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10. Dan: Sreda 30.05.2007

1. Lagune pri Gradezu - recentna sedimentologija (Vodi¢ B24)
2. Trzaski kras
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by William CavazZaand Forese Carlo WeZel

The Mediterranean region—a geological primer

1 Dept. of Earth and Geoenvironmental Sciences, Univ. of Bologna,déalgzza@geomin.unibo.it
2 Institute of Environmental Dynamics, University of Urbino, Italgzel@uniurb.it

The last twenty-five years of geological investigation of
the Mediterranean region have disproved the traditional

notion that the Alpine-Himalayan mountain ranges Many important ideas and influential geological models have been

originated from the closure of a single, albeit complex, geveloped based on research undertaken in the Mediterranean
oceanic domain—the Tethys. Instead, the present-dayegion. For example, the Alps are the most studied orogen in the

geological configuration of the Mediterranean region is world, their structure has been elucidated in great detail for the most

. . - part and has served as an orogenic model applied to other collisional
the result of the creation and ensuing consumption Oforogens. Ophiolites and olistostromes were defined and studied for

two major oceanic basins—the Paleotethys and thethe first time in this region. The Mediterranean Sea has possibly the
Neotethys—and of additional smaller oceanic basinshighest density of DSDP/ODP sites in the world, and extensive

within an overall reaime of prolonaed interaction research on its Messinian deposits and on their on-land counterparts
g P g has provided a spectacular example for the generation of widespread

between the Eurasian and the African-Arabian plates. pasinal evaporites. Other portions of this region are less well under-
In greater detail, there is still some debate about exactlystood and are now the focus of much international attention.

what Tethys existed at what time. A consensus exists as | "€ Mediterranean domain as a whole provides a present-day
geodynamic analog for the final stages of a continent-continent col-

to the presence of (i) a_mainl)_/ PaIeonic paIeOte_'_[hyanlisional orogeny. Over this area, the oceanic lithospheric domains
ocean north of the Cimmerian continent(s); (i) a originally present between the Eurasian and African-Arabian plates

younger late Paleozoic-Mesozoic neotethyan oceanhave been subducted and partially obducted, except for the lonian

. . . L . basin and the southeastern Mediterranean. The array of intercon-
located south of this continent, and fma”y’ (”') amiddle nected, yet discrete, Mediterranean orogens have been traditionally

Jurassic ocean, the Alpine Tethys-Valais, an extension ofonsidered collectively as the result of an "Alpine" orogeny, when
the central Atlantic ocean in the western Tethyan instead they are the result of diverse tectonic events spanning some

. i ; ; _ 250 Ma, from the late Triassic to the Quaternary. To further compli-
domain. Additional late Paleozoic to Mesozoic back-arc cate the picture, throughout the prolonged history of convergence

marginal basins along the active Eurasian margin com- petween the two plates, new oceanic domains have been formed as
plicated somewhat this simple picture. The closure ofback-arc basins either (i) behind active subduction zones during

these heterogeneous oceanic domains produced a syEerman Mesozor tme,or () possby assocaed o sia roback
tem of connected yet discrete orogenic belts which vary,jing reduced the rate of active subduction.

in terms of timing, tectonic setting and internal archi- This contribution is by no means intended as a thorough

tecture, and cannot be interpreted as the end product oflescription of the geological structure of the Mediterranean region.
; WA it . As an introduction to this special issuebgfisodesthis paper aims
a single "Alpine” orogenic cycle. at (i) providing the reader unfamiliar with the geological structure of

In Neogene time, following prolonged indentation the Mediterranean with an updated, although opinionated, overview
along the Alpine front, a number of small continental of such complex area, particularly in terms of description of the main
; ; ; o _ geological elements and their paleogeographic-paleotectonic evolu-
mlcroterrangs (K.aby“es’ Balearic Islands, _Sardlnla_Cor tion, and (ii) setting the stage for the following articles dealing with
sica, Calabria) rifted off the European-Iberian continen- yarious aspects of the geology of Italy. Given the space constraints,
tal margin and drifted toward south or southeast, leaving fulfilling these tasks clearly involved (over)simplification of a com-

in their wake areas of thinned continental crust (e.g. plex matter and in some cases rather drastic choices had to be .made
among different explanations and/or models proposed by various

Valencia Trough) or small oceanic basins (Algerian, aythors. Similarly, only the main references are cited and the inter-

Provencal and Tyrrhenian basins). The E Mediterranean ested reader should refer to the list of references therein for further

is similarly characterized by widespread Neogene exten-details on the vast research dedicated to the area. Our sincere apolo-
- . S L . gies to our Mediterranean colleagues for this simplistic synthesis of

sional tectonism, as indicated by thinning _of continental 3 magnificently complex geology of their countries.

crust along low-angle detachment faults in the Aegean

Sea and the periaegean regions. Overall, Neogene exteno . f d Medi

sion in the Mediterranean can be explained as the result verwgw of present-day Mediterranean

of roll-back of the N-dipping subducting slab along the geological elements

lonian-E Mediterranean subduction zones. The complex _ _ _ _

Neogene geologic scenario of the Mediterranean is com-ghe Pr‘%sed“t'd?y gg%'og'ca' Conf'%ura“on Ofd }hﬁi M%d'the”angaln

plicated further by the deposition of widespread evapor-20main Is dominated by a system of connected fold-and- thrust belts

. . . . . and associated foreland and back-arc basins (Figure 1). These differ-
ites during Messinian (late Miocene) time. ent belts vary in terms of timing, tectonic setting and internal

Introduction
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Figure 1 Digital terrain model of the Mediterranean region with major, simplified geological structures. White thrust synmitsate the
outer deformation front along the lonian and eastern Mediterraean subduction fronts. AB, Algerian basin; AS, Alboran SeaA&d&tic

Sea; AeS, Aegean Sea; BS, Black Sea; C, Calabria-Peloritani terrane; CCR, Catalan Coast Range; Cr, Crimea; Ct, Crete; Cy, EBru
East European Platform; HP, High Plateaux; KM, Kirsehir Massif; IC, Iberian Chain; IL, Insubric line; IS, lonian Sea; LS, LeuaBea;

LiS, Libyan Sea; MA, Middle Atlas; MM, Moroccan Meseta; MP, Moesian Platform; PB, Provencal Basin; PaB, Pannonian Basin; PS,
Pelagian Shelf; RM, Rhodope Massif; S, Sicilian Maghrebides; SP, Saharan Platform; TA, Tunisian Atlas; TS, Tyrrhenian Sea; VT,
Valencia Trough.

architecture (see, for example, Dixon and Robertson, 1984; Zieglerfor a review). (ii) The oceanidlgero-Provencal basinopened in
and Roure, 1996) and cannot be interpreted as the end product of the Burdigalian, as indicated by paleomagnetic data and by the tran-
single "Alpine" orogenic cycle (see following section). Instead, the sition from syn-rift to post-rift subsidence of its margins (Vially and
major suture zones of this area have been interpreted as the result dfrémoliéres, 1996). Rifting in this area occurred as early as the early
the closure of different oceanic basins of variable size and age. InOligocene and induced the development of a series of grabens in
addition, some Mediterranean foldbelts developed by inversion of southern France and Sardinia both on-land and offshore. The deepest
intracontinental rift zones (e.g. Atlas, Iberian Chain, Provence- portion of theTyrrhenian Seais floored by Plio-Quaternary oceanic
LanguedocCrimea). The Pyrenees—somehow transitional between crust; along its western and eastern margins rift-related grabens con-
these two end members—evolved out of an intercontinental trans-tain sedimentary deposits as old as ?Serravallian-Tortonian, thus
form rift zone. marking the age of the onset of extension in this region (e.g. Kastens
The modern marine basins of the Mediterranean Sea (Figure 1)t al., 1990; Mattei et al., 2002). (iii) TiAdéboran Seais floored by
are variably floored by (i) remnants of the Tethyan oceanic domainsthinned continental crust (down to a minimum of 15 km) and it is
(lonian and Libyan seas, E Mediterranean), (ii) Neogene oceanicbounded to the north, west and south by the Betic-Rif orocline. The
crust (Algero-Provencal basin and Tyrrhenian Sea), (iii) extended basement of the Alboran Sea consists of metamorphic rocks similar
continental lithosphere (Alboran Sea, Valencia Trough, Aegeanto those of the Internal Zones of the Rif-Betics (see below). During
Sea), and (iv) thick continental lithosphere (Adriatic Sea). (i) In the the Miocene, considerable extension in the Alboran domain and in
lonian-Libyan Sea and theeastern Mediterranean geophysical the adjacent internal zones of the Betic-Rif occurred coevally with
data (low heat-flow values and thick lithospheric mantle) and thrusting in the more external zones of these mountain belts. Such
palinspastic reconstructions point to the presence of old (Permian?)ate-orogenic extension can be interpreted as the result of subduction
oceanic crust underneath a thick pile of Mesozoic and Cenozoic sedroll-back toward the west whereby thickened continental crust
iments which hampers direct sampling and dating; these two oceani@xtends rapidly as the subduction zone retreats (Lonergan and
domains are currently being subducted beneath the Calabria-PeloriWhite, 1997; Gutscher et al., 2002). Wedencia Troughis floored
tani terrane of southernmost ltaly (see Bonardi et al., 2001, for aby thinned continental crust covered by Mesozoic sedimentary
review) and the Crete-Cyprus arcs, respectively. The more thandeposits; this assemblage underwent extension starting from the late
2,000 m deeBlack Seais partly floored by oceanic crust and prob- Chattian. Structurally related to the oceanic Provencal basin to the
ably represents the remnant of a complex Cretaceous-Eocene backortheast, the Valencia Trough displays younger syn-rift deposits
arc basin which developed on the upper plate of a north-dipping subthus indicating a progressive southwestward rift propagation from
duction zone (see following section). The western portion of the southern France (Camargue, Gulf of Lions) (Roca, 2001). The
Black Sea opened in Cretaceous-Paleocene time whereas the Ea8iegean Seas located in the upper plate of the Hellenic subduction
Black Sea basin has a Paleocene-Eocene age (see Robinson, 19%4ne. Crustal-scale extension in this region has been accommodated

Episodes, Vol. 26, no. 3
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by shallow dipping detachment faults. It has started at least in the(see Compagnoni, this issue). Such rocks have yielded radiometric
early Miocene, and continues today in areas like the Corinth-Patrasages as old as 130 Ma, although widespread Eocene metamorphic
rift and the southern Rhodope Massif in western Turkey. Miocene ages constrain—along with other structural and stratigraphic
extension was accompanied by exhumation of metamorphic rocksdata—the timing of the collision.
and by the intrusion of granitoid and monzonitic magmas at upper The Alps continue eastward into tBarpathians, a broad (ca.
crustal levels. According to Jolivet (2001), the engine for Aegean 1,500 km long) arcuate orogen which extends from Slovakia to
extension is gravitational collapse of a thick crust, allowed by exten- Romania through Poland and Ukraine. To the south, the Carpathians
sional boundary conditions provided by slab retreat; the rather recentmerge with the east-west-trending, north-verging Balkanides
tectonic "extrusion” of Anatolia added only a rigid component to the through a complex north-trending wrench system. Three major tec-
long lasting crustal collapse in the Aegean region. (iv)Adieatic tonic assemblages are recognized (see, for example, Royden and
Seais floored by 30—-35 km thick continental crust whose upper por- Horvath, 1988): the Inner Carpathians, made of Hercynian basement
tion is mostly made of a thick succession of Permian-Paleogene platand Permian-lower Cretaceous rocks; the tectonic mélange of the
form and basinal carbonates. The Adriatic Sea is fringed to the wesPieniny Klippen Belt; and the Outer Carpathians, a stack of rootless
and east by the flexural foredeep basins of the Apennines and Dinarnappes made of early Cretaceous to early Miocene turbidites. All
ides-Albanides, respectively, where several kilometers of synoro-these units are thrust towards the foreland and partly override shal-
genic sediments were deposited during the Oligocene-Quaternarylow-marine/continental deposits of the foredeep. Two distinct major
The Mesozoic Adriatic domain has been considered a continentalcompressive events are recognized (e.g., Ellouz and Roca, 1994):
promontory of the African plate (e.g., Channel et al., 1979; Muttoni thrusting of the Inner Carpathians took place at the end of the Early
et al., 2001); such domain—also known as Adria—includes not only Cretaceous, while the Outer Carpathians underwent thrusting in the
what is now the Adriatic Sea but also portions of the Southern Alps, late Oligocene-Miocene. The present-day arcuate shape of this com-
Istria, Gargano and Apulia. plex mountain belt is mostly the product of Neogene eastward slab
A large wealth of data—including deep seismic profiles, seis- retreat (e.g. Linzer, 1996) and displacements along shear zones. The
mic tomographies, paleomagnetic and gravity data, and palinspasticecent seismic activity in the Romanian sector of the Carpathi-
reconstructions—constrains the lithospheric structure of the variousans—the most severe seismic hazard in Europe today—is inferred to
elements of the Mediterranean Alpine orogenic system (see Cavazzae the final expression of such slab roll-back.
et al., in press, for a review) and indicates that the late Mesozoic and  TheBalkanidesare an east-west-trending, north-verging thrust
Paleogene convergence between Africa-Arabia and Europe hadelt located between the Moesian Platform to the north and the
totalled hundreds of kilometers. Such convergence was accommoRhodope Massif to the south. Underneath the Black Sea, the Balka-
dated by the subduction of oceanic and partly continental lithospherenides continue with a NW-SE trend. From north to south, three
(de Jong et al., 1993), as indicated also by the existence of lithosdomains can be recognized: the ForeBalkan, i.e., foredeep deposits
pheric slabs beneath the major fossil and modern subduction zonedeformed during late stages of the orogeny, Stara Planina (Balkans
(e.g. Spakman et al., 1993). Unlike the present-day western and eass.s.), and Srednogorie. According to Doglioni et al. (1996), the
ern Mediterranean basins, which both still comprise relatively unde- Balkanides can be viewed as the back-thrust belt of the Dinaric-
formed oceanic crust, the Mediterranean orogenic system featuresiellenic subduction and they formed through transpressional inver-
several belts of tectonized and obducted ophiolitic rocks which aresion of a Jurassic-Cretaceous basin during Paleogene time. Never-
located along often narrow suture zones within the allochthon andtheless, the Balkanides have incorporated much older structures dat-
represent remnants of former ocean basins. Some elements of thiag back at least to the Early Cretaceous (see Georgiev et al., 2001).
Mediterranean-Alpine orogenic system, such as the Pyrenees and the  The stable Adriatic (Apulian) platform is flanked to the east by
Greater Caucasus, may comprise local ultramafic rock bodies but arehe Dinarides-Albanides which continue to the south into thiel-
devoid of true ophiolitic sutures despite the fact that they originated lenides Here orogenic activity began during the late Jurassic and
from the closure of oceanic basins. persisted until the Neogene. The Dinarides-Albanides-Hellenides
The Pyreneesare characterized by a limited crustal root, in are a fairly continuous orogenic belt connected with the southern
agreement with a small lithospheric contraction during the late Alps to the north. It derives from the collision in the Tertiary
Senonian-Paleogene Pyrenean orogeny. Other Alpine-age Mediterbetween the Adriatic promontory and the Serbo-Macedonian-
ranean chains (western and eastern Carpathians, parts of the ApeiRhodope block(s). Ophiolites are widespread and crop out along two
nines) are also characterized by relatively shallow crustal roots andparallel belts; these ophiolites were obducted in the late Jurassic and
by a Moho which shallows progressively toward their internal zones. then involved in the Alpine collision from the Paleogene. The west-
Such geometry of the Moho probably results from the extensionalverging Albanides are characterized by thin-skinned thrust sheets
collapse of the internal parts of these orogens, involving structuralwhich are detached from their basement at the level of Triassic evap-
inversion of thrust faults and lower-crust exhumation on the foot- orites. This area is the birthplace of the now abandoned concept of
walls of metamorphic core complexes. In spite of differences in geosyncline, elaborated by Aubouin and co-workers in the 1960s.
terms of chronology and structural style, the Pyrenees are physically ~ The Apenninesof Italy feature a series of detached sedimen-
linked to the Languedoc-Provence orogen of southern Francetary nappes involving Triassic-Paleogene shallow water and pelagic,
and—ultimately—to the western Alps. mostly carbonate series and Oligocene-Miocene turbidites,
TheAlps are the product of continental collision along the for- deposited in an eastward migrating foreland basin. A nappe made of
mer south-dipping subduction zone between the Adriatic continentalophiolitic mélange (Liguride unit) is locally preserved along the
domain of the African plate to the south and the southern continentalTyrrhenian coast. The Apennines have low structural and morpho-
margin of the European-lberian plate to the north. The lithosphere islogical relief, involve crustally shallow (mainly sedimentary Meso-
thicker (ca. 200 km) in the western Alps, while it is in the order of zoic-Tertiary) rocks, and have been characterized by widespread
140 km along the central and eastern Alps (see Dal Piaz et al., thigxtension in their rear portion. The Apennines were generated by
issue, and contributions in Pfiffner et al., 1996, and Moores and Fair-limited subduction of the Adriatic sub-plate toward the west. [See
bridge, 1997, for an introduction to the Alps). This supports the Elter et al. (this issue) and Vai and Martini (2001), for further
notion that collisional coupling was stronger to the west. In fact, the details].
eastern Alps are largely made up of tectonic units derived from Apu- The rock units of both thRetic Cordillera of Spain and thRif
lia, the Austroalpine nappes, while the western Alps are exclusively of northern Morocco have been traditionally subdivided into Exter-
made up by more external, and tectonically lower units of the Euro-nal Zones, Internal Zones and Flysch nappes (e.g., Lonergan and
pean margin, the Briangonnais terrane and the intervening oceani®hite, 1997). In the Betic Cordillera, the Internal Zone is made of
units (see Piccardo, this issue). The western Alps include outcrops oMesozoic-Tertiary sedimentary rocks deposited on the Iberian mar-
blueschists and coesite-bearing, eclogite-facies rocks formed at presgin of the Alpine Tethys (see following section) and deformed by
sures of up to 30 kbars at depths which may have reached 100 knNW-directed, thin-skinned thrusting during the early-middle
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Miocene. The Internal Zone to the south consists of Paleozoic-Lamotte et al. (2000) have interpreted the latter, main inversion
Mesozoic rocks affected by Paleogene-early Miocene regional metaphase as the result of far-field stress transfer from the north during
morphism. The Internal Zone of the Rif belt contains metamorphic initiation of northward subduction along the southern margin of

rocks broadly similar to those of its counterpart in the Betics. The Iberia and contemporaneous development of the Rif-Tell accre-
intermediate Flysch nappes to the south consist of Early Cretaceousionary prism. Increased coupling between the prism and the African
to early Miocene deep-marine clastics, whereas the External Zonecontinental margin induced a third phase of inversion in the Quater-
further south consists of Mesozoic-Tertiary sedimentary rocks nary.

