 since the latter limited themselves to
observe that a W-directed subduction would be char-
acterized by a steeper slab than an E-directed one
and this would reflect on the general trend of the

Ž .satellite free air anomaly. Also Marson et al. 1995
assume that the slab penetrates at a high angle; they
only disagree on how deep the penetration is in the

various portions of the subduction. Therefore, topog-
raphy and gravimetry appear to confirm the exis-
tence of two separate classes of subduction zones
regardless the age and nature of the subducting slab.

9. Back-arc basins

Back-arc basins are typical features forming in the
hangingwall of subduction zones. They may show
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Ž .very low Q values Barazangi and Isacks, 1971 ,
which indicate low viscosity in the mantle wedge at

Ž .the top of the subduction hinge Mele et al., 1997 .
They are notably well developed in the western

ŽPacific Karig and Sharman, 1975; Zonenshain and
Savostin, 1981; Brooks et al., 1984; Tamaki and
Honza, 1985, 1991; Taylor, 1993; Honza, 1995;

.Hawkins, 1995; Taylor and Natland, 1995 , and they
are particularly associated with W-directed subduc-

Žtion zones Uyeda and Kanamori, 1979; Doglioni,
.1991 . They are characterized by semicircular or

triangular shape, the highest subsidence rates for
Ž .extensional environments up to 600 mrMa , and

they have mainly ages ranging from early Tertiary to
Ž .Recent Doglioni et al., in press . The extension in

the back-arc propagates eastward like the roll-back
of the subduction zone. The stretching is discontinu-
ous, producing basins and swells that recall the

Žboudinage Ricard and Froidevaux, 1986; Gueguen
.et al., 1997 . An example is the western Mediter-

ranean which is composed by sub-basins which are
younger from west to east, and they developed in the
hangingwall of the W-directed and eastward retreat-

Ž .ing Apennines subduction Fig. 11 . The basins are
often floored of oceanic crust which is also rejuve-

Žnating toward the east e.g., Parece Vela basin,
.Caribbean sea and western Mediterranean .

The western margin of the back-arc basin has a
convexity opposed to that of the subduction arc, i.e.,
toward the west. In other words, the shape of the
back-arc is in some way specular to the one of the
main arc. The reentrance of the western margin of
the back-arc basin is particularly visible on the Asian
margins of the Japan sea and the South China sea,
and the Cordillera margin of the Caribbean sea. The
westernmost initiation of the back-arc extension
probably corresponds to the latitude of the location
of the first onset of the W-directed subduction to the
east and in the end to the largest amount of sub-
ducted slab and the widest back-arc extension.

Fig. 11. Alps and Apennines are thrust belts with very different characters: Alps have a shallow foredeep, broad outcrops of metamorphic
Žrocks, and high structural and morphologic relief. Apennines have deep foredeep, few outcrops of basement rocks partly inherited from

.earlier Alpine phase , low structural and morphologic elevation, and Tyrrhenian back-arc basin. These differences mimic asymmetries of
Pacific east-dipping Chilean and west-dipping Marianas subductions. For east-dipping subduction foredeep origin may be interpreted as
controlled by lithostatic load and downward component of upper plate push, minus upward component of the ‘eastward’ mantle flow. For
the west-dipping subduction where subsidence rate is much higher, foredeep origin may rather be interpreted as due to horizontal mantle

Ž .push and the lithostatic load after Doglioni, 1994 .
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Back-arc basins have maximum width variable
between 800 and 1500 km. The maximum and mini-
mum widths of the back-arc basin correlate to the
west at the maximum and minimum amount of sub-
duction present to the east. For instance, the largest
opening of the Tyrrhenian sea corresponds to the
deepest part of the Apennines slab. The eastward
migration of the back-arc extension is accommo-
dated by asymmetric rifting, with low-angle normal
faults dipping to the east. These faults have been
recognized in the western Mediterranean back-arc
setting, e.g., in the western margin of the Provençal

Ž .basin Benedicto et al., 1996 , in the northern Apen-
Ž .nines Barchi et al., 1997 and in other western

Pacific back-arc basins. E-dipping normal faults are
Ž .usually spaced 10–50 km and sometimes they iso-

late large boudins of thicker continental crust gener-
ating a lithospheric boudinage both in the Pacific,

ŽAtlantic and Mediterranean back-arc basins Gueguen
.et al., 1997 .

Back-arc spreading associated to the W-directed
subductions may develop both within the former
orogen or even far into the foreland of the frontal
thrust-belt of the earlier E-directed subduction zone,
probably as a function of the width of the orogen
Ž .e.g., Japan sea, Provençal basin . Part or the entire
orogen of the former ‘E’-directed subduction zone is
stretched and boudinated in the hangingwall of the
W-directed subduction, in the back-arc region. HT-
LP metamorphism associated to asthenospheric
wedging in the back-arc underneath the former oro-
gen commonly overprints HP-LT metamorphic as-
semblages.

The western Mediterranean back-arc basins asso-
ciated to the W-directed Apenninic subduction pro-
vide a complete set of these variations even along
strike in the opening of the back-arc basins oblique
to the former Alpine orogen. The back-arc spreading
associated to these subductions may jump from one
segment of lithosphere to another, generating large
scale boudinage of the lithosphere. The subducted
lithosphere is replaced by the uprising and laterally
compensating asthenosphere in the back-arc basin.
There are several interpretations of back-arc basins
associated also to E–NE-directed subduction zones,
such as the Aegean sea, the Basin and Range
province, the Andaman sea. Although those basins
are in the hangingwall of the subduction, they pre-

sent geodynamic settings which deeply differ from
the back-arc basins of W-directed subduction zones.
They usually have thicker crust, there are two or
even three plates involved in the system and they
show very different magmatic and tectonic evolution.
Moreover, the extension more rarely arrives to
oceanization and it is not always coeval with the
subduction. For a review of those extensional envi-

Ž .ronments, see Doglioni 1995 .
The asymmetrical opening of a back-arc basin

maybe generated by a series of factors, the most
relevant being the slab induced mantle flow, com-
bined with the differential drag between the eastward
intruding asthenosphere and the overlying crust, and,
to a lesser extent, thermo-mechanical factors that
might cause a differential drag. The mantle drag
interferes with the induced flow. The former can be
viewed either as a resistive force or as a driving
force in plate dynamics depending on its magnitude
and direction with respect to plate motion. Ricard et

Ž .al. 1991 have shown that on average the litho-
sphere has a delay of about 2 cmryear with respect
to the mantle. This means that in case of a ‘W’-di-
rected subduction it would add its effect to that of
the induced flow in the arc-region while in case of
an ‘E’-directed subduction it would counteract the
induced flow effect. A rough estimate of the mantle
drag due to this delay is:

DV
t shd

Dh

where h is the mantle viscosity, Dh is the upper
mantle thickness, and DV is the velocity variation
within it. Assuming a viscosity hs4=1019 Pa s, a
mantle thickness of hs550 km, and a velocity that
varies from 2 cmryear at the base of the lithosphere
to 0 at the bottom of the upper mantle, we obtain a
mantle drag estimate of about 46 kPa away from the
slab region. However, the value proposed by Ricard

Ž .et al. 1991 is an average estimate and it might be
larger in certain regions. Moreover an estimate of the
drag in the arc-region is not straightforward; the
different geometry of the system might play an
important role and increase its effect as it probably
does the fact that the slab contemporaneously re-
treats.
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Ž .According to Turcotte and Schubert 1982 , a
sinking slab produces a flow with horizontal velocity
component:

z yx
y1usyByD tan q CxqDzŽ . 2 2ž /x x qz

where B, C, and D are constants that depend on
boundary conditions, x is the distance from the
subduction hinge and z is the depth. Assuming that
the mantle behaves as a Newtonian fluid with con-
stant viscosity h, the shear stress is:

du
tsh .

d z

Ž .At the base of the lithosphere zs0 , the derivative
of the horizontal component of velocity with depth
reduces to:

du D
sy2

d z x

A general expression for B, C, and D is not
straightforward; they depend on the subduction angle
and the hinge migration velocity. According to

Ž .Harabaglia 1998 given U, the speed at which the
subducting plate moves toward the trench, Ds1.9U
for a subduction that penetrates with a 308 angle and
no trench migration. D triplicates in case of a sub-
duction where there is no active convergence, that is
the hinge migration velocity is yU, and it decreases
abruptly in the opposite case. D also depends on the
subduction angle and becomes larger for smaller
angles; this would contrast with the fact the most
developed back-arc basins are associated to the steep
‘W’-directed verging subductions. However, this de-
pendence is less relevant then that due to the hinge
migration. Moreover, when a subduction initiates it
is always characterised by a low angle -358. Even
when a slab is fully developed, a steep inclination is
reached progressively due to the elastic bending of

Ž .the slab Marotta and Mongelli, 1998 . Conse-
quently, the average slab angle remains low in the
shallower portion and the validity of this model
should be intact. In particular assuming hs4=1019

Pa s and Us1 cmryear at 10 km from the hinge we
would have a stress of 4.7 MPa; in case of retreating
hinge this value would increase at 14 MPa Since
most ‘W’-directed subductions are characterised by
hinges with retreating velocities of 4–10 cmryear

this would mean stresses of about 50–150 MPa.
These values should be large enough to cause the
breaking of a weakened lithosphere and the opening
of a back-arc basin.

We must also consider what should be second
order effects due to thermo-mechanical variations in
the lithosphere and the mantle in the arc-corner. In
case of ‘W’ subductions, we expect the presence of a
mantle wedge; this probably expands adiabatically
Ž .Doglioni et al., 1996 increasing the mantle viscos-

Ž .ity may be by an order of magnitude and ultimately
the coupling between mantle and lithosphere in prox-
imity of the subduction hinge.

In conclusion, there is a relevant stress at the base
of the lithosphere in the arc-corner of W-directed
subductions since these are characterized by an east-

Žward migration of the subduction hinge Doglioni et
.al., 1996 ; this can eventually generate faults that

propagate from the base of the lithosphere whenever
the latter is already weakened by a previous subduc-
tion.

10. Structural evolution of W- vs. E–NE-directed
subduction zones

Comparing the structural evolution of W- vs. E-
or NE-directed subduction zones, we note a much
larger amount of erosion along the last ones. We
know that several tens of kilometer of embricated
rocks have been eroded in the Alps and Himalayas
Ž .Argand, 1924 . High rates of uplift in the Betics
Ž .5–10 kmrMa have been reported by Zeck et al.
Ž .1992 . An uplift of 1.5 cmryear has been docu-

Ž .mented in Taiwan by Angelier et al. 1998 . This did
not occur along W-directed subduction zones that
never reached high structural elevation. The Apen-
nines are a good example where the lithostatic load

Ž .has never been very high Corrado, 1995 . W-di-
rected subduction zones mainly develop horizontally
moving as a wave toward the ‘east’ at rates of a few
centimeter per year. The uplift in the belt may be in
the order of a millimeter per year, but it works only
for the short timespan in which the tectonic wave
crosses an area; the topography closely matches with
the structure. E- or NE-directed subduction zones
have rather orogens with persistent and higher uplift
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Fig. 12. Different structural evolution along the opposite subduction zones. W-directed subduction zones are characterized by an ‘E-ward’
migrating structural wave that closely matches topography. The E- or NE-directed subduction zones have a much higher structural elevation.
The growth of the waves is constructed assuming conservative values of 2–3 cmryear of eastward migration of W-directed subduction
zones and 1 mmryear uplift for the opposite subduction zones. Note how the structural differences among the subduction zones are even
more evident than the topographic signatures.

rates; the belts expand laterally in both sides, and
they have uplift rates that may be faster than 1–2
cmryear. Fig. 12 simplifies these differences among
subduction zones which are even more striking than
those marked by the topographic profiles.

11. Coexisting compression and extension along
W-directed subduction zones

The active accretionary wedge of W-directed sub-
duction zones usually forms below the sea-floor, it is

Žusually single verging toward the east or northeast,
.or southeast . The wedge is followed by an exten-

sional wave cross-cutting the thrusts and folds previ-
Žously formed in the accretionary wedge Mazzanti

.and Trevisan, 1978 . The Apennines are a natural
laboratory where to study the interplay between
compression and extension. The extension has been
very well described in the deep seismic profile Crop

Ž .03 of the northern Apennines Barchi et al., 1997
and it shows an asymmetric character with mainly
E-dipping undulated normal faults. It has always
been a task to interpret the coexistence of this tec-

Žtonic pair Lavecchia et al., 1994; Meletti et al.,
.1995; Frepoli and Amato, 1997 . Here, we propose a

kinematic interpretation based on the shape and kine-
matics of the W-directed subduction zones.

The boudinage and the extension in the hanging-
wall of a W-directed subduction may be attributed to
the differential drag generated by the slower horizon-
tal component of the mantle flow induced by subduc-
tion near the mantle wedge, and by thermal con-

Ž .straints Fig. 13 . Back-arc extension develops as
soon as the subduction starts, suggesting prevalent
mechanical controlling factors. The shear stress at
the base of the hangingwall lithosphere due to the
induced flow has an exponential decrease moving
westward, away from the subduction hinge and this
could explain why E-dipping normal faults in the
hangingwall of the subduction nucleate on top of the
mantle wedge at the subduction hinge. Moreover, the
eastward roll-back of the subduction hinge implies a
volume deficit in the hangingwall lithosphere which
is following and trying to compensate the hole. This
is what can be considered as the trench suction
Ž .Forsyth and Uyeda, 1975 and it may be responsible
for the main ‘eastward’ dipping normal faults in the
Apennines.