deposited on the African margin. Starting from the early Miocene,

the Internal Zone was thrust onto the Flysch nappes, followed by the - -
development of a thin-skinned fold-and-thrust belt in the External A paleogeogI’aphIC-paleOteCtonIC

Zone. : :
TheTell of Algeria and the Rif are parts of the Maghrebides, a scenario for the evolution of the

coherent mountain belt longer than 2,500 km running along the Mediterranean domain
coasts of NW Africa and the northern coast of the island of Sicily,

which belongs geologically to the African continent (see Elter et al., ) .
this issue, for an outline of the Sicilian Maghrebides). The Tell is Plate-motion vectors are essential elements to understand the geo-
mostly composed of rootless south-verging thrust sheets mainly!ogical evolution of the Mediterranean region and to constrain
emplaced in Miocene time. The internal (northern) portion of the paleog_eograph|c-paleotecton_|c reconstructions. In short, durlng_late
Tell is characterized by the Kabylies, small blocks of European Juras_,sw-early Cretaceous time, relatlve_motlon_between Africa-
lithosphere composed of a Paleozoic basement complex nonconArabia and Europe was dominated by sinistral strike-slip related to
formably overlain by Triassic-Eocene, mostly carbonate rocks. the progressive opening of the central Atlantic Ocean. Since Senon-
Two major mountain belts characterize the geological structure i2n times Africa-Arabia converged toward Eurasia in a N-S-directed

of Turkey: the Pontides and the Taurides. Poatidesare a west- counterclockwise rotational mode. Such overall sinistral motion
east-trending mountain belt traceable for more than 1,200 km fromdecreased through time and ceased at the Paleocene-Eocene transi-
the Strandja zone at the Turkey-Bulgaria border to the Lesser Caulion in conjunction with the opening of the Norwegian-Greenland

casus; they are separated from the Kirsehir Massif to the south by the€@ (Ziegler, 1988, 1990). During the Oligo-Miocene, a dextral com-
Izmir-Ankara-Erzincan ophiolite belt. The Pontides display impor- Ponentis evident in the convergence; such pattern has probably con-
tant lithologic and structural variations along strike. The bulk of the tinued until the present. According to Mazzoli and Helman (1994),
Pontides is made of a complex continental fragment (Sakarya Zonejhe relative motion path of the African plate with respect to the Euro-
characterized by widespread outcrops of deformed and partly meta€an plate from the Oligocene to the Recent can be divided into three
morphosed Triassic subduction-accretion complexes overlain byPhases: (1) NNE-directed during Oligocene to Burdigalian time (up
early Jurassic-Eocene sedimentary rocks. The structure of the Porf® @nomaly 5C: 16.2 Ma), (2) NNW-directed from Langhian to early
tides is complicated by the presence of a smaller intra-Pontide ophi-I ortonian time (16.2-8.9 Ma, anomalies 5C to 5), (3) NW-ward
olite belt marking the suture between an exotic terrane of Laurasiarffom the late Tortonian (8.9-0 Ma, anomaly 5 to present).

affinity (the so-called Istanbul Zone) and the remainder of the Pon- _ Development of paleogeographic-paleotectonic maps has con-
tides. The Istanbul zone has been interpreted as a portion of the Moe3iderably advanced our understanding of the evolution of the
sian Platform which, prior to the Late Cretaceous opening of the Mediterranean orogenic system and the sedimentary basins associ-
west Black Sea, was situated south of the Odessa shelf and collidegted with it. Yet, uncertainties persist among the various reconstruc-
with the Anatolian margin in the early Eocene (Okay et al., 1994). tions proposed (cf. Ziegler, 1988; Dercourt et al., 1993, 2000; Yil-
The Taurides are made of both allochthonous and, subordinately, M@z et al., 1996). A discussion of the various hypotheses proposed
autochtonous rocks. The widespread allochthonous rocks form botHor the evolution of the western Tethyan domain goes beyond the
metamorphic and non-metamorphic nappes, mostly south-vergentPurpose of this contribution. We provide here a brief summary of the
emplaced through multiphase thrusting between the Campanian an@ost-Variscan evolution of the Mediterranean domain following the
the ?Serravallian (Sengor, 1997). The stratigraphy of the Tauridesoaleogeographlq reconstructions presented in Stampfll et al. (2901a,
consists of rocks ranging in age from Cambrian to Miocene, with ab) and refer the interested reader to the abundant literature available

characteristic abundance of thick carbonate successions. on the Subj_ect. _ )

Most syntheses of the geology of the Mediterranean region Following the late Cgrbonlferous-early Permlqn qssemblagg of
have focused on the orogenic belts and have largely disregarded thBangea along the Variscan-Appalachian-Mauritanian-Ouachita-
large marginal intraplate rift/wrench basins located along the adja-Marathon and Uralian sutures, a wedge-shaped ocean basin widen-
cent cratons of Africa-Arabia and Europe, ranging in age from Pale-iNg to the east—the Paleotethys—was comprised between Eurasia
ozoic to Cenozoic. Peritethyan extensional basins are instead kefd Africa-Arabia. At this time, global plate rearrangement induced
elements for understanding the complex evolution of this area, ashe collapse of the Variscan orogen and continued northward sub-
their sedimentary and structural records document in detail the transduction of Paleotethys beneath the Eurasian continent (e.g. Vai,
fer of extensional and compressional stress from plate boundarie£003). A new oceanic basin—the Neotethys—began to form along
into intraplate domains (see contributions in Roure, 1994, andthe Gondwanian margin due to the rifting and NNE-ward drifting of
Ziegler et al., 2001). The development of the peritethyan rift/wrench @n €longate block of continental lithosphere, the Cimmerian com-
basins and passive margins can be variably related to the opening d10Site terrane (Sengor, 1979, 1984). The Cimmerian continent pro-
the Tethyan system of oceanic basins and the Atlantic and Indiardréssively drifted to the northeast, leaving in its wake a new
oceans (see following section). Some of these basins are still pre9c€an—the Neotethys (Figure 2). The Permo-Triassic history of this
served whereas others were structurally inverted during the developPart of the world is hence characterized by progressive widening of
ment of the Alpine-Mediterranean system of orogenic belts or were Neotethys and contemporaneous narrowing of Paleotethys, culmi-
ultimately incorporated into it. Examples of inversion include the Nating with final docking of the Cimmerian terrane along the
Iberian Chain and Catalonian Coast Range(Figure 1) which Eurasian continental margin in the late Triassic (a_lthough portions qf
formed during the Paleogene phases of the Pyrenean orogen e Paleotethys closed as early as the late Permian). The Cimmerian
through inversion of a long-lived Mesozoic rift system which devel- collisional deformation affected a long yet relatively narrow belt
oped in discrete pulses during the break-up of Pangea, the opening dixtending from the Far East to SE Europe (see Sengor, 1984, for a
the Alpine Tethys and the north Atlantic Ocean (Salas et al., 2001)_d|scu55|0n). Cimmerian tectonic elements are clearly distinguishable
The Mesozoic rift basins of thdigh Atlas of Morocco and Algeria frpm the Far East to Iran, whereas they are more difficult to recog-
underwent a first mild phase of inversion during the Senonian fol- Nize across Turkey and SE Europe, where they were overprinted by

lowed by more intense deformation during the late Eocene. Frizon ddater tectonism. The picture is complicated by back-arc oceanic
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. paleotethyan nor neotethyan evolution and instead have their origin
Late Permian in the Atlantic Ocean to the west.
e Paleogene collision along the Alpine fr@ensu strictinduced
~ woplé progressive collisional coupling of the evolving orogenic wedge
| with its forelands, as well as lateral block-escape and oblique
motions. For example, eastward directed orogenic transport from the
I ; '5 Alpine into the Carpathian domain during the Oligo-Miocene was
\\ \\“3 interpreted as a direct consequence of the deep indentation of Adria
' °.~_—-—~-- i into Europe (Ratschbacher et al., 1991) although this process may
have been driven by roll-back and detachment of the westward-dip-
ping subducting slab (Wortel and Spakman, 2000). From a wider
perspective, strain partitioning clearly played a major role in the
development of most of the Mediterranean orogenic wedges as

Figure 2 Paleogeographic reconstruction of the western Tethyan
area during the late Permian (from Stampfli et al., 2001b, with
minor modifications). Stars indicate magmatic activity.

basins (Halstatt-Meliata, Maliac, Pindos, Crimea-Svanetia and
Karakaya-Kure) which formed along the southern margin of Eurasia
during subduction of Paleotethys and were mostly destroyed whe
the docking of the Cimmerian continent occurred.

The multi-phased Cimmerian collisional orogeny marked the }
maximum width of the neotethyan ocean, which during Jurassic-
Paleogene time was then progressively consumed by northward sub
duction along the southern margin of the Eurasian plate (Figure 3).
Whereas the Paleotethys was completely subducted or incorporatef®
in very minor quantities in the paleotethyan suture, remnants of th
Neotethys are possibly still present in the lonian Sea and the Easter|
Mediterranean. Throughout the Mesozoic new back-arc marginal
basins developed along the active Eurasian margin. Some of thes
back-arc basins are still preserved today (Black Sea and Caspia
Sea) but most (e.g. Vardar, Izmir-Ankara) were closed, and the
resulting sutures mask the older suture zones of the two main pale
otethyan and neotethyan oceanic domains.

The picture is further complicated by the Valais-Pyrenean rift
zone which started to develop in the early Jurassic as an eastwar
extension of the central Atlantic, detaching Iberia from Europe (Fig-
ure 3, Aptian), and closed by late Eocene time to form the Alps-
Carpathians orogenic system (Figure 3, Eocene-Oligocene bound Eﬂmﬁﬂ'ﬂ"'aﬂmﬂ boundary (35 Ma) _ - — -
ary) (Stampfli et al., 2002). Mid-Jurassic opening of the Ligurian-

Piedmont-south Penninic ocean resulted in the development of a nevFigure 3 Paleogeographic reconstructions of the western Tethyan

set of passive margins which were traditionally considered for a long area during the Aptian, Maastrichtian and at the Eocene/

time as segments of the northern margin of a single "Tethyan Ocean'Oligocene boundary. Note the progressive narrowing and suturing

stretching from the Caribbean to the Far East. It is somehow a paraof the oceanic domains comprised between the Eurasian and

dox that the Alps—which for almost a century served as an orogeniclberia continental blocks to the north and the Africa/Arabia

model for the entire Tethyan region—are actually related to neither continent to the south (from Stampfli et al., 2001b, with minor
modifications).

g
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major external thrust belts parallel to the former active plate bound-(late Miocene) time. Such evaporites and—to a lesser extent—the
aries coexist with sub-vertical, intra-wedge strike-slip faults which associated post-evaporitic siliciclastics have been the focus of much
seem to have accommodated oblique convergence components (e.gttention and debate; this section summarizes some salient geologi-
Insubric line of the Alps, intra-Dinarides peri-Adriatic line). cal data collected at sea and on land in order to interpret the bound-
In spite of prolonged indentation along the Alpine front, the ary conditions leading to their deposition. The literature available on
Neogene of the Mediterranean region is characteristically dominatedthis subject is abundant; only a few references are reported here.
by widespread extensional tectonism. A number of small continental During Messinian time, convergence between the African and
microterranes (Kabylies, Balearic Islands, Sardinia-Corsica, Cal- Eurasian plates, associated with glacioeustatic sealevel falls, isolated
abria) rifted off the European-lberian continental margin and drifted the Mediterranean Sea from the world ocean, the basin episodically

_\‘x
——— %,
21 Ma (late itanian) \ g 16 Ma (late Burdigalian) 4 Ma (early Pliocene)

Figure 4 Schematic maps showing the paleotectonic evolution of the W Mediterranean during Neogene time (modified afteri Boahard
2001, and Roca, 2001). Only active tectonic elements are shown. White, exposed land; light gray, epicontinental sea; darlkeegrac
crust. Black arrows indicate the direction of Africa's motion with respect to Europe (from Mazzoli and Helman, 1994). Whitesaindicate
upper-plate direction of extension. Stars indicate subduction-related magmatism. AP, Apennines; B, Balearic block; C, CRlalmi#ani
terrane; K, Kabilies; PB, Provencal Basin, S, Sardinia; TB, Tyrrhenian Basin.

toward the south or southeast, leaving in their wake areas of thinnedlesiccated, and large volumes of evaporites precipitated on the floor
continental crust (e.g. Valencia Trough) or small oceanic basinsof what had been a deep marine basin, as well as on its marginal,
(Algerian, Provencal and Tyrrhenian basins) (Figure 4). The shallower portions (see Ryan et al, 1973; Kastens et al., 1990; and
E Mediterranean is similarly characterized by widespread Neogenereferences therein for a thorough review) (Figure 5). Messinian
extensional tectonism, as indicated by thinning of continental crustevaporitic deposition did not occur in a single large depression, but
along low-angle detachment faults in the Aegean Sea and the periin a series of discrete basins delimited by local barriers and different
aegean regions (see Durand et al., 1999, and references thereinjp form and dimensions from the large pre-Messinian basins, in
Overall, Neogene extension in the Mediterranean can be explainedvhich hemipelagic facies were associated with open marine condi-
as the result of roll-back of the subducting slabs of the lonian-Apen-tions. Somewhat overshadowed by the spectacular sea-level event is
nines-E Mediterranean subduction zone (e.g. Malinverno and Ryanthe fact that the Messinian was also a period of widespread albeit
1986). As pointed out by Royden (1993), rapid extension of thick- short-lived tectonic activity—the so-call@ttra-Messinian tectonic
ened crust in a convergent setting is a consequence of subductiophase—along the contractional fronts active at the time, at least from
roll-back. During the late stages of orogenesis, Neogene mountairSicily and the Italian peninsula to Corfu, Crete and Cyprus, with
belts throughout the Mediterranean region are characterized by conthrusting, deposition of syntectonic coarse-grained sediments
temporaneous shortening in the frontal portion of the orogenic (including reworked evaporites), and development of widespread
wedge and extension in its rear portions (e.g. Patacca et al., 1993). angular unconformity and disconformities (e.g. Decima and Wezel,
Seismic tomographic models of the upper mantle velocity 1973; Montadert et al., 1977; Vai and Ricci Lucchi, 1977; DeCelles
structure of the Mediterranean-Carpathian region (e.g. Wortel andand Cavazza, 1995; Cavazza and DeCelles, 1998; Butler et al.,
Spakman, 2000; Panza et al., this issue) point to the important rolel995).
played by slab detachment, in particular by lateral migration of this
process along the plate boundary, in the lithosphere dynamics of the 7 o
region over the last 20-30 Ma. If the viewpoint provided by this =] gypsumianhydrite
method is accepted, it provides a comprehensive explanation no 5 i .
only of arc-trench migration but also of along-strike variations in o S I haiite
vertical motions, stress fields and magmatism. From this viewpoint, i X5
slab detachment represents the terminal phase in the gravitatione} I e
settling of subducted lithosphere. .

The Messinian salinity crisis

The complex Neogene geologic context of the Mediterranean J;éf/:f j/ ; ) %
region, characterized by the advanced stage of collisional coupling - i
between the Eurasian and the African plates, is further complicatec Figure 5 Areal extent of the Messinian evaporites in the

by an important episode of evaporitic deposition during Messinian Mediterranean region. Modified after Rouchy (1980).
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Astronomically calibrated high-resolution stratigraphy (Krijgs- pression with diapiric folds (Decima and Wezel, 1973). The Lower
man et al., 1999) shows that the onset of the Messinian salinity crisisEvaporites were thus deposited during widespread regression which
is synchronous over the entire Mediterranean basin, dated aftcreated barriers and subdivided the Tortonian depositional area, with
5.96+0.02 Ma. This is in contrast with the magnetostratigraphic the emersion of vast tracts of land, such as the Central Alboran Sea
results of Butler et al. (1999), indicating that on a much smaller areaand the northern Tyrrhenian Sea. At the peak of the lowstand a sub-
(within the foreland basin to the south of the Sicilian Maghrebides) aerial erosional surface developed and resulted in the widespread
the beginning of evaporite precipitation is diachronous over a periodintra-Messinian inter-regional discontinuijtyhich corresponds to a
of at least 800 ka. sequence boundary separating the Lower and Upper Evaporite

The well-exposed Messinian outcrops of central Sicily provide deposits.
one of the thickest and most complete occurrences of this stage and  The late Messinian Upper Gypsum Formation (UGF) of Sicily
have been instrumental in the development of current thinking on theonlaps the underlying intra-Messinian erosional surface. This unit is
Mediterranean evaporites (Figure 6). Hereafter we provide a shortvertically organized in transgressive-regressive cycles, each charac-
description of the stratigraphy of this area as an example of the comterized by a reduction in depth and an increase in the degree of salin-
plexities of the Messinian stratigraphy. At the periphery of the basinity. The presence oAmmonia tepidandicates that the water was
the Lower Evaporites—i.e. the Messinian succession below thehypo-haline and no deeper than about 50 m. The regionally trans-

sw gressive UGF contains the so-callétbhgeriefauna”, a paleonto-
logical assemblage interpreted as indicative of low-salinity condi-
tions and of an eastern European affinity, leading some scientists to
infer that the Mediterranean had been a brackish lake or "lago-mare",
fed by the influx of vast quantity of freshwater from the Paratethys of
eastern Europe (e.g. Hsli et al., 1978). However, in this concept it is
unclear whether we are dealing with a giant lake or a series of iso-
lated brackish lakes. The upper evaporites include thick clastic suc-
cessions that are possibly reflecting an increased continental run-off.

Throughout much of the Mediterranean basin, siliciclastics
deposits are invariably concentrated in the uppermost portion of the
Messinian succession. In the type area of the Messinian in Sicily, this
interval is referred to as the Arenazzolo Formation (Figure 6) (Dec-
ima and Wezel, 1973; Cita and Colombo, 1979) but a variety of local
names still coexist. Published descriptions depict widely variable
lacustrine and fluvial/alluvial facies that formed as the Mediter-
ranean basin was partially inundated towards the end of the Messin-
ian (Decima and Wezel, 1973). However, relatively little detailed
) . ) ) i . information is available concerning this important transitional facies,
Figure 6 Schematic stratigraphic cross section of the Messinian  and little effort has been made to incorporate it into a sequence-
of Sicily (modified after Decima and Wezel, 1973). 1) Pre- gtratigraphic framework for the terminal Miocene transgression in

evaporitic clay, marl and diatomite (Tripoli Fm.); 2) evaporitic  the Mediterranean (e.g. Gelati et al., 1987; Roveri et al., 1992; But-
limestone (Calcare di Base); 3) lower gypsum beds (Gessi di |er et al., 1995).

Cattolica); 4) gypsum turbidites; 5) halite and potash (in black) The coccolith-foraminiferal marls of the Pliocene Trubi Forma-
beds; 6) gypsum arenite; 7) upper gypsum beds (Gessi di tion mark the end of the Messinian period of desiccation and the
Pasquasia); 8) Arenazzolo Fm.; 9) Trubi Fm. (lower Pliocene). return to normal, open-marine sedimentation in the Mediterranean

] . ) ) ) _ basin (e.g. Decima and Wezel, 1973; Cita and McKenzie, 1986).
intra-Messinian unconformity—consist only of two relatively thin  Because this lithologic change defines the Miocene-Pliocene bound-
units (Figure 6): the Tripoli Formation (laminated diatomites) and ary stratotype, the Trubi marls have been intensively studied (e.g.
the Calcare di Base (evaporitic limestone). In the deepest portions oGita and Gartner, 1973; Hilgen, 1987; Channell et al., 1988; Rio et
the basin, the Lower Evaporites are much thicker and comprise, fromg|, | 1991). A few occurrences of pre-Trubi marine faunas have been
bottom to top, the Tripoli Fm, the Lower Gypsum Fm (LGF), and the reported in the past (see Benson and Rakic-El Bied, 1995, for a
Halite Fm (HF). The LGF is composed of up to 300 m of selenite review), and were discarded possibly because they challenged the
gypsum with random orientation, indicating that gypsum from the \yidely accepted notion of the "Zanclean deluge,” which is conceived
periphery was reworked, deposited in deeper water, and recrystalys a virtually synchronous flooding of the Mediterranean basin. This
lized; its upper parts consists of gypsum turbidites. The HF is made ge|yge" is thought to be marked by the base of the Trubi Formation,

of up to 800 m of halite with intercalations of potash/magnesium salt providing a convenient datum for the formal establishment of the
beds; this unit was deposited in deep depressions, fed also by clastigase of the Pliocene (Van Couvering et al., 2000).

resedimentation and slumping. Related to intra-Messinian tectonics,

slumping began when the gypsum turbidites of the LGF were

deposited and reached its acme at the end of the sedimentaion of thACknowledgements

HF. Subaerial erosion occurred in the marginal zones of the basins at

the same time as the strata of salts filled up the deep, subsidin ) ) ) ) )

depressions. As the potash beds were covered by halite and anhy//e thanl§ Gerard Stampfli and Gian Battista Vai who reviewed the

drite, there are indications of freshening of the brine during the late Manuscript.

stages of salt deposition. It appears that these cannot be easily

explained by Hsi's (1972) hypothesis of a "deep, dry basin".
In Sicily the Lower Evaporites close with the HF, whereas at References
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The Alps were developed from the Cretaceous onwardscale 1:500,000 (Bigi et al., 1990; edited by SELCA, Firenze,

by subduction of a Mesozoic ocean and collision e-mail: selca@selca-cartografie)it These maps facilitate readers’
approach to the complex geology of the Alps. Due to space limita-

between the Adriatic (Austroalpine-Southalpine) and tons, only a few special publications and regional syntheses with
European (Penninic-Helvetic) continental margins. extended references are quoted here, concerning the French-Italian
.. . . . Switzerland (Trimpy et al., 1980; Pfiffner et al., 1997), Austria
collisional belt, a fossil subduction complex whlch floats (Fliigel and Faupls, 1987; Plochinger, 1995 Neubauer and Hock,
on the European lower plate. It consists of continental 2000), Southern Alps (Bertotti et al., 1993; Castellarin et al., 1992),
and minor oceanic nappes and is marked by atectonics (Coward et al., 1989, Ratschbacher et al., 1991), pre-Meso-

et PR : : _ zoic geology (von Raumer and Neubauer, 1993), metamorphic fea-
blueschist-to-eclogite-facies imprint of Cretaceous tures (Frey et al., 1999) and geochronology (Hunziker et al., 1992).

Eocene age, followed by a Barrovian overprint. The paniel Bernoulli and Gabriel Walton are warmly acknowledged for
collisional wedge was later accreted by the Helvetic reviews.

basement and cover units and indented by the
Southalpine lithosphere, which in turn was deformed asStr yctural framework
an antithetic fold-and-thrust belt.

According to the direction of tectonic transport, the Alps may be
subdivided into two belts of differing size, age and geological mean-
ing: 1) the Europe-vergent belt, a thick collisional wedge of Creta-
ceous-Neogene age, consisting of continental and minor oceanic
The Alps are the typical example of a collisional belt, the mountain units radially displaced towards the Molasse foredeep and European
range where the nappe theory was conceived and rapidly consoliforeland; 2) the Southern Alps, a minor, shallower (non-metamor-
dated (see Dal Piaz, 2001, and Triimpy, 2001, for historical reviews).phic) and younger (Neogene) thrust-and-fold belt displaced to the
This belt was generated by the Cretaceous to present convergence sbuth (Adria-vergent), which developed within the Alpine hinterland
the Adriatic continental upper plate (Argand’s African promontory) of the Adriatic upper plate, far from the oceanic suture. These belts
and a subducting lower plate including the Mesozoic ocean and theare separated by the Periadriatic (Insubric) lineament, a major fault
European passive continental margin. Complete closure (Eocene) osystem of Oligocene-Neogene age.
the ocean marked the onset of the Adria/Europe collision. The colli- From top to bottom and from the internal to the external side,
sional zone is represented by the Austroalpine-Penninic wedge, ahe principal Europe-vergent tectonic domains are (Figure 1): i) the
fossil subduction complex, showing that even coherent fragments ofAustroalpine composite nappe system, derived from the distal
light continental crust may be deeply subducted in spite of their nat-(ocean-facing) part of the Adriatic passive continental margin,
ural buoyancy. which mainly developed during the Cretaceous (Eoalpine) orogeny;
In a map view, the Alps extend from the Gulf of Genoa to ii) the Penninic zone, a stack of generally metamorphic nappes
Vienna, through the French-Italian western Alpine arc and the east-scraped off the subducting oceanic lithosphere and European passive
west-trending central and eastern Alps (Figure 1). South of Genoacontinental margin (distal part), mainly accreted during the Paleo-
the Alpine range disappears, because it collapsed and was fraggene; its outer boundary is the Penninic frontal thrust; iii) the Hel-
mented during the Late Neogene opening of the Tyrrhenian basinvetic zone, consisting of shallower basement slices and décolled
(southern segments of the Alpine belt are preserved in Corsica an@over units derived from the proximal part of the European margin,
Calabria). To the east, the former connection between the Alpine andnainly imbricated from the Oligocene onwards. The vertical nappe
Carpathian belts is buried below the Neogene fill of the Vienna andsequence and their deformation age generally reflect the outward
Styria (Pannonian) basins. The maximum elevations of the Alps arepropagation of the orogenic front.
the Mont Blanc (4888 m) and some dozen of summits which exceed The Helvetic zone is thrust over the Molasse foredeep, a north-
4000 m, whereas most of the Alpine orogen extends below the surward-thinning sedimentary wedge which developed from the Oligo-
face, to a depth of nearly 60 km. Large-wave undulations coupledcene to the Late Miocene, with repeated alternations of shallow
with orogen-parallel denudation by low-angle normal faults and dif- marine and freshwater deposits. Its imbricated inner zone (Subalpine
ferential uplift expose the 20-25 km thick upper part of the nappe Molasse) was buried to a distance of over 20 km below the frontal
edifice, going from structural depressions, where the capping Aus-thrust belt. In the outer French-Swiss Alpine arc, the Molasse basin
troalpine units are preserved, to the core of the deepest Penninics bounded by the thin-skinned Jura fold-and-thrust belt of Late Mio-
Ossola-Ticino window. The remaining buried part has been imagedcene-Early Pliocene age.
by deep reflection seismic profiles and other geophysical soundings  The anatomy of the Alps has been explored by the deep seismic
(Roure et al., 1990; Pfiffner et al., 1997; Transalp Working Group, experiments mentioned above, identifying two distinct Moho sur-
2002). faces, i.e., the Adriatic and the deeper European Moho, gently bend-
Our aim is a synthetic overview of the structural framework and ing from the Alpine foreland to the deep base of the collisional
geodynamic evolution of the Alps, mainly addressed to geoscientistswedge (Figure 2). This means that the overall setting of the Alps is
from far-off countries. Tectonic units and essential lithology are rep- asymmetric, the orogen was dominated by Europe-vergent displace-
resented in the northern sheets (1-2) of the Structural Model of Italy,ments, and the antithetic Southalpine belt is only a superficial feature
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Figurel Tectonic map of Alps- (1) Europe-vergent collisional belt: i) Western (WA) and Eastern (EA) Austroal pine; ii) Penninic domain:
continental and ophiolitic (0) nappesin western Alpine arc (P) and tectonic windows (otw: Ossola-Ticino, ew: Engadine, tw: Tauern, rw:
Rechnitz); Prealpine klippen (PK); iii) Helvetic-Dauphinois (H-D) domain; iv) Molasse foredeep (M); v) Jura belt (J).
(2) Southern Alps (SA), bounded to the north by the Periadriatic lineament (pl). Pannonian basin (PB), European (EF) and Po Valley-
Adriatic (PA) forelands, Dinaric (DI) and Apenninic (AP) thrust-and-fold belts.

Tyrrhenian Sea

within the Adriatic upper plate. If we integrate surface geology with tectonically interleaved with the structurally composite ophiolitic
interpretation of seismic images, the Europe-vergent belt is a mantlePiedmont zone, the major remnant of the Mesozoic ocean. Two
free crustal wedge which tapers to the north, floats on top the Euro-groups of Austroalpine units are identified: i) the upper outliers
pean lower plate and is indented, to the south, by the present Adriati¢Dent Blanche-Mt. Mary-Pillonet) and the Sesia-Lanzo inlier occur
(Southern Alps) lithosphere (Figure 2). Both continental plate mar- on top of the collisional nappe stack; they overlie the entire ophi-
gins originally extended way into the Penninic-Helvetic and Aus- olitic Piedmont zone and display a blueschist to eclogite facies meta-
troalpine domains presently incorporated into the collisional belt. morphism of Late Cretaceous age; ii) the Mt. Emilius and other
This wedge groups the Austroalpine, Penninic and Helvetic units, lower outliers are interleaved with the Piedmont zone, along the tec-
and may be subdivided into two diachronous parts: i) the internal, tonic contact between the upper (Combin) and lower (Zermatt-Saas)
older part (Austroalpine-Penninic), which forms now the axial zone ophiolitic nappes, and display an eclogitic imprint of Eocene age.
of the Alps, is a fossil subduction complex which includes the Therefore, these groups of nappes originated from different struc-
Adria/Europe collisional zone; it is marked by one or more ophiolitic tural domains, were diachronously subducted to various depths, and
units (in different areas) and displays polyphase metamorphismfinally juxtaposed during their later exhumation.

evolving from blueschist or eclogite facies imprint (Cretaceous- In the central Alps, east of the Ossola-Tessin window, the west-
Eocene subduction), locally coesite-bearing, to a Barrovian over-ern Austroalpine may be correlated to the Margna nappe (Staub’s
print (mature collision, slab break-off) of Late Eocene-Early Oligo- interpretation), which is thrust over the Malenco-Avers ophiolite and
cene age (Frey et al., 1999); ii) the outer, younger part (Helvetic) isoverlain by the Platta ophiolite, both being potential homologues of
made up of shallower basement thrust-sheets and largely detachetdhe Piedmont zone. The Platta nappe is in turn the tectonic substra-
cover units derived from the proximal European margin, which tum of the eastern Austroalpine system. This means that the western
escaped the low-T subduction regime and, from the Oligocene, weréAustroalpine and Margna nappes are presently located at a structural

accreted in front of the exhumed Austroalpine-Penninic wedge. level lower than that of the capping eastern Austroalpine.

In the following, we outline the essential features of the The eastern Austroalpine is a thick pile of cover and basement
Europe-vergent Austroalpine, Penninic and Helvetic tectonic nappes which extends from the Swiss/Austrian border to the Pan-
domains and the antithetic Southern Alps. nonian basin (Figure 1). Its allochthony with respect to the Penninic

zone is documented by Mesozoic and ophiolitic units exposed in the
The Austroalpinethrust units Engadine, Tauern and Rechnitz windows. To the north, the Aus-

troalpine overrides the outer-Penninic Rheno-Danubian flysch belt;
The Austroalpine is subdivided into two sectors (western and to the south, it is juxtaposed to the Southalpine basement along the
eastern), based on contrasting distribution, structural position, andPeriadriatic fault system. Part of the Austroalpine displays an
main deformation age. eclogitic to Barrovian metamorphism dated as early-mid Cretaceous
The western Austroalpine consists of the Sesia-Lanzo zone andEoalpine; Frey et al., 1999). In addition, thrust surfaces are sealed
numerous more external thrust units traditionally grouped as by Gosau beds (Coniacian-Eocene intramontane basins), testifying
Argand’s Dent Blanche nappe. These units override and are partlythat the principal tectono-metamorphic history of the eastern Aus-
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Figure 2 Lithospheric section of north-western Alps- 1) Austroalpine: Sesia-Lanzoinlier (d) and Dent Blanche nappe s.l. (db), including
Matterhorn (Ma); 2) Penninic domain (P): Piedmont ophidalitic units (po), Monte Rosa (mr) and Grand St. Bernard (sb) nappes,
underlain by lower Penninic and outer Penninic Valais zone (va), Penninic klippen (Pk), Penninic frontal thrust (pft); 3) Helvetic
basement slices and cover nappes (H); 4) Molasseforedeep (M); 5) Jurabelt (J); 6) buried wedge (BW) of European mantle or eclogitized
crustal units; 7) European lithosphere: continental crust (EC) and mantle (EM); asthenosphere (AS); 8) Adriatic lithosphere: antithetic
belt of Southern Alps (SA) and mantle (AM); Periadriatic fault system (pl); 9) Padane-Adriatic foreland (PA).

troalpine is older (pre-Late Cretaceous) than that of the western Aus4ii) the middle-Penninic Grand St. Bernard (Briangonnais) compos-
troalpine (Late Cretaceous-Eocene). ite nappe system; iv) the lower-Penninic nappes of the Ossola-Ticino
The eastern Austroalpine is subdivided into two (Structural window, and outer-Penninic Valais zone, including ophiolitic units
Model of Italy) or three (Austrian literature) main groups of nappes. and/or flysch nappes, bounded by the Penninic frontal thrust; v) the
The Upper Austroalpine encompasses the Northern Calcareous Alp®realpine klippen, a stack of décollement cover nappes in the
and some phyllitic basement nappes occurring west (SteinachFrench-Swiss Alps which, at the onset of subduction, were detached
klippe), south-east (Gurktal nappe, Graz Paleozoic) and northfrom various units of the Austroalpine-Penninic wedge and later dis-
(Graywacke zone) of the Tauern window. The Northern Calcareousplaced over the Helvetic domain. In the central Alps, the Ossola-
Alps are an imbricated pile of décollement cover nappes made up ofTicino window (lower Penninic) is overlain, to the east, by the
Permian-Mesozoic clastic to carbonate deposits, including platformTambo and Suretta continental nappes (middle-inner Penninic),
(Hauptdolomit) and basin (Hallstatt) sequences, mainly detachedcapped in turn, as previously seen, by the Malenco-Avers ophiolite,
from the Graywacke zone along evaporite-bearing shales. The Mid-Margna nappe and Platta ophiolite.
dle Austroalpine groups most of the basement and minor cover units ~ The outer-Penninic extends from the Valais zone (northwestern
of the eastern Alps. The Silvretta, Oetztal and Ortler-Campo nappesAlps) through the Grisons to the Rheno-Danubian flysch belt (east-
occur west of the Tauern window, followed to the south by the ern Alps), constituting the frontal part of the Penninic wedge. It is
Ulten-Tonale nappe. The latter is a fragment of Variscan lower con-composed of décollement units, mainly Cretaceous (western side) or
tinental crust with eclogitic relics and slices of garnet-spinel peri- Cretaceous-Eocene siliciclastic to carbonatic turbidites, locally with
dotite. Similar basement and cover nappes occur east of the Tauerpre-flysch sequences. A few ophiolitic fragments point to the
window, including the Speick ophiolite (Variscan) and some base- oceanic origin of these deposits.
ment units (Koralpe-Saualpe, Sieggraben) which display an In the eastern Alps, the Penninic zone is exposed in the Enga-
Eoalpine eclogite-facies imprint in Permian mafic protoliths (Thoni, dine, Tauern and Rechnitz windows. The Tauern nappe stack con-
in Frey et al., 1999). The Lower Austroalpine includes some cover sists of the ophiolitic Glockner nappe and the underlying basement
and basement units exposed along the western (Err-Bernina), centrand cover nappes of European origin (mid- and/or inner-Penninic),
(Innsbruck Quartz-phyllite, Radstatt system) and eastern edge (Semke., i) the Venediger-Zillertal and Tux, forming the core of two
mering-Wechsel) of the Austroalpine ranges. The Innsbruck Phyllite gigantic antiforms in the western side of the window; ii) the Granat-
(Paleozoic) is overthrust by the Reckner nappe, a Mesozoic ophiolitespitz dome in the central window; iii) the Sonnblick, Siglitz,

which displays a blueschist facies imprint of Eocene age. Hochalm-Ankogel, Gossgraben and Mureck units in the southeast-
ern side.
The Penninic zone The ophiolitic Piedmont zone and its eastern extension are sub-