On the other hand, the shortening in the accre-
tionary wedge can be explained as related to the
shear between the down-going and retreating litho-
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Fig. 13. Kinematic model for the association compression–extension of W-directed subduction zones as the Apennines. The boudinage and
the extension in the hangingwall of a W-directed subduction may be attributed to the differential drag between the eastward intruding
asthenosphere and the overlying crust. The differential drag may be controlled by the slower horizontal component of the mantle flow
induced by subduction near the mantle wedge, and by thermal constraints. Moreover, the retreat of the subduction hinge generates the trench
suction. The shortening in the accretionary wedge can be explained as related to the shear between the down-going and retreating
lithosphere and the eastward compensating mantle. The displacement is transferred upward and peels-out the cover from the foreland
lithosphere.

sphere and the eastward compensating mantle, the
displacement being transferred upward and peeling-

Ž .out the cover from the foreland lithosphere Fig. 13 .

These kinematic model for the eastward migrating
compression–extension pair is triggered by the sub-
duction roll-back and by the simultaneous astheno-
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spheric replacement. Therefore, the compression in
the accretionary wedge may not be an indication of
what the foreland plate is doing with respect to the
plate located to the west of the back-arc basin.
Unfortunately, many kinematic models utilize the
focal mechanisms of the accretionary wedge of W-
directed subduction zones as an expression of plate
kinematics, but those data may be misleading be-
cause that compression may be simply related to the
local roll-back of the subduction hinge, e.g., the
southern arm of the Apennines in Sicily, where
compression is usually interpreted only in terms of
Africa–Europe relative motion.

12. Initiation of subduction zones: the Atlantic
examples

The initiation of subduction zones has always
been a fundamental but complicated mechanical

Ž .problem e.g., Cloetingh et al., 1982, 1989 . Subduc-
tion zones develop either along passive continental
margins or at strong lateral variations in thickness
and composition of the lithosphere. Considering the
Barbados and Sandwich arcs, W-directed subduction
zones appear to have nucleated along back-thrust
belts of pre-existing E-directed subductions, if
oceanic or thinned continental lithosphere were pre-
sent in the foreland of the ‘E’-verging back-thrust
belt. The W-directed subductions developed only in
Central America and south of Patagonia, where the
Northern and Southern American continents narrow.
This seems to indicate that the W-directed subduc-
tions, which are worldwide Tertiary and Quaternary
features, possibly form only in the presence of par-

Ž .ticular geodynamic constraints, i.e., 1 along the
back-thrust belt of earlier E-directed subduction

Ž .zones, and 2 in the presence of oceanic or thinned
continental lithosphere in the foreland of the related

Ž .back-thrust belt Doglioni et al., in press . We might
apply similar geodynamic parameters for the Apen-
nines–Maghrebides development, i.e., the Apennines
W-directed subduction formed along the back-thrust
belt of the pre-existing Alps–Betics orogen related to

Ž .an E-directed subduction zone Fig. 14 . This inver-
sion of the subduction could have occurred only
where a branch of oceanic lithosphere was located to
the east of the Alps–Betics orogen. Evidence of
Mesozoic oceanic crust of the Tethys realm
ŽBernoulli and Lemoine, 1980; Dercourt et al., 1986;

.Ziegler, 1988 has been unraveled on the basis of
oceanic sediments and slices of ophiolites in the
Apennines. Remnants of the former Alpine orogen
were passively incorporated into the internal parts of
the accretionary wedge related to the younger W-di-
rected subduction. The presence of Alpine Miocene
records within the Apennines would support a time
of coexistence of the E-directed Alpine subduction
and the W-directed Apennines subduction zone, like
it was in Central America where the Caribbean
subduction initiated while the opposite Andean sub-
duction was and still is active. Remnants of the
earlier Andes were later scattered to the east in the

Ž .Caribbean back-arc domain e.g., Cuba, Haiti like
the present Alpine relics are spread out in northern

Ž .Africa and Apennines e.g., Kabylie, Calabria .

13. Lifetime of W- vs. E–NE-directed subduction
zones

Present W-directed subduction zones developed
during the Neogene. Some of them started during the
Paleogene. Generally speaking, they are younger

Ž .than 50 Ma usually less than 30 Ma . The western
ŽPacific back-arc basins are Tertiary in age Seno,

.1985; Honza, 1995 , like the Mediterranean ana-
Ž .logues Horvath and Berckhemer, 1982 . This does

Fig. 14. Following the Atlantic examples, the Apennines W-directed subduction zone developed along the back-thrust belt of the Alps and
then it rapidly retreated eastward. The flip of the subduction from Alpine E-directed to Apenninic W-directed was probably recorded by the
sudden increase of the subsidence rates in the Apenninic foredeep filled by the Macigno. In fact W-directed subduction-related foredeeps
exhibit subsidence rates about 10 times higher with respect to the foredeeps related to the opposite subduction zones. The three stages show
the evolution from the Alpine orogen to its collapse in the back-arc basin related to the W-directed Apenninic subduction. The middle

Žfigure, shows the temporary coexistence of the two opposite subductions during the Late Oligocene–Early Miocene after Doglioni et al.,
.1998 .
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not imply that W-directed subduction zones did not
exist before the Tertiary, but simply that they have a
fast and short evolution in the geologic record. On
the contrary, E–NE-directed subduction zones may
have been active for more than hundred million
years. There may be two simple reasons why W-di-
rected subduction zones terminate.

Ž .1 The encroachment of the arc with thick conti-
nental lithosphere in the foreland to the east is one
case in which the subduction stops due to the high
buoyancy values of a thick continental lithosphere
which is not subductable. Example may be the Pale-

Žozoic Antler orogeny in the western US Johnson
and Pendergast, 1981; Burchfiel and Royden, 1991;

.Carpenter et al., 1994 and the Neogene Carpathians
that reduced their eastward migration during the

ŽPleistocene Horvath, 1993; Tomek and Hall, 1993;
.Linzer, 1996 . Similar reason has been postulated for

the termination of E-directed subduction zones as
well, but in this last case we may observe a real
collision between upper and lower plate, collision
which does not occur along the arc of W-directed
subduction zones because the upper plate always
remains westward of the back-arc, with an eastward
motion slower than the roll-back of the subduction
hinge. Slowing of a W-directed subduction zone due
to the presence of thick continental lithosphere in the
foreland is observed along some segments of the
Apennines where the heterogeneity of the foreland

Žcontrolled the different rates of slab retreat Doglioni
.et al., 1994 . The forebulge uplift in the foreland is

more developed where the lithosphere decreases its
subduction rates along segments of thick continental
lithosphere.

Ž .2 The second reason for the end of a W-directed
subduction zone or the switch to an E-directed sub-
duction zone of the system is implicit in the kinemat-

Žics of W-directed subduction zones Doglioni, 1991,
.1993 . In fact the generation of a back-arc basin

introduces two new important lateral discontinuities
in the lithosphere at the margins of the basin in the
hangingwall of the subduction. Those weak zones
are observed to be the main areas of initiation of
subduction zones. The presence of those discontinu-
ities can trigger the change in the subduction polar-
ity, e.g., the eastern margin of a back-arc basin with
thin or oceanic lithosphere to the west might become
the seat for the development of an E-directed sub-

duction zone, like it occurred in the eastern margin
of the South China sea. The South China sea proba-
bly developed as the back-arc basin of the W-di-
rected Philippine subduction, but since late Miocene
or early Pliocene an E-directed subduction zone gen-
erated along its eastern margin from Taiwan in the

Ž .north Lallemand and Tsien, 1997 , to western Bor-
neo in the south. This active ‘E’-directed subduction
appears to be closing an earlier back-arc basin gener-
ated by a W-directed subduction zone.

The self generation of discontinuities in the back-
arc basin seems to control the praecox self destruc-
tion of the W-directed subduction zones which alter-
nate repetitively as a yo-yo from W- to E-directed
subduction polarity, as it occurred in the western
Pacific subduction zones during the Phanerozoic.
This could explain the young Tertiary age of the
W-directed subduction zones.

On the other hand, E–NE-directed subduction
zones may remain active for longer periods of time if
the converge among plates is maintained and there is
subductable lithosphere to the west of the hanging-
wall plate. These constraints are well documented in
the eastern Pacific where the Andean subduction has
been active since the Paleozoic.

14. Magmatism and subduction zones

Subduction zones are characterized by extensive
magmatic activity. Calc-alkaline rocks are by far the
dominating products. These are often associated with
a variety of magmatic products, which include island
arc low-potassium tholeiites, shoshonites, and Na-
and K-alkaline rocks. The calc-alkaline volcanics
display variable abundances in potassium and have
been divided into normal and high-K calc-alkaline

Ž .rocks Peccerillo and Taylor, 1976 . In the majority
of subduction zones, calc-alkaline andesites represent

Žthe most common lithologies e.g., Gill, 1981; Thorpe
.et al., 1982 , even though mafic or acidic rocks may

dominate in some volcanic arcs and sectors of active
continental margins.

A scrutiny of the available data on recent to active
subduction-related magmatism shows that there are
important differences between E- and W-directed
subduction zones. These apply to several character-

Ž .istics including: 1 the complexity of the magmatic
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setting in terms of number of different rock suites in
Ž .the two settings; 2 the relative abundances of rock

Žtypes with variable degrees of evolution i.e., mafic,
. Ž .intermediate, acidic rocks ; 3 the geochemical char-

acteristics of volcanic rocks with the same magmatic
affinity and comparable degrees of evolution. Other
differences arise from the relative volumes of ex-
truded vs. intruded magmas and from the style of
volcanic eruptions.

The magmatism associated with E-directed sub-
duction zones of Central and South America typi-
cally is calc-alkaline to high-K calc-alkaline. It often
grades to shoshonitic compositions away from the
trench, with significant increase in potassium and

Ž . Žother large ions lithophile elements LILE e.g..
.Thorpe, 1982 . Na-alkaline volcanoes are also pre-

Žsent in some areas such as central Mexico e.g.,
.Robin, 1982; Luhr et al., 1989 and various sectors

of the western margin of South America where they
occur as scattered centers east of the calc-alkaline
volcanic belt. A similar magmatological setting is
also observed in the Pacific margin of North Amer-

Ž .ica Cascadia subduction zone .
The magmatic rocks associated with W-directed

subduction zones show a larger range of petrologic
characters. In several places, such as Japan, Fiji,
Aeolian arc, volcanic rocks, although still dominant
calc-alkaline, range from island–arc tholeiites and, in
some cases, boninites, to shoshonitic, and to Na- and
K-alkaline compositions. Boninites and, to a lower
degree, arc-tholeiites are very scarce or absent in the
E-directed subduction zones. Tertiary boninites s.s.
have been only found in Izu-Bonin, Marianas and

Žother western Pacific island arcs Crawford et al.,
.1989 . On the other hand, shoshonites are generally

less abundant in W-directed than in E-directed sub-
duction settings. Na-alkaline rocks are also often
associated with W-directed zones in several areas
and generally crop out in a back-arc position with
respect to arc tholeiites and calc-alkaline volcanics.
Examples can be found in various places, such as

Ž . Ž .Fiji Gill, 1970 , Grenada Arculus, 1978 , Aeolian
Ž .archipelago Cinque et al., 1988 and in the arc of

Japan which represents a classical place where rocks
ranging from tholeiitic to Na-alkaline composition

Žcrop out at various distances from the trench Kuno,
.1968; Aramaki and Ui, 1982 . Undersaturated potas-

sic alkaline rocks occur in Indonesia and in the

Aeolian Islands. In the latter, leucite tephrites have
been erupted from the same volcanoes as the associ-

Žated calc-alkaline and shoshonitic products Keller,
.1982; Francalanci et al., 1989; De Astis et al., 1997 .

The frequency distribution of various lithologies
within the single magmatic associations is also dif-
ferent in the various settings. Along the western
margins of North, Central and South America, the
dominant rock types are invariably represented by
calc-alkaline and high-K calc-alkaline andesites.
Basalts generally occur in smaller amounts, whereas
acidic dacites and rhyolites are rather abundant and,
in some cases such as in Guatemala and Peru, form
huge pyroclastic fall and ignimbrite deposits. Along
the western Pacific island arcs, mafic calc-alkaline
rocks are widespread, whereas dacites and rhyolites
are absent or occur in much smaller amounts than in
the E-directed subduction zones. In some cases such
as in the Tonga–Kermadec islands and South Sand-
wich, basalts and basaltic andesites represent the

Žonly or largely dominant rock types see Thorpe,
.1982 .

The geochemical differences between rock types
with the same degree of evolution cropping out
along the western Pacific island arcs and on the
E-directed subduction of Andes, Cascadia and Cen-
tral America zones are well known. This composi-

Ž .tional variability led Jakes and White 1972 to
distinguish ‘andean-type’ and ‘island–arc type’
calc-alkaline suites. In general terms, rocks erupted
on E-directed subduction zones have higher abun-
dances of incompatible elements, especially LILE
Rb, Cs, Ba and LREE, than the equivalent rock types
erupted in island arcs overlying W-directed subduc-
tion zones. Sr also shows higher concentrations in
rocks from Andes and Cascadia than at Tonga, New

Ž .Zealand, Antilles and South Sandwich Gill, 1981 .
Other geochemical differences relate to Sr and Nd
isotopic signatures that generally show lower ranges
of values in W-directed subduction zones, and to
REE that are less fractionated in western Pacific
island arc rocks than in the andean counterparts.
Higher concentrations of Ti, Zr, and P, and lower
HREE and Y abundances have been pointed out by

Ž .Palacio et al. 1983 for andesites from Andes with
respect to the same rock types from western Pacific
island arcs. However, there are exceptions to these
patterns. For instance, the Aeolian arc volcanics have
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high abundances of LILE and Sr, strongly fraction-
ated REE patterns and a rather large range of Sr
isotopic ratios that make these rocks to resemble
more closely the Andean than western Pacific island

Žarcs volcanics e.g., Ellam et al., 1988; Francalanci
et al., 1989; Peccerillo and Wu, 1992; De Astis et

.al., 1997 .
An additional significant variation of magmatism

in subduction zones applies to the relative volumes
of intrusive rocks with respect to extrusive counter-
parts. It is obvious that the amount of exposed
intrusive rocks is heavily dependent on several fac-
tors such as the maturity of arcs and the degree of
uplift and erosion in various areas, and may not
represent a reliable parameter to estimate the role of
extrusive vs. intrusive activity. However, a crude
consideration of the global distribution of Tertiary
and Quaternary volcanic and intrusive rocks along
recent to active subduction-related settings point to a
stronger role of intrusive over effusive activity in
E-directed than in W-directed subduction zones. Al-
though small intrusions are widespread in western
Pacific island arcs and the Antilles, the largest con-
centrations of plutons are observed along the Pacific
margins of America where they form an almost
continuous belt that runs from Aleutians to Antarc-

Ž .tica e.g., Brown, 1982 . On the other hand, the
island arcs of the western Pacific are the site of very
extensive volcanic activity. For instance, more than
400 Quaternary centers have been identified only in
the north western arcs of Japan, Kurili, Izu-Bonin,
and Marianas.

The style of eruption of magmas emplaced on W-
and E-directed subduction is also worth mentioning.
Although calc-alkaline volcanoes are almost invari-
ably characterized by explosive eruptive behavior,
those occurring along the Central and Southern
America margins are apparently marked by stronger
explosive activity, as indicated by the occurrence of
large ignimbritic and pyroclastic fall deposits, e.g., in

Ž .Guatemala and Peru Thorpe, 1982 .
A key problem is that of understanding if the

differences of magmatic settings in E- and W-di-
rected subduction zones are a first-order effect of the
variable geometry of the undergoing lithospheric slab,
or they relate to other parameters such as the nature
Ž .i.e., continental vs. oceanic and thickness of the
crust above mantle wedge. There is a consensus that

some characteristics of E-directed subduction zones,
Že.g., the abundance of rhyolitic vs. intermediate and
mafic rocks, the high LILE contents and the variable
Sr–Nd isotopic compositions of volcanic rocks, the

.large amounts of intrusive bodies depend mainly on
processes occurring within the thick continental crust,
which is typical of this setting. As suggested by

Žseveral authors e.g., Hildreth and Moorbath, 1988;
.Worner et al., 1988 continental crust acts as a

density filter with respect to mantle-derived magmas.
Accordingly, mafic liquids are preferentially stored
in large magma chambers where they freeze to form
intrusive bodies. Evolutionary processes in these
reservoirs produce huge amounts of acidic liquids
which are eventually erupted to form ignimbritic
sheets. Combined fractional crystallization plus
crustal assimilation generate strong enrichments in
LILE and large ranges of Sr and Nd isotopic signa-
tures in the magmas. The different stress regimes
operating in the E- and W-directed subduction zones
represent an additional factor that plays a key role in
determining the amounts of erupted vs. intruded
magmas. Note, however, that stress regimes and
thickness of the crust are primary effects of the
geometry of subduction zones.

However, there are some petrologic character-
istics of subduction-related magmas that are unlikely
to be the effects of magma–crust interaction and
may be directly related to the geometry of the under-
going slab. For instance, the formation of undersatu-
rated potassic rocks closely associated in space and
time with calc-alkaline volcanics, such as in the
Aeolian arc in the southern Tyrrhenian sea, may be
facilitated by the occurrence of a steep subduction
zone. Petrologic and geochemical data strongly sug-
gest that silica-undersaturated ultrapotassic magmas
are generated by low degrees of partial melting of
anomalous upper mantle at higher pressure than the
oversaturated or saturated calc-alkaline and

Žshoshonitic magmas e.g., Wendlandt and Eggler,
.1980 . Geochemical data also indicate that arc magma

sources have been metasomatized at various degrees
by upper crustal material brought into the upper
mantle by subducting crust. Shoshonitic and alkaline
rocks appear to derive from sources that are more
strongly metasomatized than those of arc tholeiites
and calc-alkaline magmas. Accordingly, the close
association of rocks with variable petrochemical
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affinity reflects melting at various depths in a verti-
cally zoned upper mantle. The formation of this type
of source may be strongly favored by steeply dipping
subduction zones.

The occurrence of boninites may also be directly
related to the geometry of the subduction zone. It has
been suggested that boninitic magmas are formed in
the mantle wedge at low pressure and by large
degrees of partial melting. These conditions require
both the presence of aqueous fluids, which depresses
the peridotite solidus, and high temperatures in the
uppermost mantle. According to experimental evi-

Ždence, temperatures between 11008 and 13508C e.g.,
.Crawford et al., 1989, and references therein at

pressure around 1 GPa are required to form various
types of boninites. It is obvious that these thermal
conditions are easily found above steeply dipping
subduction zones, in which active convection brings
hot material to shallow levels within the upper man-
tle, with consequent increase of temperatures in the
upper part of the mantle wedge. These thermal con-
ditions also favor the formation of arc tholeiites,
which also form by large degrees of mantle melting.

In conclusion, W-directed and E-directed subduc-
tion zones show significant differences of their mag-
matological settings. These regard several petrologic,
geochemical and field characteristics of magmatic
rocks. Most of these differences do not depend di-
rectly from the particular geometry of subduction
zones but are rather related to the variable tectonic
regimes and to the thickness and composition of the
overriding crust. Others peculiarities seem to be a
consequence of the depth and structure of magma
sources which may represent a first-order effect of
the dip angle of subduction zones.

Metallogenesis appears also controlled by subduc-
Ž .tion style Mitchell and Garson, 1981 . Porphyry

copper deposits are concentrated in collisional set-
tings and Chilean type subduction zones. The Mari-
ana type subduction is instead characterized by
Kuroko or similar volcanogenic sulphide deposits
Ž .Nishiwaki and Uyeda, 1983 .

15. The western Mediterranean examples

ŽThe western Mediterranean basins Auzende et
al., 1973; Biju-Duval et al., 1978; Panza and Mueller,

1979; Horvath and Berckhemer, 1982; Morelli, 1985;
Stanley and Wezel, 1985; Robertson and Grasso,

.1995 consist of a series of large scale lithospheric
boudins which developed in the context of back-arc
extension contemporaneous to the Neogene–
Pleistocene eastward roll-back of the westerly di-
rected Apennines–Maghrebides subduction zone
Ž .Gueguen et al., 1997 . The Apennines subduction

Žzone Caputo et al., 1970, 1972; Scandone, 1980;
Rehault et al., 1984, 1985; Malinverno and Ryan,
1986; Royden et al., 1987; Kastens et al., 1988;

.Patacca and Scandone, 1989; Doglioni, 1991 , when
considered as a whole with the northern Africa
Maghrebides, has a length comparable with the arcs
of the western Atlantic and western Pacific subduc-

Ž .tion zones 1500–3000 km . It is commonly believed
that the extension determining its formation devel-
oped in a context of relative convergence between
Africa and Europe. However, the direction of rela-
tive motion is still under debate. Most of the recon-

Žstructions Dewey et al., 1989; Mazzoli and Helman,
.1994; Albarello et al., 1995; Campan, 1995 show an

amount of shortening of 150 km during the all
Tertiary in the western Alboran area, the main differ-
ence between these models being the increase of

Žconvergence further east ranging from 300 Dewey
. Ž .et al., 1989 to 250 km Campan, 1995 in Tunisia.

The amount of shortening in the two areas dimin-
ishes when computed for the last 20 Ma to 70–80
km in the Alboran and 100–165 km in Tunisia
Ž .Dewey et al., 1989; Campan, 1995 . It appears that
the amount of relative N–S Africa Europe relative
motion was in any case five to eight times slower
with respect to the eastward migration of the Apen-
ninic arc which migrated eastward about 800 km
during the last 23 Ma, i.e., 4–6 mmryear vs. 30–50

Ž .mmryear Gueguen et al., 1997 . Recent geodetic
data confirm the main directions of Africa and Eu-

Ž .rope are NE-directed Smith et al., 1994 as indi-
cated in Fig. 1. Therefore, the Apenninic arc mi-
grated eastward faster than the postulated N–S con-
vergence of Africa relative to Europe. However, new
geodetic data on the motion of Africa relative to
Sicily indicate that there is active extension NE–SW

Ž .oriented Tonti et al., 1998 . In other words, Africa
is moving away southwestward relative to Europe.
These data are considered surprising but they are in
fact coherent with the geologic record of the Sicily
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channel which is in extensional regime since at least
the Pliocene. This data could finally clarify this
overstated assumption of the northern push of Africa
relative to Europe.

In the north–western margin the Adriatic plate is
overriding the European plate to form the Alps,
whereas along its western margin it subducts west-
ward to form the Apennines. The same lithosphere is

Ž .undergoing an ‘E-directed’ subduction Alps and a
Ž .‘W-directed’ subduction Apennines . Elevated to-

pography and gravimetric profile more coupled with
the topography characterise the Alps, whereas lower
elevation, asymmetric gravimetric profile are typical

Ž .for the Apennines Fig. 10 . Moreover, the Alps
have wider outcrops of crystalline basement than the

Ž .Apennines Fig. 11 . The Alps have a double ver-
gence, whereas the Apennines single vergence. The
Alps have two shallow foredeeps and the Apennines
only one and deep. Another paradox is that the Alps

Žhave a crust thicker underneath the orogen even
more than 50 km, as usually occurs along similar

.belts , whereas the Apennines have a much thinner
Žcrust 17–35? km, Locardi and Nicolich, 1988;

.Nicolich, 1989; Scarascia et al., 1994 . The two belts
best appear to support that the differences between
subduction zones are primarily linked to the geo-
graphic polarity of the subduction rather than to the
differences of the involved lithosphere.

The Alps and the Apennines provide a geody-
namic setting in which to compare structural differ-
ences between thrust belts and related foredeeps
associated with E- vs. W-directed subduction zones
Ž . Ž .Fig. 11 . Laubscher 1988 noted significant differ-
ences among the two orogens and defined the Alps
as a push-arc and the Apennines as a pull-arc. The
Alps and Apennines formed at the margins of the
same plates: between the Adriatic plate to the east or
southeast, and the European plate to the west or
northwest. Note that the two orogens are diachronous
and have very different rates of evolution. The Alpine
subduction began during Early Cretaceous time and
continued until the Pliocene. In contrast, the Apen-
ninic subduction formed during the last 30 Ma. The
Alps are more elevated with respect to the Apen-
nines and have a much higher structural relief as also
indicated by the outcrops of high grade metamorphic
rocks. Erosion eliminated a large part of the uplifted
thrust sheets, which would have reached some tens

of kilometers of altitude if they had stayed in place.
The Apennines, on the other hand, have extensive

Ž .outcrops of sedimentary cover Bally et al., 1986 ,
and only a few scattered outcrops of metamorphic
rocks, mainly relics of the earlier Alpine phase. In
contrast with the Alps, the Apennines did not have a
thick pile of a few tens of kilometers of nappes that
were eroded. Moreover a back-arc basin, i.e., the
Tyrrhenian sea, formed only to the west of the
Apennines. Another unexpected difference between
the Alps and the Apennines is that paradoxically the
Alps have a shallow foredeep with low subsidence
rates, in spite of the high topographic relief and
consequent higher lithostatic load compared to the

Ž .Apennines. In the Alpine foredeep Pfiffner, 1986 ,
Žthe Oligocene base reaches 4000 m Bigi et al.,

.1989 . Subsidence rates in the Alpine foreland range
from 0 to 200 mrMa. The Southern Alps are the
back-thrust belt of the Alpine orogen. The

Ž .Southalpine foredeep Massari, 1990 subsided at
rates that rarely exceeded 300 mrMa, determined by
dividing the total thickness of the flysch and molasse

Ždeposits by duration of the deposition 2–6 km of
.sediment deposited in 15–40 Ma or more . The

average area of the entire Alpine orogen above sea
level is about 300 km2, and the sum of the areas of
the foredeeps of the frontal and back thrust belts is
estimated as 150 km2. Thus, the ratio of the area of
the orogen to the area of the foredeeps is 2:1 in this
case. It is regularly )1, as in thrust belts related to
E–NE-directed subduction. It is from the Alps that
the terms flysch and molasse were introduced, de-
scribing early and later stages of foredeep filling.
Flysch and molasse are in general synonymous with
deep and shallow clastic facies, respectively. The
initial stages of subduction occurred when there was
a deep-water environment collector for turbidites
coming from the uplifting and eroding wedge. The
foredeep was quickly filled, however, because the
amount of sediment coming from the orogen was
much larger than the area of the foredeep. As a
consequence, the foredeep changed to molasse shal-
low-water conditions, and once the basin was filled,
the foredeep was bypassed, and clastic sedimentation
occurred in remote areas: for the Alps, in the Rhone
and Po deltas, and in the North sea and the Black
sea, by means of the Rhine and Danube rivers,
respectively. This bypassing occurred because the
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subsidence rate in the foreland basins around the
Alps was insufficient to keep the sediments coming
from the orogen. This low subsidence rate did not
occur in thrust belts related to W-directed subduction
zones, where the subsidence rate was always greater
relative to the amount of volume eroded from the
internal elevated ridge. The Apennines are character-
ized by a frontal active accretionary wedge below
sea level, whereas the main elevated ridge is the
result of uplift and extension. These different tec-
tonic fields are still moving eastward, expanding the
Apenninic arc at velocities of 1 to 7 cmryear, rates
comparable to those of other arcs related to W-di-

Žrected subduction zones e.g., the Banda arc, Veev-
.ers et al., 1978 . The eastward roll-back of the

Adriatic lithosphere accompanies this migration. In
the elevated Apenninic ridge, what was previously

Žaccreted in the frontal part mainly Mesozoic cover
.and deep foredeep deposits has been uplifted and

crosscut by the eastward-propagating extensional
wave. Seismic data from the accretionary wedge of
the Apennines show that the envelope around the

Žfolds crest may dip toward the hinterland Doglioni
.and Prosser, 1997 . As a result, growth folds are

little eroded, and clastic sedimentary rocks of the
foredeep onlap the limbs of these folds. In the Alps,
on the other hand, the envelope of the fold crest rises
toward the hinterland. The front of the thrust belt
rises and growth folds are uplifted and deeply eroded
during the forward propagation of the orogen, an
evolution opposite to that of the folds of a W-di-
rected, subduction-related accretionary wedge. In
contrast to the Alps, the Apennines have a very
pronounced foredeep; the Pliocene base reaches 8.5
km, indicating subsidence rates of 800–1600 mrMa.
Much of the Apenninic foredeep is located on top of
the accretionary wedge, not to its front. Thus, the
so-called piggyback basin is often the foredeep for
the Apennines. Clastic material in the Apennines is
provided not only by their ridge but also by the Alps
and Dinarides surrounding the Adriatic plate. The
average area of the elevated ridge of the Apennines
above sea level, from the water divider eastward, is
40 km2; the area of the foredeep is 180 km2, so the
ratio is 0.22:1. This ratio is always -1, as in all
W-directed subduction settings.