divided into blueschist and eclogite facies units. Other differences
Penninic is the classic name used to group the continental andconcern the lithostratigraphic setting, varying between: i) carbonate
oceanic nappes which issued from the distal European continentato terrigenous flysch-type metasediments (calcschists s.l.), often
margin and the Mesozoic ocean (one or more branches), all belongincluding multiple interleavings of metabasalt and major ophiolitic
ing to the subducting lower plate. The original position of the ophi- bodies; ii) large slices of normal to anomalous oceanic lithosphere,
olitic units with respect to the spreading center (now lost) is consisting of antigorite serpentinites (from mantle peridotite), in
unknown. places mantled by ophicarbonate-ophicalcite breccias (western Alps,
In the western Alps, the Penninic zone includes, from top to Platta) and/or intruded by discontinuous metagabbro bodies, and
bottom: i) the ophiolitic Piedmont zone; ii) the inner-Penninic Dora- overlain by massive to pillow tholeiitic metabasalts, manganiferous
Maira, Gran Paradiso and Monte Rosa continental basement nappesnetacherts (Middle-Late Jurassic), impure marbles, syn-orogenic
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deposits, and subduction mélanges. Disregarding the metamorphiGouthalpine thrust-and-fold belt developed and progressively propa-
imprint, the former association roughly recalls the External Lig- gated towards the Adriatic foreland, mainly reactivating Mesozoic
urides (Northern Apennines), which are characterized by mélangesextensional faults (Castellarin et al., 1992). Its front is mainly buried
and olistolith-rich flysch sequences, whereas the latter may be correbeneath the alluvial deposits of the Po Plain and sealed by Late Mio-
lated with the slices of oceanic lithosphere of the Internal Ligurides. cene to Quaternary deposits. To the north, the Southern Alps are
Continental nappes of the Penninic zone are décolled coverbounded by the Periadriatic lineament.
units and large, generally thin basement slices, in places still carry- A complete crustal section of the Southern Alps is exposed at
ing complete or partial cover sequences. The basement includeshe surface: thick cover successions are dominant in the central
Variscan and locally older metamorphic units, intruded by Upper (Lombardy) and eastern sector (Dolomites), whereas the basement is
Paleozoic granitoids. The post-Variscan sedimentary cover beginsmearly continuous from the central sector (upper-intermediate crust:
with Upper Paleozoic and/or Lower Triassic clastic deposits (e.g., Orobic Alps and area of the Como-Maggiore lakes) to the western
Grand St. Bernard, Tauern), followed by Triassic platform and Jur- edge (lvrea zone), where the lower continental crust crops out.
assic platform to basinal carbonate sequences, locally extending to  The crystalline basement includes various kinds of Variscan
the Cretaceous (internal Penninic) or Eocene (Briangonnais) syn-metamorphic rocks derived from sedimentary and igneous pro-
orogenic deposits. The entire zone is marked by a severe Alpineoliths, later intruded by igneous bodies of Permian age. Among
metamorphic overprint, with the exception of the Prealpine klippen. them is the famous Ivrea gabbro batholith, which was emplaced at
The internal Penninic basement in the western and central Alps disthe base of an attenuated gneissic crust (Kinzigitic complex). Below
plays eclogitic metamorphism (coesite-bearing in Dora Maira; the Variscan unconformity regional metamorphism increases from
Chopin, 1984, in Frey et al., 1999) of Eocene age, also recorded in &ery low-grade (Carnian Alps), to greenschist facies (Venetian
few lower Penninic basement nappes (e.g., Adula-Cima Lunga),region, east of Adamello), and medium- to high-grade conditions
whereas a blueschist facies imprint is shown by the Grand St.(central and western Southern Alps). This imprint predates exhuma-
Bernard system. In contrast, the continental nappes of the Tauerriion, extensive erosion and the discordant deposition of a West-
window are dominated by a greenschist to amphibolite facies Bar-phalian (Lombardy, Ticino) to Lower Permian clastic and volcanic
rovian overprint (collisional metamorphism), which obliterated most sequences. A new sedimentary cycle developed in the Late Permian,

of the previous high-P features. marked by continental deposits grading eastwards into shallow
) o marine sediments. In the Triassic, the Southalpine domain was
The Helvetic-Dauphinois zone flooded and characterized by carbonate platform and basin systems,

. o ) with regional evidence of andesitic-shoshonitic magmatism, mainly
The Helvetic and Dauphinois zone (French part) consists of | aginjan in age. Rifting developed from the Norian to the early Mid-

prominent crystalline duplexes, sedimentary cover units, and gje jurassic, leading to the opening of the Piedmont-Ligurian ocean,
décollement nappes. Updomed basement thrust-sheets of metamo{ghen the Austroalpine and Southalpine domains became the subsid-
phic and granitoid composition are exposed in the Argentera-Mer-ing passive continental margin of Adria. Pre-existing structures were
cantour, Pelvoux (Haut-Dauphin€), Belledonne-Grandes Roussesygactivated as normal faults and persisted to the Middle Jurassic,
Aiguilles Rouges-Mont Blanc and Aar-Gotthard external “massifs”. \yhen pelagic deposition became dominant. The Cretaceous-Paleo-
Polymetamorphic (Variscan and older) and monometamorphic (onlygene sequences are discontinuously preserved pelagic and flysch
Variscan) basement units may be distinguished, evolving from aNdeposits, whereas most of the subsequent succession was eroded

Ordovician subduction cycle, through Variscan collision, nappe during the Oligocene-Present orogenic evolution and related uplift.
stacking and regional metamorphism, to Carboniferous erosion, oro-

genic collapse, later intrusions and wrench faulting. The Variscan
basement is unconformably covered by thick sedimentary sequence i i
of Late Carboniferous to Eocene/Oligocene age, characterized byGeOIOgl cal hIStOI'y
early Mesozoic asymmetric fault-bounded rift basins and passive-
margin sequences. The Alpine-Meditarranean area is a mobile zone which, from the
The Helvetic-Dauphinois domain was strongly deformed from Precambrian, was reworked and rejuvenated by recurring geody-
the Late Oligocene onwards, when the orogeny propagated onto thé&amic processes. The pre-Alpine history may be reconstructed in the
proximal European margin. Rift faults were largely reactivated and Southern Alps and, to various extents, also in areas of the Aus-
inverted. Basement and cover units were accreted in front of thetroalpine, Helvetic and Penninic domains which are weakly over-
exhumed Austroalpine-Penninic collisional wedge, and partly printed by the Alpine orogeny.
recrystallized in anchizonal (deep burial diagenesis) to greenschist,
locally amphibolite facies conditions (southern Gotthard). Variscan and older evolution
The Helvetic and Ultrahelvetic nappes are décolled cover
sheets and minor recumbent folds, mainly consisting of Mesozoic ~ The Paleozoic orogeny and Variscan collision gave rise to
carbonates and Paleogene flysch which were detached along Triassfgangea by the merging of the Gondwana and Laurasia megaconti-
evaporites and Middle Jurassic and/or Lower Cretaceous shaleshents and the consumption of intervening oceans. The future Alpine
Similar cover sheets occur in the Subalpine Ranges (French A|p5)pomains were located along the southern flank of this orogen. The
west (Chartreuse) and south (Devoluy-Ventoux) of the Belledonne classic “Variscan” term was coined to define the Carboniferous col-
and Pelvoux massifs, where the Dauphinois sedimentary cover wadision in central Europe, but earlier events of Ordovician to Devon-
detached and extensively deformed. ian age were later documented, suggesting the existence of an essen-
At the Swiss-Austrian boundary, the Helvetic zone dramati- tially continuous Paleozoic orogeny. Traces of older orogeny are
cally narrows and, in the Eastern Alps, is reduced to some décolledocally preserved. As a whole, the pre-Permian evolution of the Alps
ment cover sheets discontinuously exposed in front and below thenay be summarized as follows:

Rheno-Danubian flysch belt. 1) U-P data on zircon and Nd model ages document a Precambrian
history. The oldest zircons found in various polymetamorphic
Southern Alps basement units refer to Precambrian clastic material eroded from

extra-Alpine sources. The occurrence of Proterozoic-Early Cam-
The Southern Alps are the typical example of a deformed pas- brian ocean-floor spreading, island-arc activity, and bimodal vol-
sive continental margin in a mountain range (Bertotti et al., 1993).  canism is documented in the European and Adriatic basement,
Until the Oligocene, this Adriatic domain was the gently deformed  with debated traces of Precambrian amphibolite-eclogite facies
retro-wedge hinterland of the Alps, intensively reworked only atits =~ metamorphism (Silvretta). Cambrian fossils are occasionally
eastern edge by the Paleogene Dinaric belt. From the Neogene, the found.
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2) Early Paleozoic northward subduction of the ocean flanking slices and olistoliths of oceanic suites inside dominantly turbiditic
Gondwana to the north is recorded in eastern Austroalpine andand other mass-flow deposits.
Helvetic basement units, with recycled Precambrian rocks, Restoration of the Tethyan ocean is a long and intriguing prob-
mafic-ultramafic ophiolites and marginal basin remnants. Sub-lem, mainly due to the occurrence in the central Alps of multiple
duction is inferred from the accretion of a Paleozoic orogenic ophiolitic units within the collisional zone. Indeed, the complex mul-
wedge, eclogitic relics in mafic and felsic rocks, and calc-alkaline tilayer of the Alps may represent two or more oceanic branches, or
island-arc magmatism (460—430 Ma): these traces are mainlymay be merely the ultimate result of orogenic dispersal by polyphase
preserved in the Variscan metamorphic basement of a fewfolding and transposition. The Piedmont zone is the largest ophiolite
Southalpine, Austroalpine and Helvetic-Dauphinois units. in the Alps. It extends over most of the western Alps and reappears

3) The Silurian-Early Carboniferous continental collision (classic beyond the Ossola-Ticino window in the central (Malenco-Avers,
Variscan orogeny) generated crustal thickening by nappe stack-Platta) and eastern Alps (Glockner, Rechnitz), below the eastern
ing, low- to high-grade regional metamorphism in relaxed or Austroalpine. Minor ophiolites, generally associated with flysch-
thermally perturbated conditions, anatectic processes, post-nappéype metasediments, are located at lower structural levels, mainly in
deformation, flysch deposition, and syn-orogenic igneous activ- the external Penninic domain from the north-western (Valais zone,
ity (350-320 Ma). In the Late Carboniferous, the collapsed Ossola-Ticino) to the central Alps (Grisons) and Engadine window.
Variscan belt was sealed by clastic deposits (Variscan unconfor-By classic kinematic inversion of the nappe stack, these ophiolitic

mity) and intruded by post-orogenic plutons. units are thought to be derived, respectively, from the Piedmont
(South-Penninic) ocean and a northern basin (North-Penninic), sup-
Per mian-M esozoic evolution posedly separated by the Briangonnais microcontinent. Alternative

reconstructions include a single Jurassic ocean with ribbon conti-

Variscan plate convergence ended around the Carboniferousnents and/or variously-sized extensional allochthons, or a younger
Permian boundary, when transcurrent and transtensive tectonicglevelopment of the North-Penninic basin, supposedly opening dur-
became dominant on the scale of the Eurasian plate. Asthenospherinig the closure of the Piedmont ocean.
upwelling, thermal perturbation and lithosphere attenuation marked
the Early Permian onset of a new geotectonic regime in the futurea |pine or ogeny
Adriatic domain. The Permian evolution was characterized, on a
lithospheric scale, by extensional detachments, asymmetric exten-  The Alpine orogeny began in the eastern Austroalpine and
sion (with Adria as an upper plate) and widespread igneous activityfinally involved, step by step, the entire Alpine Tethys, gradually
from asthenospheric sources. In the Austroalpine and Southalpingrogressing from internal to external domains.
basement, igneous activity began with underplating of Early The earliest Alpine orogeny developed in the eastern Aus-
Permian gabbro batholiths, emplaced below and within rising seg-troalpine and was accomplished before the deposition of the Late
ments of attenuated continental crust, and then recrystallizing undelCretaceous Gosau beds: it is tentatively related to the closure of a
granulitic conditions. The heated crustal roof generated anatecticwestern branch of the Triassic Vardar ocean, possibly extending into
melts which partly migrated to upper crustal levels. This cycle is the eastern Austroalpine domain through the Carpathians (Meliata
recorded by shallower granitoids and fault-bounded basins filled byophiolite) and leading to a pre-Gosau continental collision. This
clastic sediments and volcanic products. reconstruction does account for the eclogitic (subduction) to Barrov-

A calc-alkaline to shoshonitic igneous pulse developed in the ian (collisional) metamorphism of Eoalpine (Early-Mid Cretaceous)
Middle Triassic, mainly in the Southern Alps, and was produced by age and wedge generation, although the oceanic suture is poorly doc-
extensional partial melting of previously enriched mantle sourcesumented and the axial trend of the Triassic ocean (oblique or trans-
(Variscan subduction). From the Late Triassic, continental rifting versal to the future Alpine belt) is uncertain.
between Adria (Africa) and Europa generated the Alpine Tethys, a The subsequent orogeny developed in the entire Alpine belt
deep-water seaway marked first by listric faults, half-grabens andfrom the Late Cretaceous (western Austroalpine) onwards, and was
syn-rift deposits. Rifting ended in the Middle Jurassic when the closely related to the subduction of the Piedmont (South-Penninic)
Mesozoic ocean began to spread. This age is constrained by deposéceanic lithosphere below the Adriatic active continental margin,
tion of radiolarian cherts on subsiding continental blocks in late syn- leading to Eocene collision between Europe and Adria. The first
rift Early Bajocian times, and the evolution of oceanic crust from the stage of Alpine contraction was dominated by a subduction-related
Middle Bathonian onwards, coeval with the oldest occurrences in thelow thermal regime which initiated with the onset of oceanic sub-
Central Atlantic. The Austroalpine-Southalpine domains became theduction (Mid Cretaceous ?): this is revealed by the oldest (Late Cre-
distal and proximal parts of the Adriatic continental passive margin, taceous) high-P peak in the western Austroalpine, and lasted until
opposite the European margin formed by the Penninic and Helvetic-the Eocene syncollisional subduction of the proximal European mar-
Dauphinois domains. The Adriatic margin is well recorded by the gin, clearly recorded by the eclogitic to blueschist facies Penninic
sedimentary successions in the Northern Calcareous Alps and theontinental units. This stage was characterized by the growth of a
less deformed Southern Alps; the European margin by the Prealpingre-collisional to collisional (Austroalpine-Penninic) wedge at the
klippen, the metamorphic Brianconnais cover, and the better pre-Adria active margin. Since the beginning, it was devoid of a proper
served Helvetic-Dauphinois sedimentary sequences. lithospheric mantle, being first underlain by the subducting oceanic

Continental rifting was generated by simple shear mechanisms lithosphere and, after ocean closure, by the passive margin of the
probably with Europa as the upper plate (opposite to the Permian setEuropean lower plate undergoing syn-collisional subduction and
ting). The continent-to-ocean evolution is particularly complex. accretion. Wedge dynamics are enigmatic and are interpreted by: i)
From some central and western Alpine ophiolites, the local exposureaccretion of delaminated fragments of lithospheric microcontinents
on the ocean floor of an exhumed and altered peridotitic basemenseparated by oceanic channels; ii) tectonic erosion of the Adriatic
(e.g., Aosta, Malenco and Platta areas) may be envisaged. Thisctive margin, inferred from the debated Cretaceous age of the sub-
hypothesis is corroborated by ophicarbonate breccias and continenduction metamorphism also in the internal Penninic continental
tal detritus deposited on top of mantle serpentinites, recalling mod-nappes; iii) accretion, by tectonic underplating, of originally thin
ern exposures along ocean-continent transitions (Manatschal anarustal fragments resulting from an extensional upper plate (asym-
Bernoulli, 1999). In this view, coherent continental remnants of the metric rifting). In any case, exhumation of the high-P Penninic
extremely thinned extensional upper plate may have been lost withinnappes was assisted by periodic extension in the wedge suprastruc-
the Tethyan ocean, as isolated allochthons and potential sources fdure, associated with nappe underplating at depth and active plate
the Austroalpine and Penninic continental nappes presently inserteatontraction.
between ophiolitic units. As previously seen, other ophiolitic units From the late or latest Eocene (in differing areas), the cool, sub-
recall either fragments of normal oceanic lithosphere, or tectonic duction-related regime was replaced by relaxed and perturbated ther-
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mal conditions. Indeed, the subduction complex was exhumed toPfiffner, O.A., Lehner, P., Heitzmann, P., Mueller, St. and Steck, A., eds,
shallower structural levels and overprinted by a Barrovian metamor- 1997, Deep structure of the Swiss Alps: Birkhauser Verlag, Basel, 380
phism of Late Eocene-Early Oligocene age (called Mesoalpine), PP ) )
characterized by a thermal gradient of 35 to 50°C/km (Frey et al., P'O‘K;‘é”n?egc?"etzlg5§/-r2$t%r;)'c§3°%g‘e Northern Calcareous Alps: a review.
1999). S_oon after, a post-polllsmnal_ magmatic cycle develc_)peq andRatschbacher, L., F,risch, W Linzer, H.G. & Merle, O., 1991, Lateral extru-
was rapidly exhausted dyrlng Fhe Oligocene (32-30 Ma). Itis widely sion in the Eastern Alps, 2: structural analysis. Tectonics, v. 10, pp. 257-
recorded along the Periadriatic fault system, from the lower Aosta 271
valley to the eastern edge of the Alps (Bigi et al., 1990). Older mag-Roure, F., Heitzmann, P. and Polino, R., eds, 1990, Deep structure of the
matic products (42—38 Ma) only occur in the southern part of the  Alps: Mém. Soc. géol. France, v. 156, 367 pp.
Adamello batholith. The Periadriatic magmatism is represented by Transalp Working Group, 2002, First deep seismic images of the Eastern
calc-alkaline to ultrapotassic plutons and dykes, which cut the north- ~ Alps reveal giant crustal wedges. Geophys. Res. Lett., v. 29, pp. 10.1029-
ern part of the Southern Alps and the inner part of the Austroalpine-_ 10-1032. _ _ _
Penninic wedge. These bodies were generated by partial melting off r“gggt’h RS’.éiZC\)/019,OWhy 2';‘;8 4t§3?t°”'°3 was not invented in the Alps. Int. J.
lithospheric mantle sources preV|ou§Iy modified during the .Cre.ta'.TrUmpy, R. énci co’\/\?oei(ers, 1986, Geology of Switzerland, a guide-book:
ceous-Eocene subduction. Gt.eneratlon.and ascent of Periadriatic g hweiz. Geol. Komm., Wepf & Co., Basel,. 334 pp.
melts to upper crustal reservoirs were linked to slab break-off andyon Raumer, J. and Neubauer, F., eds, 1993, Pre-Mesozoic geology in the
related thermal perturbation, coupled with extension and rapid uplift  Alps: Springer-Verlag, 677 pp.
of the wedge during active plate convergence.