On the basis of the aforementioned differences,
Alps and Apennines may be considered as two dif-

ferent end-members of thrust belts. However, the
Apennines developed east of the southward continua-
tion of the present Alps. In fact in the hangingwall of
the Apennines subduction there are boudinated rem-
nants of the alpine belt stretched by the extension of

Ž .the Apennines back arc Fig. 14 . Therefore, within
the western internal parts of the Apennines there
should be the record of the alpine evolution with

Žalpine rocks of both the frontal thrust belt e.g.,
. ŽCorsica and the back-thrust belt e.g., Cervarola

.Front?, Doglioni et al., 1998 .

15.1. Magmatism in the Alps and Apennines

There are striking differences between the mag-
matism associated with the Alpine orogen and that

Žoccurred during the formation of Apennines Fig.
.15 .
The Alpine orogenic magmatism is essentially

represented by intrusive and hypoabissal rocks, with
minor amounts of volcanic products. It was formed

Žduring two main stages of activity Dal Piaz and
.Venturelli, 1983 . A first stage is basically Upper

Cretaceous–Lower Eocene in age and consists of
andesitic volcanics which were emplaced on the
African continental margin. Evidence of this volcan-
ism is only recorded by andesitic s.l. clasts occurring

Žin some flysch and arenaceous sediments Taveyanne,
.Schlirenflysch . A second stage is essentially

Oligocene in age and mainly consists of granitoid
bodies, several dikes and a few, poorly preserved
volcanites. This magmatism which is known as the
‘periadriatic igneous belt’, marks a post-collisional
extensional tectonic phase of the Alpine orogen. The
plutonic rocks are mainly acid to intermediate in
composition with a very few basic products. Interme-
diate compositions dominate among dikes. Petro-
chemical affinity is mainly calc-alkaline or high-K
calc-alkaline with some shoshonites and few ultra-

Žpotassic lamproitic rocks Beccaluva et al., 1979;
Bellieni et al., 1981; Venturelli et al., 1984; Becca-

.luva et al., 1989; Bellieni et al., 1991 . A few dikes
Žof arc tholeiites are also present Beccaluva et al.,

.1983 . In its eastern sector, the periadriatic belt is
represented by granodioritic–tonalitic plutons
ŽVedrette di Ries, Rensen, Monte Alto, etc., Bellieni

.et al., 1981, 1991 and by several calc-alkaline to
shoshonitic dikes. In the central sector, a few plutons
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ŽFig. 15. Schematic distribution of the Tertiary–Quaternary and active volcanism in the Tyrrhenian sea area and Apennines modified after
.Locardi, 1991 . ATh, arc tholeiitic volcanism; CA, calc-alkaline; SHO, shoshonitic; KS, potassic; HKS, ultrapotassic; MORB, mid-ocean

ridge basalts; Thol, tholeiitic; Na-Alk, Na-alkaline; Stars, volcanic seamounts. This complicate setting could be explained with the inherited
Ž .Alpine orogen in the hangingwall of the Apennines subduction Peccerillo, 1999 and the different composition of the down-going

Ž .lithosphere continental in the Adriatic sea and oceanic in the Ionian sea .

Ž .Bregaglia, Adamello and a large number of dikes
crop out. Compositions range from arc-tholeiitic to
calc-alkaline and shoshonitic. Intermediate calc-al-
kaline and high-K calc-alkaline rocks represent the

Ž .dominant lithologies Beccaluva et al., 1983 . Fi-
nally, the western sector contains few small intrusive

bodies, some volcanites and dikes with high-K calc-
alkaline and shoshonitic intermediate composition.
Ultrapotassic lamproitic dikes are also present in this

Ž .zone Venturelli et al., 1984 .
Overall, the magmatism associated with the Alpine

orogen is represented by dominant plutonic and hy-
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poabissal rocks with variable petrochemical affinity
but with clear subduction-related geochemical and
petrologic signatures. Volcanic rocks are scarce or
absent. Other effusive rocks with transitional to Na-
alkaline affinity crop out south of the eastern Alps
Ž .Colli Euganei , but their relation with the Alpine
orogen is still matter of debate.

The magmatism associated with the Apennines
orogen is much more abundant and petrologically
complex. Magmatic rocks are spread over a very
wide area, from south–eastern France, Sardinia and
Corsica, to the Tyrrhenian basin and to central–
southern Italy. These rocks are essentially extrusive,
whereas intrusive activity is only represented by a

Ž .few granite–granodiorite bodies 8.5–5 Ma occur-
ring in southern Tuscany and Tuscan Archipelago
Ž .Poli et al., 1989 .

Volcanic activity has given MORBs, island arc
tholeiites, calc-alkaline, high-K calc-alkaline and
shoshonitic products, Na- and K-alkaline rocks. This
large spectrum of rock composition makes the cir-
cum-Tyrrhenian area one of the most complex mag-
matic settings in the world. The petrologic and geo-
chemical characteristics of this magmatism have been

Žrecently discussed in a number of papers Peccerillo
and Manetti, 1985; Serri, 1990; Conticelli and Pec-

.cerillo, 1992 and this review will closely follow
these authors.

MORB-type rocks form part of the Tyrrhenian
sea-floor and have been recovered by deep sea

Ž .drilling see Serri, 1990 and references therein .
Their genesis has been related to mantle melting
during the opening of the Tyrrhenian back-arc basin.
Other rocks with tholeiitic affinity are associated
with prevailing Na-alkaline Plio–Quaternary vol-
canics in Sardinia and represent the lowest exposed
products of Mt. Etna.

Plio–Quaternary Na-alkaline rocks occur in Sar-
dinia, Ustica in the southern Tyrrhenian sea, Mt.
Etna and in some seamounts arising from the Tyrrhe-

Žnian sea-floor e.g., Vavilov, Magnaghi, Locardi,
.1991 .

Subduction-related volcanism is widespread in the
Žarea. The oldest activity occurs in Sardinia 29–13
.Ma, Dostal et al., 1982 and references therein and

follows the calc-alkaline volcanism of Provence, in
south–eastern France, which dates back to 50–35

Ž .Ma Bellon, 1981 . Orogenic rocks in Sardinia range

from calc-alkaline basalts to rhyolites, with a domi-
Žnance of intermediate and mafic rocks Dostal et al.,

.1982 .
Younger orogenic volcanism progressively shifted

eastward up to its present position in the Aeolian arc.
This consists of seven main islands and several

Žseamounts Palinuro, Alcione, Lametini, Enarete,
.Eolo, Sisifo, Glauco which define an overall ring

structure. Rocks are younger than about 1.2 Ma and
mainly consist of intermediate and mafic calc-al-
kaline to shoshonitic volcanics, with minor leucite

Ž .tephrites at Vulcano and Stromboli and arc tholei-
Ž .ites at Lametini and Sisifo seamounts . Acidic rocks

are concentrated in the last 40 ka. Slightly older
calc-alkaline to shoshonitic volcanics form a NE–SW

Želongated Lower Pliocene volcanic belt e.g., An-
. Žchise seamounts east of the Aeolian arc Locardi,

.1991 . High-K calc-alkaline and shoshonitic vol-
Ž .canics also form the Island of Capraia 6.7–3.5 Ma

in the Tuscan archipelago. The lamproites of Sisco
Ž . ŽCorsica have ages of about 14–15 Ma Civetta et

.al., 1978 .
Potassic and ultrapotassic magmatism of central

Žand southern Italy the so-called Roman Comagmatic
.Province represents the most striking magmatologi-

cal feature of the Tyrrhenian area. It spans a time
interval between 4 Ma and the present time, with the
bulk of potassic volcanics being younger than 0.6
Ma. Potassic and ultrapotassic rocks have variable
petrochemical affinity, from Roman type potassic

Ž .series KS , Roman type high-potassium series
Ž . ŽHKS , lamproites and kamafugites Peccerillo and

.Manetti, 1985 . KS and HKS rocks represent by far
the dominant volcanics, whereas lamproites are re-
stricted to southern Tuscany and Corsica, and ka-
mafugites form a few scattered centers east of the
Roman province. KS are basically similar to
shoshonites, whereas HKS are undersaturated in sil-
ica and show very strong enrichment in potassium
and incompatible elements. However, both KS and
HKS display low contents of high field strength

Ž .elements HFSE as typically observed in subduction
related rocks. Kamafugites show similar incompati-
ble element patterns as HKS, but are more strongly
undersaturated in silica and show higher CaO and
lower Na and Al than HKS. Finally, lamproites are
oversaturated in silica, contain negative anomalies of
HFSE and have isotopic signatures that are closer to
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crustal than to mantle values. However, their high
Ž . Ž .values of Mga up to 80 , Ni up to 350 ppm , and

Ž .Cr up to 800 ppm together with the presence of
high pressure ultramafic xenoliths strongly suggest a
mantle origin. Carbonatitic rocks which have been
recently suggested to occur east of the Roman

Ž .province Stoppa and Woolley, 1997 may actually
represent silicate, kamafugitic or HKS magmas that
have undergone strong contamination by the thick
carbonate sequences crossed by uprising magmas
Ž .Peccerillo, 1998 . Overall, the whole ultrapotassic
magmatism of central–southern Italy appears to be
subduction related and has been hypothesized to
derive from an anomalous upper mantle whose com-
position has been strongly modified by addition of

Župper crustal material by subduction processes e.g.,
.Peccerillo, 1985 .

In conclusion, a large spectrum of magma types is
associated with the Apennines orogen and the open-

Žing of the Tyrrhenian sea. Most of these rocks i.e.,
island arc tholeiites, calc-alkaline, shoshonitic, potas-

.sic and ultrapotassic rocks are of obvious subduc-
tion-related origin. However, also some MORB and

ŽNa-alkaline rocks including Ustica, Etna and Vul-
.ture show evidence for a role of subduction-related

Žgeochemical components in their genesis e.g., Serri,
.1990 .

16. Conclusions

Differences in subduction styles have been ex-
plained as due to variations in convergence velocity,

Ž .plate thickness and age e.g., Royden, 1993 . How-
ever, there are cases where the same plate is subduct-

Žing with a different style W-directed or E- or NE-di-
.rected and angle and relative geologic signature

depending only on the orientation. One example is
Ž .the Adriatic microplate Fig. 3 . This plate is sinking

toward the west almost vertically beneath the Apen-
Ž .ninic arc Selvaggi and Chiarabba, 1995 whereas on

the east it is sinking at a low angle beneath the
ŽDinarides and Hellenides Papazachos and Comni-

nakis, 1977; Christova and Nikolova, 1993; Piroma-
.llo and Morelli, 1997 . The same plate determines

orogens that fall into the W-class and E–NE-class
independently from the nature and age of the down-

going lithosphere. For a geodynamic discussion about
the E-class nature of the Hellenic–Aegean system,

Ž .see Doglioni 1995 . Topography, gravimetry, struc-
ture and all the other geological and geophysical
parameters of the two subductions fall respectively
into the W-class and E-class. This shows that the
nature and age of the down-going lithosphere is not
the primary factor in determining the characteristics
of the W- and E–NE-classes. Another example is the
Kermadec–Macquarie subduction; to the north the
Pacific plate subducts westward at a high angle, with
low elevation of the hangingwall plate and a deep
trench. To the south along the opposite NE-directed
New Zealand subduction zone the slab has a low
angle, there is high elevation of the hangingwall
plate and the trenches are shallower, despite the
upper plate is either continental or oceanic. How-
ever, in this case, the New Zealand–Macquarie sub-
duction has the Tasmanian sea oceanic lithosphere in
the footwall which is younger than the Pacific litho-
sphere of the Kermadec subduction, but still all the
parameters fall into the W-class for Kermadec and
E–NE-class for New Zealand subduction zones. On
the other hand, along the Sandwich subduction zone
the undergoing Atlantic and Antartic oceanic litho-

Ž .spheres show age variations 5–120 ma , but the
subduction system maintains the characteristics of
the W-class. These examples show that the geo-
graphic polarity of the subduction more than any
other parameter constrains the different characters
observed in the two classes. This poses the question
whether subductions can be ascribed only to slab
pull or whether they are also influenced by the
relative westward drift of the lithosphere with re-
spect to the upper mantle postulated by several au-

Žthors Le Pichon, 1968; O’Connell et al., 1991;
.Ricard et al., 1991 . Polarization of the seismic

waves in the mantle far away from the subduction
Žzones, e.g., beneath the Nazca plate Russo and

.Silver, 1994 and below the Tyrrhenian back-arc
Ž .basin Margheriti et al., 1996 could provide evi-

dences for a relative E-ward mantle flow. The mantle
polarization would be able to differentiate the oppo-
site behavior of the decollement planes along the
W-directed and E- or NE-directed subduction zones
and to determine the differences on the orogenic

Ž .belts Doglioni, 1992 which may be analyzed also
in terms of the ratio between convergence rate and
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Žretreat rate of the subduction hinge Waschbusch and
.Beaumont, 1996 .