The Periadriatic magmatism ceased in the Late Oligocene,
when renewed collisional shortening disactivated the magmatic
sources. Continuing plate convergence progressed externally,Giorgio V. Dal Piaz, full professor
mainly through bilateral frontal accretion, coupled with vertical and of geology in the Faculty of Sciences
horizontal extrusion and cooling of the Austroalpine-Penninic of the Universityof Padova, ltaly, [
wedge. Indeed, segments of the foreland were accreted in front of thewas born in 1935 and his research
collisional wedge, as shown by the Helvetic basement slices and activity focuses on field survey,
decollement cover nappes, displaced over the sinking Molasse fore-tectonics, subduction metamorphism
deep. An opposite-vergent thrust-and-fold belt developed in the and hard rock geology in the Alps.
Southalpine upper crust, mainly generated by indentation of the
Adria mid-lower lithosphere moving against the rear of the wedge.
In the meantime, the overthickened Austroalpine-Penninic nappe
stack underwent orogen-parallel tectonic denudation along low-
angle detachments (e.g., Ratschbacher et al., 1991). Seismicity, GP!
measurements and foreland subsidence give evidence of still active
Adria/Europe convergence, with extensional and/or contractional
tectonics in different sectors of the belt.
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The Apennine-Maghrebian fold-and-thrust belt devel- Luc_anie_t, _and t_he N-S trends in Cal_abria, which _gradually deflect E-
oped from the latest Cretaceous to Early Pleistocene at\év in Sicily (Figure 1). The Apennine-Maghrebian fold-and-thrust
h bducti llisi b d b he E elt developed from the latest Cretaceous to the Early Pleistocene at
the subduction-collisional boundary et\A{een the urq— the subduction-collisional boundary between the European and the
pean and the westward-subducted lonian and Adriawestward-subducted lonian and Adria plates. Large parts of the
plates. Large parts of the Mesozoic oceanic |ithosphereMesozoic oceanic crust were subducted during an Alpine phase,
were subducted during an Alpine phase from the Latefrom the Late Cretaceous to Middle Eocene; starting in the Oligo-
C Middle E Th hain d | qpene, continental collision of the European margin occurred against
retaceous to Mi e_ ocene. i € chain deve op_e he Adria-Apulia-African margin. From the Late Miocene, the
through the deformation of major paleogeographic geometry of the thrust belt was strongly modified by extensional
internal domains (tectono-sedimentary sequences of théaultiqg, volcanic activity, cru;tal thinning and formation of oceanic
Ligurian-Piedmont Ocean) and external domains (sedi- ¢"Ust In the souther Tyrrhenian Sea. . .
tarv sequences derived from the deformation of th The Apennines comprise a stack of Adrla-verglng thru_st sh_eets
men_ y Seq k ) : ’ - $ounded by a complex system of frontal arcs, which overlie with a
continental Adria-African passive margin). The continu- festoon-like pattern the upper Pliocene-lower Pleistocene terrige-
ity of the Apennine chain is abruptly interruptec
Y,V | Quaternary volcanics

the Calabrian Arc by the extensive klippe of Kak
E::’I‘E(?fﬁlipkl’rm‘r Pkluqn-'u i e buried] Adnalic loredeep

152

Calabrian crystalline exotic terranes, derived fr
deformation of the European passive margin.

Apulia foreland

Major complexities (sharp deflections in N N B outr rontof he Apemine |
arcuate configuration of the thrust belt, out- \\fq@ N S Thnstfadts
sequence propagation of the thrusts) are referre % Y —— Major strike-slp faults N
contrasting rheology and differential buoyancy % N .

the subducted lithosphere (transitional from co
nental to oceanic) and consequent differential |
back of the Adria plate margin, and to compete
contrasts in the Mesozoic stratigraphic sequer
where multiple décollement horizons at diffe
stratigraphic levels may have favored signific
differential shortening.

From the Late Miocene, the geometry of
thrust belt was strongly modified by extensional f.
ing, volcanic activity, crustal thinning and formati
of oceanic crust correlated with the developmel
the Tyrrhenian Basin.

41y

I ntroduction

The large-scale geometry of the Apennine-Maghrebian
is that of an arcuate thrust belt with convexity towards
Adria-Africa foreland. Nested arcs of different size and ct
ture show a progressive change from the WNW-ESE trer
the Torino and Monferrato hills, to the Ferrara fold-and-tt Figure 1 General structural map of the Apennine-Maghrebian chain.
belt beneath the Po Plain, the NNW-SSE trends of the M Fig.2, Fig.3, Fig.4: locations of the cross-sections of Figures 2—4.
and Abruzzi segment, the NW-SE trends in Molise-Pu (After Ghisetti and Vezzani, 1999, modified)

7Y
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nous sequence of the Adriatic foredeep and the slightly deformedsure of the Liguride-Piedmont oceanic basin, probably in relation to
margin of the Adria foreland. The Maghrebian chain in Sicily shows east-dipping subduction. The subsequent thrusting of the Liguride,
a stack of thrust sheets verging toward south, where part of theSub-Liguride and Sicilide units onto the outer domains was due to
Hyblean foreland crops out. “Apennine” tectonics, which developed during Oligo-Miocene west-

Within the Apennine chain, tectonic segmentation and changes indipping subduction, and to continent collision connected with the
structural trends are controlled by partitioning of thrusting and strike- migration of the Sardinia-Corsica continental block and opening of
slip transfer along transverse discontinuities connected with thin-the Balearic Basin.
skinned differential rotations. The degree of shortening varies irregu-
larly according to the inherited paleogeography, contrasting rheology|_ iguride units
and differential sinking and roll-back of the subducting plate.

The chain developed through the deformation of two major The northern Apennine Liguride units are ascribed to two dif-
paleogeographic domains: titernal domaini.e. Late Jurassic to  ferent paleogeographic areas, one Internal (IL) and the other Exter-
Oligocene tectono-sedimentary sequences of the Ligurian-Piedmontal (EL). The IL units are characterized by a basement mainly con-
Ocean, which originally was linked to the Tethyan Sea, and thesisting of serpentinized peridotites, regarded as exhumed litho-
external domain i.e. Triassic to Early Miocene sedimentary sphere, intruded by gabbros in the Permian, i.e. before the opening of
sequences derived from the deformation of the continental Adria-the ocean. This basement (peridotites + gabbros) was exhumed in the
Africa passive margin. Late Jurassic up to the sea floor. The overlying volcano-sedimentary

The continuity of the Apennine-Maghrebian chain is abruptly sequence includes basalts and ophiolitic bred¢ofgzed by Late Jur-
interrupted in the Kabylo-Calabrian Arc by huge volumes of crystalline assic to Late Cretaceous radiolarites, Calpionella-bearing Limestones
basement rocks and related Mesozoic-Paleogene carbonate covesnd Palombini Shales. The latter formation is overlain by Campanian-
thrust over Cretaceous to Miocene basinal sequences, belonging to thearly Paleocene siliciclastic turbidites (Val Lavagna Shales and Got-
Liguride Units in northern Calabria and to Sicilide Units in Sicily. tero Sandstones) representative of a deep-sea fan fed by the European

This paper attempts to synthesize the content of a large volumecontinental margin. Early Paleocene ophiolite-bearing debris flow
of published papers; due to the breadth of the discussed topic, quotedeposits, fed by an Alpine accretionary wedge, represent the last sedi-
references are not comprehensive but were selected to guide readensentary deposits preserved in the IL units.
through literature. The EL units are characterized by thick successions, mainly
Late Cretaceous carbonate turbidites (Helminthoid Flysch), in which
: the ophiolites only occur as slide blocks or as fragments in coarse-
TheK abyl o-Calabrideterranes grained deposits. These turbidites are overlain, mainly in the eastern-
most areas, by carbonate turbidites of Paleocene-Early Eocene age.
Helminthoid Flysch is characterized by basal complexes consisting of
coarse-grained clastic deposits of Albian-Campanian age; these
deposits are ophiolite bearing in the westernmost areas, whereas they
are fed by a continental margin in the easternmost ones. Although all
EL unit successions are detached from their basement, the basal com-

at the intersection between the NW-SE-trending southern Apennine lex in the_ westernmost areas ShO\.NS evidence of a .b"’?seme”ti an
ocean-continent transition characterized by the association of sub-

and the E-W-trending Sicilian Maghrebides. They are CharaCte”ZEdcontinental mantle, granulites and continental granitoids s.l. By con-

by a pre-Mesozoic crystalline basement, and show evidence of P4 rast, the analysis of basal complexes in the easternmost areas reveals
Alpine tectonism and a wide range of metamorphic processes X y P

. L2 : L that they were fed by the Adria continental margin.
(Bonardi et al., 2001). In the Peloritani Mountains (Sicily) and Cal- . . .
abria, several tectonic units are believed to derive from a former The IL and EL units are characterized by a different structural

“internal massif’ consisting of crystalline terrains (with metamor- thrzzt%y i&]lze;%]crcerezt)iblge IVI\_,eudmLs Ejl'lr?izl?\//;Lmizt-vrzggt]egsetxgllég(;rt]v\gr d
phic grade increasing from outer to inner zones) transgressively cov-, P Y ge. P

ered by different Mesozoic to Tertiary sedimentary sequences Char{/hrrustlnntg dO\]:e:r:]hFii EnL lJTr;:tS'MV\i'géﬁh Ere cuar?/lcitenzr:ed gy mailtnly ??ﬁt'
acterized by thinning and later subsidence toward the interior. In ergent detformation. the € cocene-hiocene deposits of the

Calabria, the crystalline nappes and their related non-metamorphifp"l‘Igurlan Basin, a thrust-top basin above the Liguride units, seal

Mesozoic-Paleogene carbonate covers were thrust northward ont he clontthacts artr;]ongLL and.EL l:ﬂ'tsL'. id its (al ferred t
the Liguride ophiolitic unit. In Sicily, the front of the Calabride units, n the southern Apennines the Liguride units (also referred to as

which were thrust onto the Cretaceous-Miocene basinal sequences"Igurlde complex”) consist of a Mesozoic-Paleogene deep-water

of the Sicilide Complex, has been traced across the Nebrodi-Pelori->€duence interpreted as a detached sedimentary cover of the Lig-

. : : : uride-Piedmont oceanic crust. The sequence has been subdivided

tTa;ér%r:;agLEL%nEFtigirgylr)rheman Sea to the lonian Sea along theinto the Frido and Cilento tectonic units. The lowermost Frido Unit

’ underwent a HP/LT subduction-related event followed by a green-

schist-facies re-equilibration; this unit, cropping out in southern
: Lucania and northern Calabria, was thrust above the limestones of

Internal domain the Apennine platform and lies beneath the Cilento Unit. The Frido
metasedimentary sequence consists of a highly variable alternation
This domain includes the Liguride units and Sub-Liguride units that of shales, quartzarenites, and silty and arenaceous limestones of

crop out extensively in the northern Apennines, western Alps, and inNeocomian-Albian age; it includes slices of Late Jurassic-Early Cre-
the southern Apennines a
Sicily, where the latter a |WEST e e EAST
described as Sicilide units.
The Liguride and Sicilid —
units experienced “Alpine” te: ~ Sl SRS
tonics before being thrust or [/ =
the domains of the Adria-Afric
continental margin. This te
tonic phase leads to the L
Cretaceous-Middle Eocene ¢

The orogenic hinterland mostly consists of metamorphic Calabride
basement units, largely submerged offshore northern Sicily but crop-
ping out in northeast Sicily (Peloritani Mts.) and in Calabria, and
linked westwards to the Kabylies of North Africa.

These exotic terranes, referred to as Calabride units, are locate

Figure 2 Schematic cross-section showing the geometric relations among the major structural units of
the northern Apennine. For location, see Figure 1. (P. Elter)
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taceous pillow lavas, diabase breccias, radiolarian cherts, jaspers and The Meso-Cenozoic stratigraphic successions outcropping in
cherty limestones. the external domain mainly accumulated along the Adria-Africa pas-
The uppermost Cilento (or Flysch Calabro-Lucano) sequencesive continental margin. The successions developed through a com-
crops out from the Tyrrhenian coast to the lonian slopes of Mt. bination of geological processes. Of these, the most important were
Pollino. It includes a basal Crete Nere Fm, which consists of prevail-crustal extension, the cyclic production of marine carbonates and
ing black shales alternating with siliceous calcilutites, marls and sea-level variations. The most ancient deposits, representing a long
graded quartzarenites of Aptian-Albian age. The Pollica-Saraceno FirLate Triassic depositional phase in evaporitic to restricted-marine
lies above, i.e. turbiditic calcarenites and lithic-arkosic sandstones(dolomites with anhydrite levels) environments, directly onlap Per-
alternating with calcilutites and local conglomerates of Cenomanian tomian continental deposits. A vast carbonate platform of regional
Paleocene age. The Cilento sequence is unconformably covered by thextent began to develop at the start of the Jurassic. Subsequently,
Albidona-S. Mauro Fm, which consists of 2,000 m of alternating silty- still in the Early Jurassic, the entire area experienced a rifting phase,
argillaceous marls in beds of up to 10 m, well-bedded sandstones witlwhich gave rise to a complex marine topography with various (espe-
megabeds of calcilutites, and conglomerates with crystalline, calcare-<cially carbonate) depositional environments.
ous clasts and predominant matrix; the age of this formation is still
debated (Early-Middle Eocene, Vezzani, 1966; Baruffini et al., 2000; Car bonate platform successions
Miocene, Bonardi et al., 1985).
The continental shelf deposits were characterized by the devel-
Sub-Liguride units and Sicilide units opment of isolated peritidal carbonate platforms, pelagic basins and,
locally, of pelagic carbonate platforms (portions of flooded peritidal
Sub-Liguride units occur between the Liguride and Tuscan- platforms covered by condensed, discontinuous pelagic carbonate suc-
Umbrian units (external domain, described later). The Sub-Liguride cessions, such as the Sabine Plateau, in Latium). The strong topo-
units display successions characterized by Late Cretaceous-Earlgraphic control of sedimentation ceased in the Early Cretaceous and
Eocene shales and carbonates, showing Ligurian affinity, and arenwas substituted by general natural processes (sea-level variations, cur-
ites and conglomerates of Late Eocene-Early Oligocene age; the latrents, changing subsidence velocities, synsedimentary tectonics, etc.),
ter are characterized by andesitic clasts probably connected withwhich produced large lateral variations in carbonate sedimentation.
Alpine subduction. Remnants of a vast Apennine carbonate platform (or perhaps of
In the central-southern Apennines and Sicilian thrust belt, the several platforms separated by seaways) have been divided into sev-
Sicilide units (also known as “Sicilide Complex”) consist of a non- eral tectonic units that constitute the bulk of the central-southern
ophiolite-bearing, varicolored pelitic sequence of intensely Apennine thrust belt. The remnants of the Apulian carbonate plat-
deformed, Late Cretaceous-Early Miocene deep-marine sedimentsform, which acted as a foreland and was only partially involved in
The sequence includes a red and green basal pelitic member witlorogenic deformation, crop out east of the Apennine chain. Minor
intercalations of cherty limestones and quartzarenites (Mt. Soro Fm),remnants of carbonate platform also outcrop in the Palermo and
which gives way above to alternating calcarenites, calcirudites andMadonie Mts. (nhorthwestern Sicily). This succession consists of
marly limestones (Pomiere facies, in Sicily, and Mt. Sant’Arcangelo Late Triassic-Jurassic-Cretaceous reefal carbonates overlain by Late
facies, in Lucania), and to alternating andesitic tuffites and tuffitic Cretaceous-Eocene wackestones and red marls exhibiting a typical
sandstones, marly shales and marly limestones of Oligocene-EarlyScaglia facies, Oligocene fine-grained marls, quartzarenites and
Miocene age (Tusa facies, in Sicily and Lucania). calcarenites. Along the southern border of the Madonie Mts., this
A large part of this varicolored sequence (the so-called “Argille carbonate platform is characterized by swarms of platform carbonate
scagliose”) prevailingly crops out at the boundary between the blocks and megabreccias embedded within the brown shales of the
Apennine thrust front and the Po Valley-Adriatic-lonian and Cata- Numidian Flysch. A platform carbonate sequence resting on vol-
nia-Gela foreland basins. Note that the attribution of this varicolored canic seamounts also crops out in the Hyblean Plateau (southeastern
sequence to the Lagonegro succession (see External domain) rathicily), where it acted as the foreland of the Maghrebian thrust belt.
than to the Sicilide units is in many cases matter of debate. This Environmental changes have continuously influenced the evo-
strongly deformed pelitic sequence constitutes the matrix of a frag-|ution of platforms in the Apennine-Maghrebian chain: in the Ceno-
mented formation, which derived from polyphase deformation of manian, the breakup and flooding of the former Bahamian-type plat-
original pelitic, calcareous and arenitic multi-layered sequencesforms gave rise to highly productive margins controlled by faults. As
along the Apennine accretionary frontal prism. This tectonic g result, the inner platform areas diminished, with the development
mélange includes slices of different size of resedimented calcarenof vast carbonate ramp systems which linked amply emerged por-

ites and calcilutites, cherty limestones, and quartzites pertaining totions of ancient platforms to the surrounding pelagic basins (Parotto
the Late Cretaceous section of the

internal units, as well as fragments

Early Miocene Numidian quartzare |SW NE| WSW ENE|

ites and Tusa tuffites. . T
Ernici and Le Vicenne

Simbruini Mts. Adriatic Sea

N
-

S.000

Tyrrheman Sea

/ Lepini Mts Marsica

Morrone Mts.

External domain omy

2L 10.000

The large-scale structure of the en DR

Apennine Maghrebian chain is char
| [0 [ . N
3 4 5 6

terized by the thrusting of the Liguric
Sub-Liguride and Sicilide units on | 2
the outermost domains, i.e. Tuscan
Umbria-Marches units in the northe
Apennines, Latium-Abruzzo-Molis
units in the central Apennines (Figt
3), Daunia-Lucania units in the sou
ern Apennines and Mt. ludica-Sic:
Mts. in Sicily; as a whole, these ur
occupy the lowermost position in t
thrust belt.

Figure 3 Schematic cross-section of the central Apennine thrust belt. For location, see Figure 1.
1. marine and continental post-orogenic sedimentary cover (Tyrrhenian side) and intermountain
basins (Late Messinian-Quaternary); marine syn- and post-orogenic deposits (Adriatic side: early
Pliocene-Quaternary); 2. syn-orogenic deposits (late Tortonian to early Pliocene); 3-9. tectonic
units mainly derived from the external domain (carbonate platforms and basins); 10. Adriatic

foreland; 11. magnetic basement of the thrust belt; 12. magnetic basement of the Adriatic foreland.
(From Cipollari et al., 1999)
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and Praturlon, 1975). Starting in the Middle Miocene, shallow water the foredeep basin, which shifted up to the Bradanic-Gela-Catania
calcarenites unconformably or paraconformably overlay the Creta-foredeep in the Early Pliocene.

ceous limestones (the so-called “Paleogene hiatus”, well known in The reconstructed setting suggests that Numidian Flysch
the central-southern Apennines) of the ancient, Mesozoic carbonataleposited over a large basin, the external side of which was repre-
platforms; siliciclastic turbidites deposited in later Miocene-early sented by a still undeformed African plate margin. The internal mar-
Pliocene above the middle Miocene calcarenites. gin of the Numidian Flysch basin is more difficult to reconstruct
because of subsequent intense deformation and crustal shortening
. . . during the formation of the Apennine-Maghrebian chain. Although
Pelagic Basin successions most of the original stratigraphic contacts between the Numidian

Pelagic basins developed around and between the platformsFlySch and its substratum are overprinted by later tectonic detach-
The Sabine Basin opened to the west of the Apennine platform andnent_s,_ it is still possible to infer the stratigraphic substratum of th_e
was linked to the Tuscan Basin (the Sabine Plateau lay within thesd\umidian Flysch, represented by both platform and pelagic basin
basins). The Umbria-Marche Basin lay to the north and was alsocarbonates and by deformed successions of the Sicilide domain.
linked to the Sabine and Tuscan basins. The Lagonegro-Molise
Basin opened between the southern Apennine and Apulian plat-—: | ; ; ; ; ;
forms, while an outer basin (lonian Basin) opened east of the Apu-Epl L iguride sequence (piggyback basins, Ori &
lian platform. In Sicily an inner basin (Imerese Basin), which may be Friend, 1984; satellite basins, Ricci L ucchi, 1986;
correlated with_the Lagonegro Basin, wio!ely crops out .in the north_— thrust-top basins, Butler & Grasso, 1993)
ern part of the island, while an outer basin (Sicani Basin) opened in
the southwestern part of the island. This is the well-known Oligocene-Pliocene lithostratigraphic
In the northern Apennines, the basin successions from Tuscanysequence comprising Monte Piano Marls, Ranzano Fm, Antognola
and Umbria-Marche started with a transgressive event (Triassic Ver-Fm, Bismantova Group, Termina Fm and Gessoso-solfifera Fm. The
rucano-facies conglomerates, evaporites and dolostones covered byequence is characterized by relatively deep-marine deposits, with
platform carbonates of Liassic age), followed by progressive sinking episodes of shallow marine and transitional-continental (lagoon and
marked by the Rosso Ammonitico-facies deposits, older in the Tus-fan delta) deposition, which unconformably cover the already
can zone (Sinemurian) than in the Umbria zone (Aalenian). The deformed Liguride and Sub-Liguride allochthon of the Piedmont-
deepest pelagic deposits are represented by Upper Jurassic-Loweriguride and Emilian thrust belt.
Cretaceous radiolarites and pelagic limestones (Maiolica facies), and  In the central Apennines, correlated thrust-top sequences
are coeval with the older sedimentary deposits found in the Liguride-(Rigopiano, Monte Coppe, Calaturo) of early Pliocene age uncon-
Piedmont oceanic basin. formably cover the carbonatic sequences of the Gran Sasso and Mt.
The Umbria-Marche succession merges southward into theMorrone thrust belt.
Sabina succession, in which limestones, marly limestones, marlsand  In the southern Apennines, many Middle-Late Miocene clastic
cherty levels alternate with frequent intercalation of resedimenteddeposits (e.g., Gorgoglione Fm and Oriolo Fm in Lucania, Anzano
rocks derived from the carbonate platform margin. Fm in Puglia, Valli Fm in Molise), followed by the Messinian Ges-
The paleogeographic features of the platform-basin system inSoso-solfifera Fm and lower Pliocene clayey conglomerate sequence
the northern-central Apennines remained the same through to thdPanni in Puglia, Larino in Molise), unconformably cover both the
Oligocene, when the structuring of the Apennine orogen had already>icilide allochthon and its substratum, mainly represented by the
begun. The inception of flexuring of the Adria continental margin in -@gonegro-Molise units. Thrust-top basins are also present in the
the Middle-Late Oligocene led to the development of the foredeep C@labrian Arc (Crotone and Spartivento basins) and Sicily (in the

basin system, which was filled by thick siliciclastic turbiditic bodies. $°”he”‘ part gf the Ca"a’:'sse“la 'f?as'”zj'. Whetrfj the Late Miocene
Infilling progressively shifted from internal to external zones (from erravecchia -m represents a clastic Sediment deposited above an

: . ‘adjacent to growing thrusts and folds. Towards the chain, the Ter-
the Oligocene for the Tuscan zone to the Early Pliocene for the out ravecchia Fm lies directly above thrust structures, thus representing

ermost peri-Adriatic zones) due to the progressive migration of thethe infill of one or more basins perched on thrust sheets. Two major

orogenic belt-foredeep couple. _ i Messinian evaporitic successions, separated by regional erosional

_ The evolution of the Lagonegro-Molise Basin (southern Apen- anq/0r angular unconformities, and the Early Pliocene Trubi chalks
nines) and of the Imerese-Sicani Basin (central-north Sicily) was yere involved in the thrust-fold belt of central Sicily (Decima &
rather different. The basinal sequences of the Lagonegro andpezel 1971: Butler et al., 1995a).

Imerese basins show a transition from terrigenous-carbonatic facies  |n the northern Apennines and Sicily, these sequences are char-
of coastal to shallow-water environments (Early Triassic-Anisian), acterized by several chaotic resedimented breccia bodies related to
to pelagic cherty-radiolaritic facies (Ladinian) followed by cherty submarine mass gravity transport of material derived from the Lig-
limestones of Late Triassic age, dolomites and by a Jurassic-Cretauride and/or Sicilide substratum (“Argille Brecciate”).

ceous radiolarites succession with mafic volcanics and more or less

pronounced hiatuses. The overlying Middle-Late Eocene to Early
Oligocene sequence is composed of interbedded red marls an(L

graded calcarenites with macroforaminifera. On it rests the alterna- ar ge—scal e teCtOI"IIC? features of the
tion of quartzarenites and clays of the Numidian Flysch, which rep-Apennl ne-M aghl’eblan thrust belt

resents the earliest Late Oligocene to Middle Miocene filling of the

precursor foredeep basins established after the collision between th?he Apennine-Maghrebian chain as a whole is characterized by the
African an(_j Europ_ean continental plates. I_n the out_ermost Zones,oguperposition of two major geometric units that configurate a
the Apennine chain (e.g. the Molise Basin, Daunia, and Lucaniayegional, east-verging duplex structure separated by a low-angle,
“external zones”) and in Sicily, the Numidian Flysch is overlain by \yest-dipping regional thrust system. This allochthonous edifice tec-
alternating marly limestones, calcarenites and calcirudites with tonjcally overrides the Adria-Hyblean foreland, as well documented
reworked upper Miocene macroforams (e.g. Tufillo Fm, Masseria at and below the surface by seismic and drilling exploration (Mostar-
Palazzo Fm) grading to Tortonian (in part)-Messinian m&tsy- dini & Merlini, 1986).

lina Marl Fm). These are followed by the siliciclastic turbidites of The uppermost tectonic element consists of allochthonous Lig-
the Agnone Flysch in Molise and the Masseria Luci Flysch in Luca- uride, Sub-Liguride and Sicilide nappes, which involve Mesozoic-
nia, representing the Messinian stage of the eastward migration ofCenozoic sedimentary sequences and ophiolitic suites derived from
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deformation of the internal domains. Prior to thrusting, these units basins in the central Apennines, and from the Campania (Alburno-
were more or less involved in Alpine tectonics. The upper part of the Cervati) to the Molise-Lucania (S. Elena, Agnone and Masseria Luci
Liguride complex in the westernmost areas and Elba Island followedFlysch) foredeep basins in the southern Apennines. This foreland
a meso-Alpine, European-verging evolution before being thrust fold-and-thrust belt, which represents the lower panel of the Apen-
above the domains of the Adria continental margin. In turn, the nine duplex, is overridden by the Liguride, Sub-Liguride and
lower complex, mainly represented by External Liguride units, was Sicilide nappes, which are unconformably overlain by the thrust-top
affected by a Middle Eocene tectonic event. As a whole, the Lig- deposits of the Valli, Oriolo and Gorgoglione Fms of Tortonian-
uride-Sicilide stack shows a foreland-dipping geometry and a thin- Messinian age.

skinned imbricate structure. During thelate Messinian-Pliocene (in par@xtensional fault-

The underlying tectonic element is represented by the outering affected the northern Tyrrhenian Basin and the western margin
foreland fold-and-thrust belt, consisting of tectonic units derived Of the Apennine chain, as documented by syntectonic accumulation
from the deformation of the Adria margin, i.e., the Tuscan-Umbria- 0f Messinian “Lago-Mare” clastic deposits with evaporites, fol-
Marche units of the northern Apennines, the Latium-Abruzzo and lowed by lower Pliocene marine clays in southern Tuscany basins. In
Lagonegro-Molise units of the central-southern Apennines, and thethis interval, rift processes took place in the central bathyal plain of
Panormide-Imerese-Sicanian units of Sicily. The large-scale tectonicthe southern Tyrrhenian Sea in connection with the opening of the
structure of the northern Apennines can be clearly observed in thelagnaghi-Vavilov and Issel basins. Extension was accompanied by
Apuane Alps window, where a complete section of these tectonic€astward migration of the Apennine thrust, incorporation into the
units crops out. The lowermost tectonic unit is the low-grade meta- thrust belt of the former foredeep basinal areas, and eastward shift-
morphosed Tuscan unit, represented by a Triassic to Oligocene sedDd Of the upper Messinian-Pliocene foredeep siliciclastic deposits.
imentary cover involved, along with slices of Paleozoic basement, in Thrust-top basins filled with clastic deposits of late Messinian-Early
large-scale structures. This unit was overridden by the unmetamor.Pliocene age developed in the southern Apennines (e.g. Potenza,
phosed Tuscan unit, only represented by the Triassic to MioceneQfanto, Ariano Irpino) and Calabria (Crotone, Spartivento basins).
sedimentary cover, which detached along the Triassic evaporites. IPuring this interval, out-of-sequence thrusting connected with anti-
the central-southern Apennines and in Sicily, the Tertiary sequence§!ockwise rotations was responsible for several major arcuate struc-
of these external units were decoupled from their Mesozoic substra{ures of the Apennine thrust belt (e.g., the Gran Sasso-Mt. Picca
tum and pushed, together with the overlying Sicilide and Liguride thrust, see Ghlsem & \(ezzanl, 1991; Olevano-Antrodoco-Sibillini
units, to form the outermost imbricate thrusts that lie directly above MtS- thrust, see Cipollari & Cosentino, 1992).

the Bradano-Gela-Catania foredeep and the Apulia-Hyblean fore-  During thePliocene (in part)}-Quaternary extensional fault-
land. ing migrated from the Tyrrhenian Sea to the internal margin of the

A further major geometric unit at the top of the Apennine- Apennines, giving rise to the Lunigiana, Valdarno-Valdichiana,

Maghrebian chain is represented by the extensive klippe of Kabylo_[\r/lugrt]allo_-Cagentlno, Vz_a]Jtt_lberlna and Rlet_lb?a?ms{h In the _soutffu?[rzn
Calabride crystalline exotic terranes derived from deformation of the My" _ﬁngln >€a, nter:/v f tln% vtvr?s resp;or}s;) teh orl ? _opeR:ng 0 th N
European passive margin, which overrode both the Liguride-SiciIide_l_ar?]II pasin sou efatsh 0 teh cenpra a yahp.alnt.h ongt ed
nappes and the outer foreland fold-and-thrust belt. These units are yrrheénian margin of the southérn Apenniné chain, the eastwar

- . o . _migration of extension and downfaulting produced the Volturno,
submerged in the Tyrrhenlan Sea. Inthe Pelorlta}nl Mts. and Calab.”aSe?e Crati and Mesima basins, and Wasgapccompanied by a parallel
(Calabrian Arc), the crystalline nappes and their related Mesozo'c'migration of the thrust belt-foreland basin system. Several thrust-

Paleogene carbonate covers are thrust over Cretaceous to l\/_liocer} p basins preserved in structural depressions on the rear of the
basinal sequences deposited in oceanic and/or thinned continenta}, st front follow the arcuate setting of the northern and central

crust, which was _consumed during _the early phases of the coII|S|on.Apennine belt from Piedmont to the Marches-Abruzzo. In the
Most of the arc lies offshore, and its structure and geometry have

b inl tructed th h th vsis of ilabl i southern Apennines, large remnants of thrust top basins are pre-
een mainly reconstructed throug ?anay.s's of avafable Mulli-geaq in Molise from Atessa to Larino and in Puglia-Lucania

channel seismic profiles (Finetti, 1982; Finetti and Del Ben, 1986). (Panni, S. Arcangelo)

A series of thrusts, progresswely more pronounced in the Ce”tfa' In’Sicin the frontal thrust structures of the Maghrebian chain

sector of the arc, affect the sedimentary sequences of the lonian ’ .

. ismic d highliah ) h p h nvolving strongly deformed Miocene to Pliocene sediments, are
Basin. Seismic data highlights a prominent shear surface that progmpjaced above Pliocene-Pleistocene rocks of the foreland margin
gressively deepens toward tinmer part of the arc.

| - . . . (Butler et al., 1992). Along the margin of the bulged Hyblean fore-

_ All these three major geometric units are dissected by strike- [5ng normal faults accommodate flexural downbending (Figure 4).
slip and normal faults that post-date thrust structures and in SOmerpg Gela-Catania foredeep flanks the northern and western margins
cases control the opening of minor marine and/or continental basins ¢ 1he Hyblean Plateau, and extends offshore south-central Sicily.
Within the Gela Nappe, the toe of a regional tectonic wedge coincid-
ing with the Maghrebian thrust belt, compressional tectonics are
Kinematic reconstruction reflected in folding and in thin-skinned thrusting, which post-dates

the deposition of Pliocene sediments. North of the Gela Nappe, the
] ) ) Mt. ludica imbricate thrusts consist of Mesozoic basinal carbonates
The large-scale tectonic evolution of the Apennine thrust belt wasand Miocene siliciclastics. Below the Mt. ludica stack, the top of the
firmly constrained by the progressive eastward migration of the impinging Hyblean bulge is no longer recognizable, but there is a
outer Apennine front, related to the opening of the Tyrrhenian Basin.dramatic change in the magnetic susceptibility of the basement in
The progressive shortening of fold-and-thrust belt is traced by therelation to a change in the carbonate substratum, i.e. the presence of
onset, evolution, deformation and progressive migration of Late a deep-seated duplex. Several thrust sheets consisting of Sicilide
Miocene to Early-Middle Pliocene siliciclastic foredeep deposits.  units and early foredeep deposits (Numidian Flysch), together with
The three main steps in the contractional evolution of the Tyrrhen- slices of their Mesozoic carbonate substratum, are detached from the
ian-Apennine system have been reconstructed by Patacca et al. (199Q)asement. Small upper Miocene to Pliocene thrust-top basins lie
Late Tortonian-Messinian (in partjifting in the northern  above the thrust sheets. Other deformed Sicilide units are accreted at
Tyrrhenian Sea, southwestern Tyrrhenian Sea and Gioia Basin washe junction between the Maghrebian chain and the Calabride-
contemporaneous with the eastward shifting of the foredeep-fore-Peloritani units, representing the orogenic hinterland. The Aeolian
land system. This migration can be followed from the Tuscany- volcanic arc developed along the southern margin of the Tyrrhenian
Umbria (Macigno, Marnoso-Arenacea) to the Marches (Laga) fore- Basin.
deep basins in the northern Apennines, from the Latium (Frosinone,
Torrice Flysch) to the Abruzzo (Laga, Gran Sasso Flysch) foredeep
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Figure 4 Simplified section across the eastern Sicily, from the Hyblean foreland to the southern Tyrrhenian back-arc basin;
K indicates the magnetic susceptibility. For location, see Figure 1. (M. Grasso)

; ; ; Starting about 7 Ma ago, while the Adriatic side of the chain
Open issues and discussion was building up through compressional structures, intense exten-

sional tectonics began to develop on the Tyrrhenian side. This exten-

The above traced evolution, which many authors have placed in theSional tectonic regime, which was directly correlated with the devel-
simple context of regular forward-migrating piggy-back imbrication opment of the Tyrrhenian Basin (further W), began to the west and
of sedimentary units detached from a substantially undeformed crys-migrated progressively eastward, involving a good portion of the
talline basement (Bally et al., 1986), is in contrast with the observa-chain. Its development led to the subsidence of entire sectors of the
tion that the leading thrust faults of the major tectonic units display chain, which had only recently experienced uplift, through generally
different orientations, contrasting directions of tectonic transport, westward-dipping, high-angle normal fault systems (often reactivat-
rotational emplacement trajectories, and out-of-sequence activationing, at great depths, the ramps of earlier thrust surfaces). The tectonic
The joint analysis of deformation styles, displacement gradients andtroughs, which consequently developed, accumulated thick marine
age of shortening reveals that adjacent segments of the Apenninetshallow water) to continental (fluvial, lacustrine) depositional
Maghrebian belt, with contrasting competence, underwent coevalsequences. Crustal thinning allowed the ascent of magma (both man-
deformation through non-coaxial kinematics. tle-derived melts and magmas with varying degree of crustal conta-

All these observations constrain palinspastic reconstruction, mination), which fed a chain of impressive volcanic edifices (with
section balancing and evaluation of the degree of shortening, and sugmets prevalently high in K) at the site of the western, older and more
gest extreme caution in deriving deformational steps and the regionajaiyre extensional basins.
trajectory of stress fields from the kinematics of fault systems. The presence of an extensional regime in the internal sector of

h Zhe amour;: of eételnsmn in t?? Ty(rjrheman_ Sea, shorée?lmg %fthe central-Apennine orogen that compensates compression towards
t f |?(.enrtwr|1neft rlustd elt r?te§ ?h ore t?qep rr/&lgrathn ar;h e.Xutrﬁthe foreland has often been attributed to continuing lithospheric sub-
retreat In the foretand, greater in the southern Apennines than in uction in the presence of diminished convergence between Europe

northern Apepnines, suggest that a §ing|e process was rgsponsibgnd Adria. Models propose an upwelling of the asthenosphere and a
for the genesis of the couple Tyrrhenian Sea-Apennine chain. hcontemporaneous passive descent of a slab of subducting Adriatic

The Sicilian segment of the chain has a large dextral wrenc thosph ith : ward miarati f th bducti
shear component associated with the opening of the Tyrrhenian 82%. osphere, with progressive eastward migration ot the subduction

during the Neogene, and is affected by relative motion between th |nge._However, some studies sgggest that the_slab broke away ar_ld
African and European plates. The uplifted carbonates exposed in thds sinking. Other re_searchers believe th_at there is no conclusive evi-
western segment of the chain suggest that passive-margin sediment4€nce of subduction. They propose, instead, the presence of an
tion continued through much of the Paleogene. However, from theasthenollth produced by transformatl_ons of the_ lithospheric mantle
Late Oligocene onwards, deposition was predominantly siliciclastic, 2nd crust induced by thermal anomalies and fluids from deep mantle
thus representing a dramatic change to foreland basin sedimentatiorfources. Whatever the cause, current processes in the Apennine-
The highly rifted nature of the Mesozoic African continental margin Maghrebian chain seem to be in relation to general uplift and to the
during Tethyan spreading and its compartmentalization into a numbemorth-western migration of Africa and Adria with respect to stable
of sub-basins brought about deposition in foredeep settings whichEurope (Di Bucci & Mazzoli, 2002).
remained deep-marine through much of the early Middle Miocene.
As previously mentioned, at the end of the Oligocene, and espe-
cially in the Miocene, the successions of the inner domains and ofACK nowledgement
the platform-basin system of the central Apennine were involved in
the progressive development of a thrust belt verging towards Adria.