One could argue that the two classes of subduc-
tion zones are simply sensible to the thickness and
composition of the hangingwall and footwall plates.
However, we observe that the two classes persist
independently from the age and nature of the in-
volved lithospheres, and that they are strictly con-

Žstrained by the geographic polarity Harabaglia and
.Doglioni, 1998 .

In summary, W-directed subductions are zones
where there is a negative volume balance of litho-
sphere, in other words, the lithosphere is almost
entirely lost in subduction and replaced by the upris-
ing asthenosphere in the back-arc region. Along
E–NE-directed subduction zones, the volume bal-
ance of the lithosphere is more positive because the
hangingwall lithosphere is thickened from the foot-
wall plate which is sliding below and following the
shape of the upper plate. This could provide an
explanation for their higher structural and morpho-

Ž .logic elevation Fig. 12 .

Acknowledgements

The paper benefited from critical reviews by L.
Jolivet and another referee. Many thanks to Giuliano
Panza for stimulating and improving this paper, and
to Albert Bally, Daniel Bernoulli, Enrico Bonatti,
Manuel Fernandez, Domenico Giardini, Erwan
Gueguen, Andrea Morelli, Giampaolo Pialli, Barbara
Romanowicz, Roberto Sabadini, Francesc Sabat and
Susanna Zerbini for helpful discussions. The Euro-
pean Community, the Italian CNR and ASI sup-

Žported this study HCM Research Networks, ‘Geo-
.dynamic modelling of western Mediterranean’ ,

grants ERBCHRXCT940607, 96.00279.CT05, 94-
RS-61.

References

Albarello, D., Mantovani, E., Babbucci, D., Tamburelli, C., 1995.
Africa–Eurasia kinematics: main constraints and uncertainties.
Tectonophysics 243, 25–36.

Amato, A., Alessandrini, B., Cimini, G., Frepoli, A., Selvaggi, G.,
1993. Active and remnant subducted slabs beneath Italy: evi-

dence from seismic tomography and seismicity. Ann. Geofis.
Ž .36 2 , 201–214.

Angelier, J., Chu, H.T., Hu, J.C., Lee, J.C., 1998. Ongoing
kinematics of an active fault: the Chihshang fault, eastern
Taiwan, as a case example. In: The resolution of Geologica
Analysis and Models for Earthquake Faulting Studies.
Camerino, Abstracts vol., pp. 9–10.

Ž .Aramaki, S., Ui, T., 1982. Japan. In: Thorpe, R.S. Ed. , An-
desites: Orogenic Andesites and Related Rocks. Wiley, Chich-
ester, pp. 259–292.

Arculus, R.J., 1978. Mineralogy and petrology of Grenada, Lesser
Antilles island arc. Contrib. Mineral. Petrol. 65, 413–424.

Argand, E., 1924. La tectonique de l’Asie. C. R. XIIIe Congres`
Geol. Int. 1922, 171–372, Liege.´ `

Auzende, J.M., Bonnin, J., Olivet, J.L., 1973. The origin of the
western Mediterranean basin. J. Geol. Soc. 129, 607–620.

Bally, A.W., 1983. Seismic expression of structural styles. A
picture and work atlas. Am. Assoc. Petrol. Geol. Studies in
Geology, 15, 3 Vols.

Bally, A.W., Burbi, L., Cooper, C., Ghelardoni, R., 1986. Bal-
anced sections and seismic reflection profiles across the cen-
tral Apennines. Mem. Soc. Geol. It. 35, 257–310.

Barazangi, M., Isacks, B.L., 1971. Lateral variations of seismic-
wave attenuation in the upper mantle above the inclined
earthquake zone of the Tonga island arc: deep anomaly in the
upper mantle. J. Geophys. Res. 76, 8493–8516.

Barchi, M., Minelli, G., Pialli, G., 1997. The Crop 03 profile: a
synthesis of results on deep structures of the northern Apen-
nines. Mem. Soc. Geol. It. 52, 383–400.

Ž .Bebout, G.E., Scholl, D.W., Kirby, H., Platt, J.P. Eds. , 1996.
Subduction top to bottom, Vol. 96. AGU, Geophys. Monogr.,
pp. 1–384.

Beccaluva, L., Gatto, G.O., Gregnanin, A., Piccirillo, E.M., 1979.
Geochemistry and petrology of dyke magmatism in the Alto

Ž .Adige eastern Alps and its geodynamic significance. N. Jb.
Geol. Palaontol. Mh. 1979, 321–339.

Beccaluva, L., Bigioggero, B., Chiesa, S., Colombo, A., Fanti, G.,
Gatto, G.O., Gregnanin, A., Montrasio, A., Piccirillo, E.M.,
Tunesi, A., 1983. Post collisional orogenic dyke magmatism in
the Alps. Mem. Soc. Geol. It. 26, 341–359.

Beccaluva, L., Brotzu, P., Macciotta, G., Morbidelli, L., Serri, G.,
Traversa, G., 1989. Cainozoic tectono-magmatic evolution and
inferred mantle sources in the Sardo-Tyrrhenian area. In:

Ž .Boriani et al. Eds. , The Lithosphere in Italy. Accad. Naz.
Lincei, pp. 229–248.

Bellieni, G., Peccerillo, A., Poli, G., 1981. The Vedrette di Ries
plutonic complex: petrological and geochemical data bearing
on its genesis. Contrib. Mineral. Petrol. 78, 145–156.

Bellieni, G., Cavazzini, G., Fioretti, A., Peccerillo, A., Poli, G.,
1991. Geochemical and isotopic evidence for a role of crystal
fractionation, AFC and crustal anatexis in the genesis of the

Ž .Rensen plutonic complex eastern Alps, Italy . Chem. Geol.
92, 21–43.

Ž .Bellon, H., 1981. Chronologie radiometrique KrAr des manifes-
tations magmatiques autour de la Mediterranee occidentale

Ž .entre 33 et 1 Ma. In: Wezel, F.C. Ed. , Sedimentary Basins of
Mediterranean Margins. Tecnoprint, Bologna, pp. 342–360.



( )C. Doglioni et al.rEarth-Science ReÕiews 45 1999 167–208202

Benedicto, A., Labaume, P., Seguret, M., Seranne, M., 1996.´ ´
Low-angle crustal ramp and basin geometry in the Gulf of
Lion passive margin: Oligocene–Aquitanian Vistrenque
graben, SE France. Tectonics 15, 1192–1212.

Benioff, H., 1949. Seismic evidence for the fault origin of oceanic
deeps. Geol. Soc. Am. Bull. 60, 1837–1856.

Bernoulli, D., Lemoine, M., 1980. Birth and early evolution of the
Tethys: the overall situation. Mem. Bur. Rech. Geol. Min.´
115, 168–179.

Bigi, G., Castellarin, A., Catalano, R., Coli, M., Cosentino, D.,
Dal Piaz, G.V., Lentini, F., Parotto, M., Patacca, E., Praturlon,
A., Salvini, F., Sartori, R., Scandone, P., Vai, G.B., 1989.
Synthetic Structural–Kinematic Map of Italy, Scale
1:2.000.000. CNR, Progetto Finalizzato Geodinamica, Roma.

Biju-Duval, B., Letouzey, J., Montadert, L., 1978. Structure and
evolution of the Mediterranean basins. In: Hsu, K.J., Mon-¨

Ž .tadert, L., et al. Eds. , Init. Repts. DSDP, 42, Part 1. US
Govt. Printing Office, WA, pp. 951–984.

Bostrom, R.C., 1971. Westward displacement of the lithosphere.
Nature 234, 536–538.

Brooks, D.A., Carlson, R.L., Harry, D.L., Melia, P.J., Moore,
R.P., Rayhorn, J.E., Tubb, S.G., 1984. Characteristics of
back-arc regions. Tectonophysics 102, 1–16.

Brown, G.C., 1982. Calc-alkaline intrusive rocks: their diversity,
Ž .evolution, and relation to volcanic arcs. In: Thorpe, R.S. Ed. ,

Andesites: Orogenic Andesites and Related Rocks. Wiley,
Chichester, pp. 437–461.

Buness, H., 1991. Isostatic compensation of balanced cross-sec-
Ž .tions. In: Giese, P., et al. Eds. , Joint Interpretation of Geo-

physical and Geological Data Applied to Lithospheric Studies.
Nato ASI Serie C, Vol. 338, Kluwer Acad. Publ., pp. 181–188.

Burchfiel, B.C., Royden, L.H., 1991. Antler orogeny: a Mediter-
ranean-type orogeny. Geology 19, 66–69.

Cadek, O., Ricard, Y., 1992. Toroidalrpoloidal energy partition-
ing and global lithospheric rotation during Cenozoic time.
Earth Planet. Sci. Lett. 109, 621–632.

Cadet, J.P., Charvet, J., 1983. From subduction to paleosubduc-
Ž .tion in Northern Japan. In: Hashimoto M., Uyeda, S. Eds.

Accretion Tectonics in the Circum-Pacific Regions, pp. 135–
148.

Calcagnile, G., Panza, G.F., 1981. The main characteristics of the
lithosphere–asthenosphere system in Italy and surrounding
regions. Pure Appl. Geophys. 119, 865–879.

Campan, A., 1995. Analyse cinematique de l’Atlantique equa-´ ´
torial: implications sur l’evolution de l’Atlantique Sud et sur la´
frontiere de plaques Amerique du NordrAmerique du Sud.` ´ ´
PhD Thesis, Univ. P. and M. Curie Paris VI.

Caputo, M., Panza, G.F., Postpischl, D., 1970. Deep structure of
Ž .the Mediterranean basin. J. Geophys. Res. 75 26 , 4919–4923.

Caputo, M., Panza, G.F., Postpischl, D., 1972. New evidences
about the deep structure of the Lipari arc. Tectonophysics 15,
219–231.

Carpenter, J.A., Carpenter, D.G., Dobbs, S.W., 1994. Antler
orogeny: paleostructural analysis and constraints on plate tec-
tonic models with a global analogue in southeast Asia. In:

Ž .Dobbs, S.W., Taylor, W.J. Eds. , Structural and Stratigraphic
Investigations and Petroleum Potential of Nevada, with Spe-

cial Emphasis South of the Railroad Valley Producing Trend,
Vol. II. Nevada Petrol. Soc., Conference, pp. 187–240.

Cermak, V., Bodri, L., 1996. Time-dependent crustal temperature
modeling: central Alps. Tectonophysics 257, 7–24.

StreamersrProfiles Working Groups, Cernobori, L., Hirn, A.,
McBride, J.H., Nicolich, R., Petronio, L., Romanelli, M.,
1996. Crustal image of the Ionian basin and its Calabrian
margins. Tectonophysics 264, 175–189.

Channell, J.E.T., Mareschal, J.C., 1989. Delamination and asym-
metric lithospheric thickening in the development of the
Tyrrhenian Rift. In: Alpine Tectonics. Geol. Soc. Spec. Publ.
45, pp. 285–302.

Charlton, T.R., 1991. Post-collision extension in arc-continent
collision zones, eastern Indonesia. Geology 19, 28–31.

Christova, C., Nikolova, S.B., 1993. The Aegean region: deep
structures and seismological properties. Geophys. J. Int. 115,
635–653.

Cinque, A., Civetta, L., Orsi, G., Peccerillo, A., 1988. Geology
Žand geochemistry of the Island of Ustica southern Tyrrhenian

.sea . Boll. Soc. Ital. Mineral. Petrol. 43, 987–1002.
Civetta, L., Orsi, G., Scandone, P., Pece, R., 1978. Eastwards

migration of the Tuscan anatectic magmatism due to anticlock-
Ž .wise rotation of the Apennines. Nature 276 5866 , 604–606.

Cloetingh, S., Nolet, G., Wortel, R., 1979. On the use of Rayleigh
wave group velocities for the analysis of continental margins.
Tectonophysics 59, 335–346.

Cloetingh, S., Wortel, R., Vlaar, N.J., 1982. State of stress at
passive margins and initiation of subduction zones. AAPG
Mem. 34, 717–723.

Cloetingh, S., Wortel, R., Vlaar, N.J., 1989. On the initiation of
subduction zones. PAGEOPH 129, 7–25.

Cloos, M., 1993. Lithospheric buoyancy and collisional orogene-
sis: subduction of oceanic plateaus, continental margins, island
arcs, spreading ridges, and seamounts. Geol. Soc. Am. Bull.
105, 715–737.

Cochrane, G.R., Casey Moore, J., Lee, H.J., 1996. Sediment
pore-fluid overpressuring and its effect on deformation at the
toe of the Cascadia accretionary prism from seismic velocities.

Ž .In: Bebout, G.E., et al. Eds. , Subduction Top to Bottom, Vol.
96. AGU, Geophysical Mon., pp. 57–64.

Conticelli, S., Peccerillo, A., 1992. Petrology and geochemistry of
potassic and ultrapotassic volcanism in central Italy; petrogen-
esis and inferences on the evolution of the mantle sources.

Ž .Lithos 28 3–6 , 221–240.
Corrado, S., 1995. Optical parameters of maturity of organic

matter dispersed in sediments: first results from the central
Ž .Apennines Italy . Terra Nova 7, 338–347.

Crawford, A.J., Falloon, T.J., Green, D.H., 1989. Classification,
petrogenesis and tectonic setting of boninites. In: Crawford,

Ž .A.J. Ed. , Boninites. Uniwin Hyman, London, pp. 2–49.
Dal Piaz, G.V., Venturelli, G., 1983. Brevi riflessioni sul magma-

tismo post-ofiolitico nel quadro dell’evoluzione spazio-tem-
porale delle Alpi. Mem. Soc. Geol. It. 26, 5–19.

Davies, J.H., Von Blanckenburg, F., 1995. Slab breakoff: a model
of lithosphere detachment and its test in the magmatism and
deformation of collisional orogens. Earth Planet. Sci. Lett.
129, 85–102.



( )C. Doglioni et al.rEarth-Science ReÕiews 45 1999 167–208 203

De Astis, G.F., La Volpe, L., Peccerillo, A., Civetta, L., 1997.
Volcanological and petrological evolution of the Vulcano Is-

Ž .land Aeolian arc, southern Tyrrhenian sea . J. Geophys. Res.
102, 8021–8050.

Della Vedova, B., Marson, I., Panza, G.F., Suhadolc, P., 1991.
Upper mantle properties of the Tuscan–Tyrrhenian area: a key
for understanding the recent tectonic evolution of the italian
region. Tectonophysics 195, 311–318.

Dercourt, J., Zonenshain, L.P., Ricou, L.E., Kazmin, V.G., Le
Pichon, X., Knipper, A.L., Grandjacquet, C., Sbortshikov,
I.M., Geyssant, J., Lepvrier, C., Pechersky, D.H., Boulin, J.,
Sibuet, J.C., Savostin, L.A., Sorokhtin, O., Westphal, M.,
Bazhenov, M.L., Lauer, J.P., Biju-Duval, B., 1986. Geological
evolution of the Tethys belt from the Atlantic to the Pamirs
since the Lias. Tectonophysics 123, 241–315.

de Voogd, B., Truffert, C., Chamot-Rooke, N., Huchon, P.,
Lallemant, S., Le Pichon, X., 1992. Two-ship deep seismic
soundings in the basins of the eastern Mediterranean sea
Ž .Pasiphae cruise . Geophys. J. Int. 109, 536–552.

Dewey, J.F., 1988. Extensional collapse of orogens. Tectonics 7,
1123–1140.

Dewey, J.F., Helman, M.L., Turco, E., Hutton, D.H.W., Knott,
S.D., 1989. Kinematics of the western Mediterranean. In:
Alpine Tectonics. Geol. Soc. Sp. Publ. 45, 265–283.

Dickinson, W.R., 1978. Plate tectonic evolution of north Pacific
rim. J. Phys. Earth 26, Suppl. S1–S19.

Doglioni, C., 1990. The global tectonic pattern. J. Geodyn. 12,
21–38.

Doglioni, C., 1991. A proposal of kinematic modelling for W-di-
pping subductions—possible applications to the Tyrrhenian–
Apennines system. Terra Nova 3, 423–434.

Doglioni, C., 1992. Main differences between thrust belts. Terra
Nova 4, 152–164.

Doglioni, C., 1993. Geological evidence for a global tectonic
polarity. J. Geol. Soc. London 150, 991–1002.

Doglioni, C., 1994. Foredeeps versus subduction zones. Geology
22, 271–274.

Doglioni, C., 1995. Geological remarks on the relationships be-
tween extension and convergent geodynamic settings.
Tectonophysics 252, 253–268.

Doglioni, C., Prosser, G., 1997. Fold uplift versus regional subsi-
Ž .dence and sedimentation rate. Mar. Petrol. Geol. 14 2 ,

179–190.
ŽDoglioni, C., Mongelli, F., Pieri, P., 1994. The Puglia uplift SE

.Italy : an anomaly in the foreland of the Apenninic subduction
due to buckling of a thick continental lithosphere. Tectonics

Ž .13 5 , 1309–1321.
Doglioni, C., Harabaglia, P., Martinelli, G., Mongelli, F., Zito, G.,

1996. A geodynamic model of the southern Apennines accre-
tionary prism. Terra Nova 8, 540–547.

Doglioni, C., Gueguen, E., Sabat, F., Fernandez, M., 1997. The
western Mediterranean extensional basins and the Alpine oro-
gen. Terra Nova 9, 109–112.

Doglioni, C., Mongelli, F., Pialli, G., 1998. Boudinage of the
Alpine belt in the Apenninic back-arc. Mem. Soc. Geol. It. 52,
457–468.

Doglioni, C., Gueguen, E., Harabaglia, P., Mongelli F., in press.

On the origin of W-directed subduction zones and applications
to the western Mediterranean. In: Durand, B., Jolivet, L.,

Ž .Horvath, F., Serrane, M. Eds. , The Mediterranean Basins:
Tertiary Extension Within the Alpine Orogen, Geol. Soc. Sp.
Publ.

Dostal, J., Coulon, C., Dupuy, C., 1982. Cainozoic andesitic rocks
Ž .of Sardinia. In: Thorpe, R.S. Ed. , Andesites: Orogenic An-

desites and Related Rocks. Wiley, Chichester, pp. 353–370.
Du, Z.J., Michelini, A., Panza, G.F., 1998. EurID: a regionalized

3-D seismological model of Europe. Phys. Earth Planet. Int.
106, 31–62.

Dziewonski, A.M., Forte, A.M., Su, W.-J., Woodward, R.L.,
1993. Seismic tomography and geodynamics. In: Relating
Geophysical Structures and Processes. IUGG 16, The Jeffreys
Volume Geophysical Monograph 76, pp. 67–105.

Ellam, R.M., Menzies, M.A., Hawkesworth, C.J., Leeman, W.P.,
Rosi, M., Serri, G., 1988. The transition from calc-alkaline to
potassic orogenic magmatism in the Aeolian Islands, southern
Italy. Bull. Volcanol. 50, 386–398.

Farrugia, P., Panza, G.F., 1981. Continental character of the
Ž .lithosphere beneath the Ionian sea. In: Cassinis, R. Ed. , The

Solution of the Inverse Problem in Geophysical Interpretation.
Plenum, pp. 327–334.

Fernandez, M., Foucher, J.P., Jurado, M.J., 1995. Evidence for the
multi-stage formation of the south–western Valencia trough.
Mar. Petrol. Geol. 12, 101–109.

Forsyth, D., Uyeda, S., 1975. On the relative importance of
driving forces of plate motion. Geophys. J. R. Astron. Soc. 43,
163–200.

Foucher, J.-P. et al., 1992. Heat flow in the Valencia trough:
geodynamic implications. Tectonophysics 203, 77–97.

Fowler, C.M.R., 1990. The Solid Earth. Cambridge Univ. Press,
pp. 1–472.

Francalanci, L., Manetti, P., Peccerillo, A., 1989. Volcanological
Žand magmatologicalal evolution of Stromboli volcano Aeolian

.Islands : the roles of fractional crystallization, magma mixing,
crustal contamination, and source heterogeneity. Bull. Vol-
canol. 51, 355–378.

Frepoli, A., Amato, A., 1997. Contemporaneous extension and
compression in the northern Apennines from earthquake fault-
plane solutions. Geophys. J. Int. 129, 368–388.

Frepoli, A., Selvaggi, G., Chiarabba, C., Amato, A., 1996. State
of stress in the southern Tyrrhenian subduction zone from
fault-plane solutions. Geophys. J. Int. 125, 879–891.

Frohlich, C., 1989. The nature of deep-focus earthquakes. Ann.
Rev. Earth Planet. Sci. 17, 227–254.

Gaherty, J.B., Hager, B.H., 1994. Compositional vs. thermal
buoyancy and the evolution of subducted lithosphere. Geo-
phys. Res. Lett. 21, 141–144.

Giardini, D., Woodhouse, J.H., 1986. Horizontal shear flow in the
Ž .mantle beneath the Tonga arc. Nature 319 6054 , 551–555.

Gill, J.B., 1970. Geochemistry of Viti Levu, Fiji, and its evolution
as an island arc. Contrib. Mineral. Petrol. 27, 179–203.

Gill, J.B., 1981. Orogenic Andesites and Plate Tectonics. Springer,
Berlin, p. 390.

Green, H.W. II, 1993. The mechanism of deep earthquakes. EOS
Ž .74 2 , 23.



( )C. Doglioni et al.rEarth-Science ReÕiews 45 1999 167–208204

Green, H.W. II, Burnley, P.C., 1989. A new self-organizing
mechanism for deep focus earthquakes. Nature 341, 733–734.

Green, H.W. II, Zhou, Y., 1996. Transformation-induced faulting
requires an exothermic reaction and explains the cessation of
earthquakes at the base of the mantle transition zone. Tectono-
physics 256, 39–56.

Gripp, A.E., Gordon, R.G., 1990. Current plate velocities relative
to the hotspots incorporating the Nuvel-1 global plate motion
model. Geophys. Res. Lett. 17, 1109–1112.

Gueguen, E., Doglioni, C., Fernandez, M., 1997. Lithospheric
boudinage in the western Mediterranean back-arc basins. Terra
Nova 9, 184–187.

Hager, B.H., 1990. The viscosity profile of the mantle: a compari-
son of models on postglacial and convection time scales. EOS

w x71, 1567, fall suppl. .
Hager, B.H., O’Connell, R.J., 1978. Subduction zone dip angles

and flow driven by plate motion. Tectonophysics 50, 111–133.
Harabaglia, P., 1998. Opening of back-arc basins caused by the

induced mantle flow, submitted.
Harabaglia, P., Doglioni, C., 1998. Topography and gravity across

Ž .subduction zones. Geophys. Res. Lett. 25 5 , 703–706.
Hawkins, J.W., 1995. Evolution of the Lau basin—insights from

Ž .ODP Leg 135. In: Taylor, B., Natland, J. Eds. , Active
Margins and Marginal Basins of the Western Pacific. AGU,
Geophysical Monograph 88, pp. 219–239.

Hildreth, W.C., Moorbath, S., 1988. Crustal contributions to arc
magmatism in the Andes and central Chile. Contrib. Mineral.
Petrol. 98, 455–499.

Honza, E., 1995. Spreading mode of back-arc basins in the
western Pacific. Tectonophysics 251, 139–152.

Horvath, F., 1993. Towards a mechanical model for the formation
of the Pannonian basin. Tectonophysics 226, 333–357.

Horvath, F., Berckhemer, H., 1982. Mediterranean back-arc basins.
Ž .In: Berckhemer, H., Hsu, K.J. Eds. , Alpine Mediterranean¨

Geodynamics. Am. Geophys. Union, Geodyn. Ser., pp. 141–
173.

Houston, H., Vidale, J.E., 1994. The temporal distribution of
seismic radiation during deep earthquake rupture. Science 265,
771–774.

Houston, H., Williams, Q., 1991. Fast rise times and the physical
mechanism of deep earthquake. Nature 352, 520–522.

Hyndman, R.D., Wang, K., Yuan, T., Spence, G.D., 1993. Tec-
tonic sediment thickening, fluid expulsion, and the thermal
regime of subduction zone accretionary prisms: the Cascadia

Ž .margin off Vancouver Island. J. Geophys. Res. 98 21 , 865–
876.

Isacks, B.L., Barazangi, M., 1977. Geometry of Benioff zones:
lateral segmentation and downward bending of the subducted

Ž .lithosphere. In: Talwani, M., Pitman, W.M. III Eds. , Island
Arcs, Deep Sea Trenches and Back-arc Basins. AGU, Maurice
Ewing Series 1, pp. 99–114.

Isacks, B.L., Molnar, P., 1971. Distribution of stresses in the
descending lithosphere from a global survey of focal mecha-
nism solutions of mantle earthquakes. Rev. Geophys. Space
Phys. 9, 103–174.

Jakes, P., White, A.J.R., 1972. Major and trace element abun-

dances in volcanic rocks of orogenic lavas. Geol. Soc. Am.
Bull. 83, 29–40.

Jarrard, R.D., 1986. Relations among subduction parameters. Rev.
Geophys. 24, 217–284.

Johnson, J.G., Pendergast, A., 1981. Timing and mode of em-
placement of the Roberts Mountains allochthon, Antler
orogeny. Geol. Soc. Am. Bull. 92, 648–658.

Jolivet, L., Faccenna, C., Goffe, B., Mattei, M., Rossetti, F.,´
Brunet, C., Storti, F., Funiciello, R., Cadet, J.P., D’Agostino,
N., Parra, T., 1998. Midcrustal shear zones in postorogenic
extension: Example from the northern Tyrrhenian sea. J. Geo-

Ž .phys. Res. 103 B6 , 12123–12160.
Karig, D.E., Sharman, G.F. III, 1975. Subduction and accretion in

trenches. Geol. Soc. Am. Bull. 86, 377–389.
Kastens, K., Mascle, J., Auroux, C. et al., 1988. ODP Leg 107 in

the Tyrrhenian sea: insights into passive margin and back-arc
basin evolution. Geol. Soc. Am. Bull. 100, 1140–1156.

Ž .Keller, J., 1982. Mediterranean island arcs. In: Thorpe, R.S. Ed. ,
Andesites: Orogenic Andesites and Related Rocks. Wiley,
Chichester, pp. 307–325.

Kirby, S.H., Durham, W.B., Stern, L.A., 1991. Mantle phase
changes and deep-earthquake faulting in subducting litho-
sphere. Science 252, 216–225.

Kuno, H., 1968. Differentiation of basalt magmas. In: Hess, H.H.,
Ž .Poldervaart, A. Eds. , Basalts. Interscience, New York, pp.

623–688.
Lallemand, S., 1995. High rates of arc consumption by subduction

Ž .processes; some consequences. Geology 23 6 , 551–554.
Ž .Lallemand, S.E., Tsien, H.H. Eds. , 1997. An introduction to

Ž .active collision in Taiwan. Tectonophysics 274 1–3 , 1–274.
Lallemand, S.E., Malavieille, J., Calassou, S., 1992. Effects of

oceanic ridge subduction on accretionary wedges; experimen-
Ž .tal modeling and marine observations. Tectonics 11 6 , 1301–

1313.
Laubscher, H.P., 1971. Das alpen-dinariden-problem und die

palinspastik der sudlichen Tethys. Geol. Runds. 60, 813–833.¨
Laubscher, H.P., 1983. The Late Alpine Periadriatic intrusions

and the Insubric Line. Mem. Soc. Geol. It. 26, 21–30.
Laubscher, H.P., 1988. The arcs of the western Alps and the

northern Apennines: an updated view. Tectonophysics 146,
67–78.