During this process, strongly subsiding sedimentary basins (fore'SturiaIe and the critical review of this paper by Antonio Praturlon

deep) repeatedly developed along the thrust front of the orogen du%nd Daniela Di Bucci are aratefully acknowledaed
to the progressive flexure of the foreland margin. The basins were 9 y gea.

filled with essentially siliciclastic turbidite successions (fed by sec-
tors of the Alpine chain experiencing strong uplift, including mag-
matites and metamorphites, and by local contributions from the
develloplng.Ap.ennlne orogen). The diachronism (,)f thg turbidite suc- Bally, A.W., Burbi, L., Cooper C., and Ghelardoni, R., 1988, Balanced sec-
cessions h'gh_l'ghts_' the progressive eastward migration Of_ th_e fore- tions and seismic profiles across the central Apennine: Mem. Soc. Geol.
deeps, especially in the Neogene, up to the present Adriatic fore- ¢ 'y 35 pp. 257-310.

deep. The thrust fronts migrated in the same direction, graduallyaruffini, L., Lottaroli, F., Torricelli, S., and Lazzari. D., 2000, Stratigraphic
involving the deposits of the various foredeeps and incorporating  revision of the Eocene Albidona Formation in the type locality (Calabria,
them in the chain (Cipollari et al., 1995). Southern ltaly): Riv., Ital., Pal., Strat., v. 106, pp. 73-98.
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The present-day topography of the lItalian peninsulaii) An alternative hypothesis views the Apennine topography as

results from the interactions between crustal-mantle decoupled from the tectonic deformation of the Apennine oro-
genic wedge. This view is supported by various structural, geo-

al’.ld surface processes occurring since the Late physical and morphological lines of evidence, such as the signif-
Miocene. Analysis of exhumation and cooling of crustal icant enlargement and arching of the Italian peninsula, the free-

rocks, together with Quaternary drainage evolution, air gravity anomaly spectral signature and the lack of significant

helps to unravel the tectonic-morphologic evolution of ~ Crustal shortening active east of the topographic high, particu-
. .. L larly in the central and southern Apennines (Carminati et al.,

the Apennines by distinguishing end-member models, 1999: p'Agostino et al., 2001).

and hence describing the orogenic belt evolution. The  The conceptual models outlined above predict very different

pattern of regional topography, erosional history and patterns of erosion and drainage evolution through time which

PR : . allows us to focus here on two main topics. The first is the distribu-
present-day distribution of active deformation Sljggeststion and intensity of erosion rates in the northern Apennines over the

that the eastward migrating extensional-compressional Neogene-Quaternary time-scale, as determined by thermochrono-
paired deformation belts may still control the topogra- logical data, while the second focuses on the evolution of the Qua-
phy of the northern Apennines, albeit at slower rates ternary intramontane basins and their associated drainage network.
than in the past. Conversely, Quaternary drainage evo-
lution in the central and southern Apennines suggestsTectonic setting
that the topography of these regions underwent a
Quaternary regional arching, which is only partly con- The Apennines are formed by a Neogene thrust and fold belt system
sistent with the persisting migration of the compres- which developed during the eastward retreat of west-dipping sub-
sional-extensional pair. duction of the Adriatic-lonian lithosphere. Foredeep subsidence and
’ thrust stacking in the eastern external parts coexisted with western

back-arc extension and volcanism (Serri et al., 1993; Jolivet et al.,

; 1998). Sedimentary units originally deposited on the Adriatic lithos-
Introduction phere were progressively accreted to the Apennines wedge (Patacca

et al., 1992).

Structural, sedimentological and volcanological observations show The Early-Middle Pleistocene alluvial and transitional deposits
that the Neogene-Quaternary geological history of the Apennines wadilling the Adriatic foredeep have been regionally tilted to the NE
dominated by the coexistence of paired, eastward-migrating exten{Kruse and Royden, 1994) and incised by a parallel drainage system.
sional and compressional deformational belts (Elter et al., 1975) dri-The central and southern Apennines (south of 43°N) currently show
ven by the passive sinking rollback of the Adriatic-lonian lithosphere little evidence of active compression and the tectonic regime is
(Malinverno and Ryan, 1986). It is now widely recognized that inter- instead dominated by active NE-SW crustal extension. Compressive
actions between surface and crustal processes is a first-order factdocal mechanisms and shortening are still active in the external parts
controlling the evolution of orogenic belts (Zeitler et al., 2001). of the northern Apennines (Frepoli and Amato, 1997) where inter-
Detailing the changes in the morphology and the associated surfacenediate earthquakes, down to depths of 90 km, may suggest a still
processes acting in these belts throughout their evolution is thusactive subduction (Selvaggi and Amato, 1992). Historical and recent
important for understanding the underlying driving mechanisms. seismicity, active faulting (Valensise et al., this volume), and geo-
Exhumation and rock uplift rates, changes in drainage patterns andlesy (Hunstad et al., 2003) indicate that 3-5 mm/yr of extension may
depositional environments constrain conceptual geodynamical mod-be accommodated across the central-southern Apennines in a 30-50

els and can be used to quantitatively test numerical models. km wide belt. This belt of active extension closely follows the
Two end-member views have been outlined in the literature for regional topographic culmination close to the drainage divide. The
the topographic evolution of the Apennines: relative positions of drainage divide, highest elevations and the east-

i) In the first, the Apennines have existed as a self-similar, east-ern front of normal faulting vary along the Apennines (Figure 1). In
ward-migrating topographic high throughout Neogene-Quater- the northern Apennines, the striking correspondence of these three
nary times. The present morphology thus represents the presentelements may suggest that the topography is controlled by an east-
day expression of a continuous process. This concept implies thevard-migrating wave of normal faulting, lowering the west side of
view that crustal shortening to the east is still active all along the the orogenic belt (Mazzanti and Trevisan, 1978). In the central and
Apennines and kinematically related to back-arc crustal exten-southern Apennines, the drainage divide is localized along the crest
sion to the west of the drainage divide (Cavinato and DeCelles,of the regional topographic culmination, while the highest peaks are
1999). This view has strongly influenced geomorphologic studies probably controlled by selective erosion in the southern (Amato et
and is deeply rooted in the literature (e.g. Mazzanti and Trevisan,al., 1995) or advancement of the extensional front in the central
1978; Alvarez, 1999). Apennines (D’Agostino et al., 2001).

September 2003



213

Highest elevations |
Drainage divide

East limit of
normal faulting

Topography (m)

150 50 100 150

100
Distance (km)

Figure 1 Shaded topography of the Italian peninsula (Oblique Mercator Projection) with swath profiles across northern, canttal
southern Apennines. Upper, median, and lower lines in the profiles correspond to maximum, average, and minimum elevation
perpendicular to a 40-km swath.

Legend: AL, Apuane Alps; AB, Arno basin; MF, Monte Falterona; CB, Colfiorito basin; FB, Fucino basin; BB, Boiano basin; VA, Val
D’Agri basin; VD, Vallo di Diano; TAW, Tyrrhenian-Adriatic watershed.

. deposits both in Mugello and in the nearby Casentino basin indicates
Thermochronologlcal data and that the 5-km-thick Ligurids cover had not been completely
i i unroofed when the basin became the site of flood plain sedimenta-
exhumation hIStOI'y tion, that is around 2.0 Ma (Benvenuti, 1997).
o ) AFT analyses, carried out west of the drainage divide, gave
Low temperature thermochronology is ideally suited for reconstruct- pjiocene-Quaternary mean exhumation rates ranging from 0.5 to 1.7
ing the thermal history of rocks in the uppermost part of the crust mmy/yr across the Apuane Alps (Abbate et al., 1994) and Late
because it records time and rates of cooling related to rock exhumamiocene-Quaternary mean denudation rates of 0.3-0.4 mm/yr in the
tion. Measurements are mostly carried out on apatite fission-tracks jgurian Apennines (Balestrieri et al., 1996). It should be pointed
(AFT), since they yield times and rates at which rocks cooled below gyt that higher rates in both areas derive from cooling rates assuming
approximately the 110°C isotherm. Since the geothermal gradient isa geothermal gradient of 30°C/km. Lower rates (0.5 mm/yr and a
usually poorly constrained, exhumation rates are commonly affectedminimum of 0.2 mm/yr, respectively) derive directly from the slope
by significant errors. Whenever the elevation-dependence methochf the age-elevation profiles. A mean exhumation rate of 0.2-0.3
can be adopted, whereby several samples from different elevationgnm/yr in the Ligurian Apennines since Late Miocene and of 0.5
along a transect are analysed, the geothermal gradient has not to ifim/a in the Apuane Alps since Early Pliocene can be held as refer-
introduced in order to obtain the exhumation rate. The (U-Th)/He ence values. Further recent investigations in the Apuane Alps area
analyses on apatite, being based on a closure temperature of cgBalestrieri et al., 2003) allow a more detailed time span of exhuma-
70°C, allow a closer view of the latest stages of exhumation. Unlike tjon rates to be worked out. Between ca. 11 Ma and ca. 6 Ma, the
the geological evolution of the Apennines, which is fairly well cooling rate was between 10 and 16°C/Ma which corresponds,
known, its geomorphic history has only recently aroused widespreadassuming a geothermal gradient of 25°C/km (Pasquale et al., 1997),
scientific interest, also because of the availability of thermochrono-to exhumation rates of 0.4-0.6 mm/yr. Between 6 Ma and 4 Ma,
logical data. A preliminary study on exhumation rates in the northern cooling rates increased to between 38 and 55°C/Ma. equivalent to an
Apennines, based on apatite fission tracks, was published byexhumation rate of 1.3-1.8 mm/yr, assuming a geothermal gradient
Boettcher and McBride (1993). Since then, the regional knowledge of 30°C/km. The last part of the thermal path (4 Ma to present) is not
of exhumation rates over different time spans has been increasing ajell constrained due to lack of AHe data, but the average exhuma-
a fast pace (Abbate et al., 1994; Balestrieri et al., 1996, 2003; Ven+jon rate is between 0.6 and 0.9 mm/yr (assuming a geothermal gra-
tura et al., 2001; Zattin et al., 2002). _ ~dient of 30°C/km). The slowing down of the exhumation rate since
On a regional scale, AFT data indicate that higher exhumation middle Pliocene is certainly related to the surface exposure of the
rates are at present occurring at Mt. Falterona, over the drainag@ighly resistant rocks belonging to the Tuscan Metamorphic Unit
divide of the northern Apennines, consisting of Miocene foredeep and Paleozoic Basement which began to occur at that time, as proven
deposits (Marnoso Arenacea Fm.). According to Zattin et al. (2002), by the lithologic composition of the continental basin fed to the east
the pre-exhumation configuration features a 4- to 5-km-thick cover by the Apuane Alps erosion (Calistri, 1974). Despite the lower
(depending whether a geothermal gradient of 20°C/km or 25"C/km isexhumation rates, the present average altitude of the Apuane peaks
assumed) of overlying Ligurian Units and Epiligurian Units, which (1500 to 1900 m) is very close to that of the Apennine divide. The
was completely eroded in the last 5 Ma at a mean rate, then, of 0.8 tfycal relief of the Apuane Alps reflects the greater resistance of the
1 mm/yr. A thickness of 3.8 km was calculated by Reutter et al. ynderlying rock types which contrast so strongly in form with the
(1983) in the same Formation approximately at the same site and fogdjacent Apennine range that the Apuane Alps have been considered

the same chronological interval, by working out vitrinite reflectance a separate range of a possibly different origin (Wezel, 1985).
data. A residual veneer of Ligurids, presently buried under the fluvial
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In summary, thermochronological data show that the long-1 Easting (UTM33,km)
exhumation of the northern Apennines has occurred at an av T
rate of 0.7 mm/yr since 11 Ma. This value is remarkably close t
average erosion rate evaluated from the sediment volume dep
in the Adriatic foredeep (Bartolini et al., 1996). Local accelerati
of exhumation rates coincide with the onset of normal faulting
intramontane basin deposition through the creation of local r
and accommodation space for sediments (Balestrieri et al., 2
Acceleration of exhumation rates in the Mt Falterona area took |
about 3 Ma later than the onset of similar exhumation in the Ap
Alps. This acceleration and migration of the locus of highest erc
rate is consistent with an eastward migrating pulse of normal f
ing and enhanced local relief creation.

TR

Evolution of the drainage network and
the “watershed” basins

Northing (UTM33,km)

The present-day shape of the Italian peninsula is closely linked
the recent formation of a long-wavelength topography respon
for raised Pleistocene marine sediments and terraces on both
of the range (Bordoni and Valensise, 1998; D’'Agostino et al., 2(
This morphological evolution is associated with a major chang
the depositional environments in the intramontane basins: L
Pliocene to Middle Pleistocene fluvial-lacustrine environme
changed to Middle to Upper Pleistocene fluvial-alluvial sequenc
a regionally correlated phase of basin fill incision and drainage A Y
gration (Bartolini and Pranzini, 1981; D'Agostino et al., 2001). -
Early Pleistocene is characterized by lacustrine environmen i Tt
most of the intramontane depressions, recorded by widesprea 0 :
beds that are revealed within the incised basin fills (Bosi
Messina, 1991; Bartolini, 2003). The Early-Middle Pleistoc
lacustrine deposits are generally overlain by units that are traisi-
tional from lacustrine and low-gradient fluvial environments to
coarser deposits representative of alluvial fans (Miccadei et al.
1998). This transition is frequently marked by erosion and incision
of the lake beds so that the Middle Pleistocene deposits are oftel
entrenched and unconformably overlie the fluvial-lacustrine units.
After the Middle Pleistocene, deposition of lacustrine sediments in
the intramontane basins was drastically reduced and continued onl
in basins that maintained internal drainage. Over the Quaternary as
whole, but with slightly different timing, this evolution is typical of
the intramontane basins of the northern (Argnani et al., 1997) anc

southern Apennines (Capaldi et al., 1988). The only surviving closedsi| thickening toward the master NW trending fault systems that rup-
(Fucino and Colfiorito) and semi-closed (Boiano, Vallo di Diano, tyred during the 1915 Ms = 6.9 Fucino earthquake. The geometry of
Val d’Agri basins) basins are those on the Apennine watershed, mosthe hasin fill shows that the fault segment which ruptured during that
distant from the marine base level, where continued normal faulting earthquake may have accumulated a vertical offset larger than 1000 m
is still able to provide local subsidence that defeats their capture bypy repeated 1915-like seismic events. The remarkable correspon-
the regional drainage network. These basins generally contain aggragence between the distribution of the 1915 coseismic vertical defor-
dational sequences up to 1000 m thick, made up of poorly exposednation and the extent of internal drainage provides a striking exam-
fluvial and lacustrine Pleistocene sediments drilled by boreholes orple of the struggle of intramontane basin faults to preserve internal
imaged by seismic reflection lines (Cavinato et al., 2002). Thesedrainage in the “watershed” basins against integration by regional
basins are bounded by normal fault systems, displaying evidence ofirainage network by repeated seismic events that “dam” externally
Late Quaternary-Holocene faulting events, and their historical seis-flowing rivers or by providing local subsidence not compensated by
micity includes M>6 seismic events along basin-bounding faults pasin aggradation.
(Valensise et al., this volume). In contrast to the fluvially-dissected In most places today the effects of downcutting by the regional
landscapes and incised continental Pleistocene sequences that afetwork dominate over the local subsidence caused by slip on the
common farther from the drainage divide, these “watershed” basinsactive faults. For this reason, except in some of the higher and more
are characterized by flat and weakly incised lacustrine depositionaldistant parts of the regional network, the more subtle geomorpholog-
surfaces, alluvial plain and fan surfaces that suggest an incompletécal effects of fault activity are usually obscured.
integration with the regional drainage network. Historical drainage The evolution from an internally-drained system to a through-
operations, aimed at increasing agricultural land, artificially lowered going river network was ultimately related to the development of a
basin outlets or excavated artificial galleries, causing the disappeartong-wavelength topographic bulge and regional uplift. D’Agostino
ance of seasonal or perennial lakes such as the shallow but larget al. (2001) used the spectral ratio (admittance) of free-air gravity
Fucino lake, finally drained in 1875 AD. anomalies to topography to show that long-wavelength topography
Detailed geological and geophysical investigations in the is supported by mantle dynamics, which is consistent with geologi-
Fucino basin document (Figure 2) the persistent Plio-Quaternarycal evidence showing the absence of significant Quaternary crustal
lacustrine environments and the asymmetrical geometry of the basirthickening or underplating. They argued that the Quaternary evolu-

-1000

Figure 2 Fucino basin schematic map. The color scale
corresponds to the vertical coseismic deformation of the 1915
"Ms 6.9 earthquake (fault parameters from Ward and Valensise,
1989). Main Quaternary basin-bounding faults are shown as
black lines. Thin dashed white lines indicate isochron contours (in
ms TWT) of the Plio-Quaternary basin fill (from Cavinato et al.,
2002). TAW, Tyrrhenian-Adriatic watershed. Also shown is the
schematic cross-section across the basin (redrawn from Cavinato
et al., 2002); MC, Meso-Cenozoic rocks; S1, Upper Pliocene-Early
Pleistocene; S2, Early Pleistocene-Holocene.