Lavecchia, G., Brozzetti, F., Barchi, M., Menichetti, M., Keller,
J.V.A., 1994. Seismotectonic zoning in east–central Italy de-
duced from an analysis of the Neogene to present deforma-

Ž .tions and related stress fields. Bull. Geol. Soc. Am. 106 9 ,
1107–1120.

Lay, T., Kanamori, H., 1981. An asperity model of large earth-
quake sequences. Maurice Ewing Ser. 4, 579–592.

Le Pichon, X., 1968. Sea-floor spreading and continental drift. J.
Ž .Geophys. Res. 73 12 , 3661–3697.

Le Pichon, X., Kobayashi, K., Cadet, J.P., Ashi, J., Boulegue, J.,
Chamot-Rooke, N., Fiala Medioni, A., Foucher, J.P., Furuta,
T., Gamo, T., Henry, P., Iiyama, J.T., Lallemand, S.E., Lalle-
mant, S.J., Ogawa, Y., Sakai, H., Segawa, J., Sibuet, M.,
Taira, A., Takeuchi, A., Tarits, P., Toh, H., 1992. Fluid
venting activity within the eastern Nankai Trough accretionary



( )C. Doglioni et al.rEarth-Science ReÕiews 45 1999 167–208 205

wedge; a summary of the 1989, Kaiko, Nankai results. In:
Ž .Kastner, M., Le Pichon, X. Eds. , Fluids in Convergent

Ž .Margins. Earth Planet. Sci. Lett. 109 3–4 , 303–318.
Linzer, H.G., 1996. Kinematics of retreating subduction along the

Carpathian arc, Romania. Geology 24, 167–170.
Lister, G.S., Etheridge, M.A., Symonds, P.A., 1991. Detachment

models for the formation of passive continental margins. Tec-
tonics 10, 1038–1064.

Locardi, E., 1991. Geodinamica delle strutture profonde dell’Ap-
pennino centro-meridionale. Mem. Soc. Geol. It. 47, 325–332.

Locardi, E., Nicolich, R., 1988. Geodinamica del Tirreno e
dell’Appennino centro-meridionale: la nuova carta della Moho.
Mem. Soc. Geol. It. 41, 121–140.

Luhr, J.F., Allan, J.F., Carmichael, I.S.E., Nelson, S.A., Hase-
naka, T., 1989. Primitive calc-alkaline and alkaline rock types
from the western Mexican volcanic belt. J. Geophys. Res. 94,
4515–4530.

Lundgren, P., Giardini, D., 1994. Isolated deep earthquakes and
the fate of subduction in the mantle. J. Geophys. Res. 99,
15833–15842.

Malavieille, J., Calassou, S., Larroque, C., Lallemand, S.E., 1992.
Experimental modeling of accretionary wedges. AGU, EOS
73, 14, suppl. 280.

Malinverno, A., Ryan, W.B.F., 1986. Extension in the Tyrrhenian
sea and shortening in the Apennines as a result of arc migra-
tion driven by sinking of the lithosphere. Tectonics 5, 227–245.

Margheriti, L., Nostro, C., Cocco, M., Amato, A., 1996. Seismic
Ž .anisotropy beneath the northern Apennines Italy and its

Ž .tectonic implications. Geophys. Res. Lett. 23 20 , 2721–2724.
Marotta, A., Mongelli, F., 1998. Flexure of subducted slabs.

Geophys. J. Int. 132, 701–711.
Marson, I., Panza, G.F., Suhadolc, P., 1995. Crust and upper

mantle models along the active Tyrrhenian rim. Terra Nova 7
Ž .3 , 348–357.

Martin, J.B., Kastner, M., Egeberg, P.K., 1995. Origins of saline
Ž .fluids at convergent margins. In: Taylor, B., Natland, J. Eds. ,

Active Margins and Marginal Basins of the Western Pacific.
AGU, Geophysical Monograph 88, pp. 219–239.

Massari, F., 1990. The foredeeps of the northern Adriatic margin:
evidence of diachroneity in deformation of the southern Alps.
Riv. It. Paleont. Strat. 96, 351–380.

Mazzanti, R., Trevisan, L., 1978. Evoluzione della rete idrografica
nell’Appennino sentro-settentrionale. Geogr. Fis. Dinam. Quat.
1, 55–62.

Mazzoli, S., Helman, M., 1994. Neogene patterns of relative plate
motion for Africa–Europe: some implications for recent cen-
tral Mediterranean tectonics. Geol. Runds. 83, 464–468.

McKenzie, D., 1978. Some remarks on the development of sedi-
mentary basins. Earth Planet. Sci. Lett. 40, 25–32.

Meade, C., Jeanloz, R., 1991. Deep-focus earthquakes and recy-
cling of water into the earth’s mantle. Science 252, 68–72.

Mele, G., Rovelli, A., Seber, D., Barazangi, M., 1997. Shear wave
attenuation in the lithosphere beneath Italy and surrounding

Ž .regions: tectonic implications. J. Geophys. Res. 102 B6 ,
11863–11875.

Meletti, C., Patacca, E., Scandone, P., 1995. Il sistema compres-

Ž .sione–distensione in Appennino. In: Bonardi, G., et al. Eds. ,
Cinquanta Anni di Attivita Didattica e Scientifica del Prof.`
Felice Ippolito. Ed. Liguori, Napoli, pp. 361–370.

Menard, H.W., 1964. Marine Geology of the Pacific. McGraw-
Hill, New York.

Mitchell, A.H.G., Garson, M.S., 1981. Mineral Deposits and
Global Tectonic Settings. Academic Press, London.

Mongelli, F., Loddo, M., Calcagnile, G., 1975. Some observations
on the Apennines gravity field. Earth Planet. Sci. Lett. 24,
385–393.

Mongelli, F., Zito, G., Della Vedova, B., Pellis, G., Squarci, P.,
Taffi, L., 1991. Geothermal regime of Italy and surrounding
seas. In: Exploration of the Deep Continental Crust. Springer-
Verlag, Berlin, pp. 381–394.

Morelli, A., Dziewonski, A.M., 1993. Body wave travel times and
a spherically symmetric P- and S-wave velocity model. Geo-
phys. J. Int. 112, 178–194.

Morelli, C., 1985. Geophysical contribution to knowledge of the
Ž .Mediterranean crust. In: Stanley, D.J., Wezel, F.C. Eds. ,

Geological Evolution of the Mediterranean Basin. Springer-
Verlag, New York, pp. 65–82.

Mueller, S., Panza, G.F., 1986. Evidence of a deep-reaching
lithospheric root under the Alpine arc. In: Wezel-Forese, C.
Ž .Ed. , The Origin of Arcs, Vol. 21. Developments in Geotec-
tonics, pp. 93–113.

Nelson, T.H., Temple, P.G., 1972. Mainstream mantle convection:
a geologic analysis of plate motion. Am. Assoc. Petrol. Geol.
Bull. 56, 226–246.

ECORS-CROP Working Group, Nicolas, A., Polino, R., Hirn, A.,
Nicolich, R., 1990. Ecors-crop traverse and deep structure of
the western Alps: a synthesis. Mem. Soc. Geol. France 156,´ ´
15–27.

Nicolich, R., 1989. Crustal structures from seismic studies in the
Ž .frame of the European geotraverse southern segment and
Ž .CROP projects. In: Boriani, A., et al. Eds. , The Lithosphere

in Italy, Vol. 80. Accad. Naz. Lincei, pp. 41–61.
Nishiwaki, C., Uyeda, S., 1983. Accretion tectonics and metallo-

Ž .genesis. In: Hashimoto, M., Uyeda, S. Eds. , Accretion Tec-
tonics in the Circum-Pacific Regions, pp. 349–355.

O’Connell, R., Gable, C.G., Hager, B., 1991. Toroidal–poloidal
partitioning of lithospheric plate motions. In: Sabadini, R., et

Ž .al. Eds. , Glacial Isostasy, Sea-Level and Mantle Rheology,
Vol. 334. Kluwer Academic Publisher, pp. 535–551.

Oncescu, M.C., 1984. Deep structure of the Vrancea region,
Romania, inferred from simultaneous inversion for hypocen-
tres and 3-D velocity structure. Ann. Geophys. 2, 22–28.´

Palacio, C.M., Guerra, N.S., Campano, P.B., 1983. Difference of
Ti, Zr, Y and P content in calc-alkaline andesites from island
arcs and continental margins. Geol. Runds. 72, 733–738.

Panza, G., Mueller, S., 1979. The plate boundary between Eurasia
and Africa in the Alpine area. Mem. Soc. Geol. It. 33, 43–50.

Papazachos, B.C., Comninakis, P.E., 1977. Geotectonic signifi-
cance of the deep seismic zones in the Aegean area. Thera and
the Aegean World, Proceedings of The Second Intern. Scient.
Congress.

Patacca, E., Scandone, P., 1989. Post-tortonian mountain building



( )C. Doglioni et al.rEarth-Science ReÕiews 45 1999 167–208206

in the Apennines. The role of the passive sinking of a relic
Ž .lithospheric slab. In: Boriani, A., et al. Eds. , The Lithosphere

in Italy, Vol. 80. Acc. Naz. Lincei, pp. 157–176.
Peacock, S.M., 1987. Thermal effects of metamorphic fluids in

subduction zones. Geology 15, 1057–1060.
Peacock, S.M., 1990. Fluid processes in subduction zones. Sci-

ence 248, 329–337.
Peacock, S.M., 1996. Thermal and petrologic structure of subduc-

Ž .tion zones. In: Bebout, G.E., et al. Eds. , Subduction Top to
Bottom, Vol. 96. AGU, Geophysical Mon., pp. 119–133.

Ž .Peccerillo, A., 1985. Roman comagmatic province central Italy :
evidence for subduction-related magma genesis. Geology 13,
103–106.

Peccerillo, A., 1998. Relationships between ultrapotassic and car-
bonate-rich volcanic rocks in central Italy: petrogenetic impli-
cations and geodynamic significance. Lithos 43, 267–279.

Peccerillo, A., 1999. Multiple mantle metasomatism in central-
southern Italy: geochemical effects, timing and geodynamic
implications. Geology, in press.

Peccerillo, A., Manetti, P., 1985. The potassium alkaline volcan-
ism of central–southern Italy: a review of the data relevant to

Ž .petrogenesis and tectonic significance. In: Bristow, J.W. Eds. ,
Trans. Geol. Soc. South Africa, Vol. 88, pp. 379–394.

Peccerillo, A., Taylor, S.R., 1976. Geochemistry of Eocene calc-
alkaline rocks from Kastamonu area, northern Turkey. Con-
trib. Mineral. Petrol. 58, 63–81.

Peccerillo, A., Wu, C.W., 1992. Evolution of calc-alkaline mag-
mas in continental arc volcanoes: evidence from the island of
Alicudi, southern Tyrrhenian sea. J. Petrol. 33, 1295–1315.

Peterschmitt, E., 1956. Quelques donnees nouvelles sur les seismes
profonds de la Mer Tyrrhenienne. Ann. Geofis. 9, 305–334.

Pfiffner, O.A., 1986. Evolution of the north Alpine foreland basin
in the central Alps. In: Foreland Basins, Vol. 8. Spec. Publ.
Int. Assoc. Sediment., pp. 219–228.

Piromallo, C., Morelli, A., 1997. Imaging the Mediterranean
upper mantle by P-wave travel time tomography. Ann. Geofis.
40, 963–979.

Platt, J.P., Vissers, R.L.M., 1989. Extensional collapse of thick-
ened continental lithosphere: a working hypothesis for the
Alboran sea and Gibraltar arc. Geology 17, 540–543.

Poli, G., Manetti, P., Tommasini, S., 1989. A petrological review
on Miocene–Pliocene intrusive rocks from southern Tuscany

Ž .and Tyrrhenain sea Italy . Per. Mineral. 598, 109–126.
Polino, R., Dal Piaz, G.V., Gosso, G., 1990. Tectonic erosion at

the Adria margin and accretionary processes for the Creta-
ceous orogeny of the Alps. Memoire de la Societe Geologique´ ´ ´
de France, Vol. 156.

Polyak, B.G., Fernandez, M., Khutorskoy, M.D., Soto, J.I., Basov,
I.A., Comas, M.C., Khain, V.Ye., Alonso, B., Agapova, G.V.,
Mazurova, I.S., Negredo, A., Tochitsky, V.O., de la Linde, J.,
Bogdanov, N.A., Banda, E., 1996. Heat flow in the Alboran
sea, western Mediterranean. Tectonophysics 263, 191–218.

Rehault, J.P., Mascle, J., Boillot, G., 1984. Evolution geodi-
namique de la Mediterranee depuis l’Oligocene. Mem. Soc.
Geol. It. 27, 85–96.

Rehault, J.P., Boillot, G., Mauffret, A., 1985. The western
Ž .Mediterranean basin. In: Stanley, D.J., Wezel, F.C. Eds. ,

Geological Evolution of the Mediterranean Basin. Springer-
Verlag, New York, pp. 101–130.

Rehault, J.P., Tisseau, C., Brunet, M.F., Louden, K., 1990. Subsi-
dence analysis on the Sardinian margin and the central Tyrrhe-
nian basin: thermal modelling and heat flow control; deep
structure implications. J. Geodyn. 12, 269–310.

Ricard, Y., Froidevaux, C., 1986. Stretching instabilities and
lithospheric boudinage. J. Geophys. Res. 91, 8314–8324.

Ricard, Y., Doglioni, C., Sabadini, R., 1991. Differential rotation
between lithosphere and mantle: a consequence of lateral
viscosity variations. J. Geophys. Res. 96, 8407–8415.

Ringwood, A.E., 1976. Phase transformations in descending plates:
implications for mantle dynamics and differentiation. AGU,
Geophys. Mon. 19, 391–398.

Robertson, A.H.F., Grasso, M., 1995. Overview of the Late
Tertiary—recent tectonic and palaeo-environmental develop-
ment of the Mediterranean region. Terra Nova 7, 114–127.

Ž .Robin, C., 1982. Mexico. In: Thorpe, R.S. Ed. , Andesites:
Orogenic Andesites and Related Rocks. Wiley, Chichester, pp.
137–147.

Rossetti, F., Faccenna, C., Jolivet, L., Funicello, R., 1998. Struc-
tural evolution of the Giglio island, northern Tyrrhenian sea
Ž .Italy . Mem. Soc. Geol. It. 52, 493–512.

Ž .Roure, F., Heitzmann, P., Polino, R. Eds. , 1990. The deep
structure of the Alps, Vol. 156. Memoire de la Societe´ ´
Geologique de France, pp. 1–367.´

Roure, F., Choukroune, P., Polino, R., 1996. Deep seismic reflec-
tion data and new insights on the bulk geometry of mountain

Ž .ranges. C. R. Acad. Sci. Paris 322 IIa , 345–359.
Royden, L.H., 1993. The tectonic expression slab pull at continen-

tal convergent boundaries. Tectonics 12, 303–325.
Royden, L.H., Burchfiel, B.C., 1989. Are systematic variations in

Žthrust belt style related to plate boundary processes? the
.western Alps versus the Carpathians . Tectonics 8, 51–62.

Royden, L., Patacca, E., Scandone, P., 1987. Segmentation and
configuration of subducted lithosphere in Italy: an important
control on thrust-belt and foredeep-basin evolution. Geology
15, 714–717.

Ruff, L.J., Kanamori, H., 1980. Seismicity in the subduction
process. Phys. Earth Planet. Int. 23, 240–252.

Russo, R.M., Silver, P.G., 1994. Trench-parallel flow beneath the
Nazca plate from seismic anisotropy. Science 263, 1105–1111.

Scandone, P., 1980. Origin of the Tyrrhenian sea and Calabrian
arc. Boll. Soc. Geol. It. 98, 27–34.

Scarascia, S., Lozej, A., Cassinis, R., 1994. Crustal structures of
the Ligurian, Tyrrhenian and Ionian seas and adjacent onshore
areas interpreted from wide-angle seismic profiles. Boll. Ge-

Ž .ofis. Teor. Appl. 36 141–144 , 5–19.
Scholz, C.H., Campos, J., 1995. On the mechanism of seismic

decoupling and back arc spreading at subduction zones. J.
Ž .Geophys. Res. 100 B11 , 22103–22115.

Schubert, G., Yuen, D.A., Turcotte, D.L., 1975. Role of phase
transitions in a dynamic mantle. Geophys. J. R. Astron. Soc.
42, 705–735.

Selvaggi, G., Chiarabba, C., 1995. Seismicity and P-wave velocity
image of the southern Tyrrhenian subduction zone. Geophys.
J. Int. 121, 818–826.



( )C. Doglioni et al.rEarth-Science ReÕiews 45 1999 167–208 207

Seno, T., 1985. Age of subducting lithosphere and back-arc basin
formation in the western Pacific since the Middle–Tertiary. In:

Ž .Nasu, N., et al. Eds. , Formation of Active Ocean Margins.
Terra Sci. Publ., TERRAPUB, Tokyo, pp. 469–481.

Serri, G., 1990. Neogene–Quaternary magmatism of the Tyrrhe-
nian region: characterization of the magma sources and geody-
namic implications. Geol. Soc. It. Mem. 41, 219–242.

Serri, G., Innocenti, F., Manetti, P., 1993. Geochemical and
petrological evidence of the subduction of delaminated Adri-
atic continental lithosphere in the genesis of the Neogene–
Quaternary magmatism of central Italy. Tectonophysics 223,
117–147.

Sillitoe, R.H., 1977. Metallogeny of an andean-type continental
margin in South Korea: implications for opening of the Japan

Ž .sea. In: Talwani, M., Pitman, W.M. III Eds. , Island Arcs,
Deep Sea Trenches and Back-arc Basins. AGU, Maurice
Ewing Series 1, pp. 303–310.

Smith, D.E., Kolenkiewicz, R., Nerem, R.S., Dunn, P.J., Tor-
rence, M.H., Robbins, J.W., Klosko, S.M., Williamson, R.G.,
Pavlis, E.C., 1994. Contemporary global horizontal crustal
motion. Geophys. J. Int. 119, 511–520.

Spakman, W., van der Lee, S., van der Hilst, R.D., 1993. Travel-
time tomography of the European–Mediterranean mantle down
to 1400 km. Phys. Earth Planet. Int. 79, 3–74.

Ž .Stanley, D.J., Wezel, F.C. Eds. , 1985. Geological Evolution of
the Mediterranean Basin. Springer-Verlag, pp. 1–589.

Stoppa, F., Woolley, A.R., 1997. The Italian carbonatites: field
occurrence, petrology and regional significance. Mineral.
Petrol. 59, 43–67.

Suhadolc, P., Panza, G.F., 1989. Physical properties of the litho-
sphere–asthenosphere system in Europe from geophysical data.

Ž .In: Boriani, A., et al. Eds. , The Lithosphere in Italy, Vol. 80.
Accad. Naz. Lincei, pp. 15–40.

Tamaki, K., Honza, E., 1985. Incipient subduction and obduction
along the eastern margin of the Japan sea. Tectonophysics
119, 381–406.

Tamaki, K., Honza, E., 1991. Global tectonics and formation of
Ž .marginal basins; role of the western Pacific. Episodes 14 3 ,

224–230.
Taylor, B., 1993. Island arcs, deep-sea trenches, and back-arc

Ž . Ž .basins. Oceanus Woods Hole 35 4 , 17–25.
Taylor, B., Natland, J., 1995. Active margins and marginal basins

of the western Pacific. AGU, Geophys. Monograph 88, 1–417.
Teixell, A., 1998. Crustal structure and orogenic material budget

Ž .in the west central Pyrenees. Tectonics 17 3 , 395–406.
Theye, T., Reinhardt, J., Goffe, B., Jolivet, L., Brunet, C., 1997.

Ferro- and magnesiocarpholite from the Monte Argentario
Ž .Italy ; first evidence for high-pressure metamorphism of the
metasedimentary Verrucano sequence, and significance for

Ž .P–T path reconstruction. Eur. J. Miner. 9 4 , 859–873.
Ž .Thorpe, R.S. Ed. , 1982. Andesites: Orogenic Andesites and

Related Rocks. Wiley, Chichester, 724 pp.
Thorpe, R.S., Francis, P.W., Hammill, M., Baker, M.C.W., 1982.

Ž .The Andes. In: Thorpe, R.S. Ed. , Andesites: Orogenic An-
desites and Related Rocks. Wiley, Chichester, pp. 187–224.

Tomek, C., Hall, J., 1993. Subducted continental margin imaged
in the Carpathians of Czechoslovakia. Geology 21, 535–538.

Tonti, G., Di Cori, M., Negusini, M., Zerbini, S., Kahle, H.-G.,
Peter, Y., Drewes, H., Tremel, H., Kaniuth, K., Veis, G.,
1998. Crustal movements in the central Mediterranean from
the WHAT-A-CAT network. Proceedings of Wegener 98,
Honefoss, Norway.

Turcotte, D.L., Schubert, G., 1982. Geodynamics: Applications of
Continuum Physics to Geological Problems. Wiley, New York.

Uyeda, S., 1981. Subduction zones and back-arc basins—a re-
Ž .view. Geol. Runds. 70 2 , 552–569.

Uyeda, S., Kanamori, H., 1979. Back-arc opening and the mode
Ž .of subduction. J. Geophys. Res. 84 B3 , 1049–1061.

Veevers, J.J., Falvey, D.A., Robins, S., 1978. Timor Trough and
Australia: facies show topographic wave migrated 80 km
during the past 3 Ma. Tectonophysics 45, 217–227.

Venturelli, G., Thorpe, R.S., Dal Piaz, G.V., Del Moro, A., Potts,
P.J., 1984. Petrogenesis of calc-alkaline, shoshonitic and asso-
ciated ultrapotassic Oligocene volcanic rocks from the north-
ern Alps. Contrib. Mineral. Petrol. 86, 209–220.

Vidale, J.E., Houston, H., 1993. The depth dependence of earth-
quake duration and implications for rupture mechanisms. Na-
ture 365, 45–47.

Von Huene, R., 1986. Seismic images of modern convergent
margin tectonic structure. Am. Assoc. Petrol. Geol. Studies 26,
1–60.

Von Huene, R., Lallemand, S., 1990. Tectonic erosion along the
Japan and Peru convergent margins. Geol. Soc. Am. Bull. 102
Ž .6 , 704–720.

Von Huene, R., Scholl, D.W., 1991. Observations at convergent
margins concerning sediment subduction, subduction erosion,

Ž .and the growth of continental crust. Rev. Geophys. 29 3 ,
279–316.

Von Huene, R., Klaeschen, D., Cropp, B., Miller, J., 1994.
Tectonic structure across the accretionary and erosional parts

Ž .of the Japan Trench margin. J. Geophys. Res. 99 11 , 22349–
22361.

Wadati, K., 1935. On the activity of deep-focus earthquakes in the
Japan Islands and neighborhoods. Geophys. Mag. 8, 305–325.

Waschbusch, P., Beaumont, C., 1996. Effect of slab retreat on
crustal deformation in simple regions of plate convergence. J.

Ž .Geophys. Res. 101 B12 , 28133–28148.
Wendlandt, R.F., Eggler, D.H., 1980. The origin of potassic

magmas. Am. J. Sci. 280, 385–458.
Wernicke, B., 1985. Uniform-sense normal simple shear of the

continental lithosphere. Can. J. Earth Sci. 22, 108–125.
Worner, G., Harmon, R.S., Davidson, J., Moorbath, S., Turner,

D.L., McMillan, N., Nye, C., Lopez Escobar, L., Moreno, H.,
Ž .1988. The Nevados de Payachata volcanic region N. Chile ,

geological, geochemical, and isotopic variations. Bull. Vol-
canol. 50, 287–303.

Wortel, R., 1982. Seismicity and rheology of subducted slabs.
Ž .Nature 296 5857 , 553–556.

Wortel, M.J.R., Spakman, W., 1992. Structure and dynamics of
subducted lithosphere in the Mediterranean region. Proc. Kon.

Ž .Ned. Akad. v. Wetensch. 95 3 , 325–347.
Wortel, R., Vlaar, N.J., 1988. Subduction zone seismicity and the

thermo-mechanical evolution of down-going lithosphere. PA-
GEOPH 128, 625–659.



( )C. Doglioni et al.rEarth-Science ReÕiews 45 1999 167–208208

Zeck, H.P., Monie, P., Villa, I.M., Hansen, B.T., 1992. Very high´
rates of cooling and uplift in the Alpine belt of the Betic
Cordilleras, southern Spain. Geology 20, 79–82.

Ziegler, P.A., 1988. Evolution of the Arctic–north Atlantic and
western Tethys. Am. Assoc. Pet. Geol. Mem. 43, 1–206.

Zonenshain, L.P., Savostin, L.A., 1981. Movements of lithosphere
plates relative to subduction zones: formation of marginal seas

Ž .and active continental margins. Tectonophysics 74 1–2 ,
57–87.

Carlo Doglioni since 1997 is full professor of geology at the
University La Sapienza of Rome, Italy. He was formerly at the
Universities of Basilicata, Bari and Ferrara. He visited as re-
searcher the Universities of Basel, Oxford and Rice University of
Houston. He works mainly in geodynamics and field geology of
the Mediterranean area. AAPG distinguished lecturer.

Paolo Harabaglia is researcher of geophysics at the University of
Basilicata in Potenza, Italy. He graduated in geology at the
University of Trieste and he is Master in geophysics at MIT,
Boston, USA.

Saverio Merlini graduated in Geology in 1983 from Milan Univer-
Ž .sity Italy , with a thesis of the Central Alps. He works in San

Donato Milanese for ENIrAgip Division since 1984 as regional
geologist, studying the structure of Italy by field geology, well
data, seismic interpretation and geodynamics. He is Technical
Leader of Exploration New Ventures in Italy.

Francesco Mongelli is full professor of geophysics at the Univer-
Ž .sity of Bari Italy . His researches focus on geothermics, geody-

namics and on the flexure of the lithosphere. He is member of the
editorial board of Geothermics.

Angelo Peccerillo since 1997 is full professor of Petrology at the
University of Perugia. He was formerly associate professor of
Volcanology at the University of Florence, and full professor of
Petrology at the Universities of Messina and Cosenza. His re-
search activity has been dealing with the petrology and geochem-
istry of igneous rocks, with particular emphasis on arc related
magmas and ultrapotassic rocks. He is author or co-author of
about 100 scientific publications mostly published on peer-re-
viewed international journals, and of two books.

Claudia Piromallo, graduated in Physics in 1993 at the University
Ž .of Bologna Italy , with a specialization in Geophysics, working

on numerical modeling of large scale Earth’s dynamics. She is
Žpresently working at the Istituto Nazionale di Geofisica Rome,

.Italy where her main research activities relate to Seismology,
with particular reference to P-wave seismic tomography of the
lithosphere and upper mantle below the Euro-Mediterranean area,
using both regional and teleseismic data, and event location
methods in heterogeneous media.