September 2003



215

tion of the Italian peninsula has been controlled by the formation of Amato, A., Cinque, A. and Santangelo, N., 1995, Il controllo della struttura e
a NW-SE long-wavelength (> 150 km) topographic bulge. In most della tettonica plio-quaternaria sull’evoluzione del reticolo idrografico
places today the effects of downcutting by the regional network  del’Appennino meridionale: Studi Geologici Camerti, vol. spec., 2, pp.
dominate over the local subsidence caused by slip on the active_ 23-30: y - _ ,
faults. For this reason, except in some of the higher and more distanf"8nani. A., Bernini, M., Di Dio, G.M., Papani, G. and Rogledi, S., 1997,
parts of the regional network, the more subtle geomorphological Etratlgraphlc re(_:ord of cru_stal-scale tectonics in the Quaternary of the
. . orthern Apennines (ltaly): Il Quaternario, v. 10, no. 2, pp. 595-602.
e.ﬁ‘?CtS of fault grOWth and mterac.tlon are usuall)_/ Qbscured. The Sur'Balestrieri, M.L., Abbate, E. and Bigazzi, G., 1996, Insights on the thermal
viving closed or semi-closed basins along the divide allow us to see " ¢g|ytion of the Ligurian Apennines (ltaly) through fission-track analy-
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This paper summarises the geological features of the
Larderello-Travale and Monte Amiata areas, where the
worlds most ancient exploited geothermal f|e|d§ are Continental extensional tectonic environments with high heat flow
located. In both geothermal areas, three regional are often affected by geothermal systems, independently from the
tectonostratigraphic elements are distinguished, from giodynamlchconFe;<t ||5n which thtley arﬁ located (Barblerr], 20(%2 and

. H H references therein). Extension also characterises southern uscany
the f[Op. (a) Late _Mlocen?'Phocene and Qua_ternary, (inner Northern Apennines), where the most important geothermal
continental to marine sediments; (b) the Ligurian and fields of Italy are located (Figure 1).
Sub-Ligurian complexes, which include remnants of the ~ The structural and stratigraphic setting of southern Tuscany

- . . derives from two different deformational processes: the first one is
Jurassw; O_CGamC 'realm and.Of the transitional area t_o linked to the convergence between the European margin and the
the Adriatic margin, respectively; (c) the Tuscan Unit Adria microplate (Cretaceous-Early Miocene), producing the stack-
(Tuscan Nappe), composed of sedimentary rocks ranglng of the Northern Apennines nappes; the second is related to the
N f L, Tri . Early Mi Th b post-collisional extensional tectonics which have affected the inner
Ing in age from Late Triassic to Early |ocgne. € Su_ "~ zone of the Northern Apennines since the Early-Middle Miocene
stratum of the Larderello and Monte Amiata areas is (Carmignani et al., 1994; Brunét et al., 2000 and references therein).
referred to as the Tuscan Metamorphic Complex. This isThis _Iatter_ process is reflected by: (a) the present crustal and I_|thos-

. - . pheric thicknesses of about 22 km and 30 km respectively

mainly known through drilling of geothermal wells. This
complex is composed of two metamorphic units: t
upper Monticiano-Roccastrada Unit and the lowe
Gneiss Complex. The Monticiano-Roccastrada Ut
consists of (from top to bottom): the Verrucano Grou
the Phyllite-Quartzite Group and the Micaschist Grou
The Gneiss Complex consists only of pre-Alpine po
metamorphic gneiss. The Tuscan Metamorphic Comp
is affected by contact metamorphism by Plio-Quate
nary granitoids and their dyke swarms. Hydrotherm.
phenomena still occur in both geothermal fields. TI
Larderello-Travale and Mt. Amiata geothermal field
are located in the inner Northern Apennines, in an ar
that has been subject to extension since the ?Early-V
dle Miocene. Two main extensional events are w
expressed in the structures of the geothermal areas. Giglio I,
first extensional event (?Early-Middle Miocene) dete Monte@risto ] U

Introduction

mined the tectonic delamination of the Ligurian Unit 7 NEOGENE gy METAMORPHIC 50/ ggﬁtrgb%vt”;ém
and Tuscan Nappe. The second extensional event (I [ wAGwATC - TRmNsFER A RELATED VALUE
ROCKS ZONE

Miocene—Present) is characterized by high-angle nc

mal faults bounding the Neogene tectonic depression: Figure 1 Structural sketch map of southern Tuscany with the

southern Tuscany. regional heat flow contour lines (equidistance: 50 mWjmThe
Larderello-Travale and Mt. Amiata geothermal fields are located in

areas where heat flow reaches 1 W/and 0.6 W/m, respectively.
(after Baldi et al., 1995)
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century print.

(Calcagnile and Panza, 1981); (b) the high heat flow (Baldi et ¢ P

1995) that characterises southern Tuscany (120 m\4tnaverage,
with local peaks up to 1000 mW4n (c) the anatectic to subcrustal
magmatism that has affected southern Tuscany during the L
Miocene to Pleistocene time period (Serri et al., 1993). The Tusc
magmatism is coupled with Pliocene-Quaternary hydrothermal mi
eralization and widespread geothermal vents.

This paper summarises the geological features of tl
Larderello-Travale and Mt. Amiata geothermal areas, the mc
ancient exploited geothermal fields in the world. Particularly, tt
Larderello field has been industrially exploited since 1818 (Figu
2), when the Montecerboli Count, Francesco de Larderel, extrac

boric acid from the geothermal vents. In 1904, the Larderello ger .|
hermal fluids were used to produce electricity by Prince Piero Gint -

Conti. In contrast, the Mt. Amiata area has been exploited since
early 1960s, when the first electrical power plant was activated.

{MRUZ) ——

T{MRLZ) o 4 Km
1

| WEW

Today the endogenous fluids, intercepted at depth by boreho' Figure 3 Geological sketch map of the Larderello-Travale area.
feed the Larderello-Travale and Mt. Amiata power plants belongit Key: Neogene and Quaternary deposits: 1—Quaternary
to the Enel GreenPower Electric Company. Present production continental sediments; 2—Pliocene marine sediments;
more than 700 MW, corresponding to about 2% of the total electr 3—Miocene continental and marine sediments; 4—Ligurian

ity production in Italy (Cappetti et al., 2000).

units |.s. (Jurassic- Eocene); 5—Tuscan Nappe: Late Triassic-
Early Miocene sedimentary sequence; 6—Tuscan Nappe: Late
Triassic basal evaporite (Burano Fm.); 7—Palaeozoic Phyllite-

Geological features of the Larderello- Quartzite Group (MRWY) and Triassic Verrucano Group

Travale and Monte Amiata areas

(MRUs3); 8—Normal faults; 9—Main geothermal fields;
10—Trace of geological cross-section. (MR)J—Palaeozoic
Micaschist Group; (GC)-Gneiss Complex.

The geological evolution of the Northern Apennines is we
expressed in the structure of the Larderello-Travale and Monte Ar

ata geothermal fields.

Larderello-Travale Area

In the Larderello-Travale area three regic
tectonostratigraphic elements crop out (Figure
These are, from top to bottom:

(1) Neogene and Quaternary deposits: Late Mioce
Pliocene and Quaternary, continental to marine
iments, filling up the extensional tectonic dep
sions which, in the geothermal areas, unconforrr
overlie the pre-Neogene substratum (Figure 4).

(2) The Ligurian Complex |.s.. This includes the L
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urian units s.s. and the Sub-Ligurian Unit. ~
Ligurian units are composed of remnants of
Jurassic oceanic basement and its pelagic
mentary cover. The Sub-Ligurian Unit ("Argille
calcari" Unit) belongs to a palaeogeograph
domain interposed between the Ligurian Don
and the Tuscan Domain (Figure 5). The Ligu

Figure 4 Stratigraphic relationships among the Neogene formations cropping out
in the surroundings of the Larderello-Travale geothermal area; RAQ: Raquese
Stream Fm. (Early Messinian), ROS: Rosignano Limestone (Early Messinian),
EMO: Clays and gypsum of Era Morta River (Late Turolian), BAM: Montebamboli
Conglomerate (Late Turolian); AZR: Blue Clays (Late-Middle Pliocene); VLM:
Villamagna Fm. (Middle Pliocene).
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LARDERELLO-TRAVALE e
LIGURIAN UNITS |s. . i)

T T g

OPHICUTIC
a3
A

Mt AMIATA
LIGURIAN UNITS |5,

Figure 6 Stratigraphic succession
of the Tuscan Nappe.

Symbols: O: Macigno Fm. (Late
Oligocene-Early Miocene); ce:
Scaglia toscana Fm. (Cretaceous-
Oligocene); é: Maiolica Fm. (Early
Cretaceous); § Diaspri Fm. (Malm);
g?™ Marne a Posidonia (Dogger);
g?s Calcare Selcifero Fm. (Middle-
Late Liassic); ¢ Calcare Rosso
ammonitico (EarlyMiddle Liassic);
———— | 50 g: Calcare MassicciqEarly Liassic);

MONTEVERTH-LANCIAIA UNIT |
CPHIOLITIC
WUNIT
!
ks

q 100 m

UMIT

| SUELIGLIR |

| SUBLIGUR |
UMIT

- e S % Calcare a Rhaetaviculacontorta

T~ (Rhaetic); & Burano Fm. and

b LARDERELLO TRAVALE  MAMAT Vel . Calcare cavernoso (Noric-Rhaetic).

_,_-'—‘_"_-\-\_
8 F 4 0 T 1 7w « The Phyllite-Quartzite Group. This mainly consists of Palaeozoic
'L*:ph.mn-.r. — o - m - — phyIIitPT and q.uartzite, qffected by. the Alpine greenschis.t meta-
T - — - morphism whph overprl.nts a previous Hercynian b[astefs,ls. Lay-
N I — T ers of anhydritic dolomites and basic metavolcanites in lenses
TU S CAMN "TEEE can occur.

« Micaschist Group. This includes Palaeozoic rocks (garnet-bear-
ing micaschists and quartzites with amphibolite zones) affected

Figure 5 a) Structural and stratigraphic relationships between C | | ) ¢
by Alpine and Hercynian deformations. Particularly, the micas-

the Ligurian and Subligurian Units in the Larderello-Travale and

Mt. Amiata geothermal areas. Opbhiolitic Unit: A}, : Ophiolites chists were affected by a synkinematic Hercynian metamorphism
(serpentinites, gabbros, basalts—Middle-Late Jurassic): ddt. and by an Early Permian thermal event (Del Moro et al., 1982;
Alpe cherts (Late Jurassic), 1¢ Calpionella limestone (Early Pandeli et al., 1994 and references therein).

Cretaceous), £ Palombini shales (Early Cretaceous); The Gneiss Complex consists of pre-Alpine polymetamorphic
Monteverdi-Lanciaia Unit: MTV: Monteverdi Marittimo Fm. gneiss and paragneiss with intercalations of amphibolites and

(Cretaceous-Early Palaeocene), LF: Lanciaia Fm. (Early-Middle ~ orthogneiss. In contrast to the Monticiano-Roccastrada Unit, the
Eocene); S. Fiora Unit: SFF: Santa Fiora Fm. (Late Cretaceous), effects of the Alpine orogeny are not recorded in the Gneiss Com-
Pf: Pietraforte Fm. (Late Cretaceous), MMF: Monte Morello Fm. plex (Elter and Pandeli, 1990). At different depths, deep boreholes
(Paleocene-Eocene); Subligurian Unit: CF: Canetolo Fm. encountered granitoids and felsic dykes (3.8-2.25 Ma, Villa &

(Paleocene-Eocene). . Puxeddu, 1994; Gianelli and Laurenzi, 2001) whose emplacement
b) Reconstructed relationships among the Ligurian, Subliguria
Units and Tuscan Nappe at the end of the collisional stage (Late LARDERELLO-TRAVALE ML AMIATA

Oligocene-Early Miocene).

I.s. Complex was thrust eastwards over the Tuscan Domair
ing latest Oligocene to Early Miocene times.

(3) The Tuscan Unit (Tuscan Nappe). This is related to part ¢
Late Triassic-Early Miocene sedimentary cover of the Adria
tinental palaeomargin (Figure 6). The Tuscan Nappe
detached from its substratum along the Triassic evaporite
and was thrust over the outer palaeogeographical domains «
the Late Oligocene-Early Miocene compression.

The substratum of the Larderello-Travale area is referred
the Tuscan Metamorphic Complex. This is mainly known thrc
drillings of the geothermal fields, some of these penetrating do
about 4.5 km. This Complex is composed of two metamorphic
(Bertini et al., 1994): the upper Monticiano-Roccastrada Unit
the lower Gneiss Complex.

The Monticiano-Roccastrada Unit consists of three grc
(Figure 7): Figure 7 Tectonostratigraphic units in the Larderello-Travale and Mt.
« The Verrucano Group. This is made up of Carnian phyllites Amiata areas. Q-P-M: Quaternary, Pliocene and Miocene sediments;

metacarbonates, related to marine littoral facies, and Mic ~MR—Magmatic rocks; Tuscan Nappe (TN): TN-Early Miocene-
Early Triassic continental quartzites and quartz conglomer ~ Rhaetian sequence; TN-Late Triassic evaporite (Burano Fm.);
The Verrucano Group is imbricated in duplex structures, ¢ Monticiano-Roccastrada Unit (MRU): MRW@—Triassic Verrucano

separated by Late Triassic evaporites and Early-Late Palae ~ Group; MRUx—Palaeozoic Phyllite-Quartzite Group; MRi3-
phyllites and quartzites. Palaeozoic Micaschist Group; GC: Palaeozoic Gneiss Complex.
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gave rise to contact aureoles in the metamorphic host rocks (El
and Pandeli, 1990; Musumeci et al., 2002 and references therei
Moreover, hydrothermal mineral associations (Gianelli, 1994
locally no older than 270,000 years and no younger than 10,0
years (Bertini et al., 1996), partially or totally fill the fractures affect
ing the Larderello metamorphic rocks.

Mt. Amiata Area

The geological framework of Mt. Amiata (Figure 8) is charac-
terised by the trachitic-latitic Mt. Amiata volcano (0.3-0.2 Ma: Fer
rari et al., 1996 and references therein). The outcropping un
belong to the already mentioned Ligurian and Sub-Ligurian uni

(Figure 5) and to the Tuscan Nappe (Figure 6). The Monticiano-Ra MRU2*

castrada Unit does not crop out in the Mt. Amiata area, but it h;
been encountered by geothermal wells (Figure 9). This Unit is ma
up of very low-grade metamorphic sequences (Elter & Pandeli, 19!
with references therein) with: (a) Triassic Verrucano Group (MRU:
in Figure 7); (b) graphitic phyllite and metasandstone of probab
Carboniferous age (Formation a); (c) ?Devonian hematite-rich ai
anhydrite-bearing chlorite phyllite, metasandstone with dolostor
levels (Formation b); (d) Late Permian fusulinid-bearing crystallin:
limestone and dolostone with intercalations of graphitic phyllite
(Formation c) (MRUZ2* in Figure 7).

Relicts of micaschists and gneisses have been discovered
xenoliths in the Mt. Amiata lavas (Van Bergen, 1983) (MRU1-GC ir

Figure 7), suggesting their occurrence at depth. Also the metamor
phic rocks of the Mt. Amiata geothermal area are affected by the
thermometamorphism and hydrothermalism linked to the recent

magmatism (Gianelli et al., 1988).

[
T
[- Jsm
[ ]

Ay &
.
1 ~ 9
CHTELL'%ZJIE&
L] = =40 4 Km
N —
— /]

i ABILATA,

C MRALZ-L

MROT T

Figure 8 Geological sketch map of the Mt. Amiata area.
Keys: 1—Quaternary continental sediments; 2—Magmatic rocks;
3—Pliocene marine sediments; 4—Miocene continental,
brackish and marine sediments; 5—Ligurian Units |.s. (Jurassic-
Eocene); 6—Juscan Nappe (Late Trias-Early Miocene);
7—normal faults; 8—Main geothermal fields; 9—Trace of the
geological cross-section; (TH-Tuscan Nappe: Late Triassic
basal evaporite (Burano Fm.); (MRE)—Triassic Verrucano Group;
(MRUz*)—Palaeozoic phyllite Group (stratigraphic details are
shown in Figure 9).
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Figure 9 Relationship
among the Triassic and
Palaeozoic formations
belonging to
Monticiano-
Roccastrada Unit
encountered by
geothermal wells in the
Mt. Amiata area (after
Elter & Pandeli, 1991).
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Extensional structural features

Two different extensional events affected southern Tuscany after the
emplacement of the Northern Apennines units. These are well
expressed in the structures of the Larderello-Travale and Mt. Amiata
geothermal areas (Figures 3 and 8). The first extensional event pro-
duced low-angle normal faults which soled out in the Late Triassic
evaporites or in the Palaeozoic phyllites. According to some authors
(Baldi et al., 1994; Carmignani et al., 1994) this first extensional
event is related to ?Early-Middle Miocene on the basis of both strati-
graphic considerations and mineral cooling ages linked to the
exhumation of the Alpi Apuane core complex (Kligfield et al., 1986).
The second extensional event (Late Miocene-Present) is character-
ized by high-angle normal faults which dissected all the previous
structures and defined the Neogene tectonic depressions.

Reflection seismic features

Information on deeper structures derives from seismic reflection sur-
veys carried out by Enel S.p.a. for geothermal exploration in the
Larderello-Travale and Mt. Amiata areas. The seismic sections show
a poorly reflective upper and a highly reflective mid—lower crust,
particularly in the Larderello-Travale area (Cameli et al., 1993;
Brogi et al., 2003). The top of the reflective crust is marked by a
rather continuous reflector of high amplitude and frequency called
the K-horizon (Batini et al., 1978), which locally exhibits bright spot
features (Batini et al., 1985). The K-horizon ranges in depth from 3
to 8 km (Cameli et al., 1998 and references therein) both in the
Larderello-Travale and Mt. Amiata fields (Figures 10 and 11).
Present—Pliocene normal faults tend to flatten at the K-horizon depth
or just below it (Cameli et al., 1993). The origin of the reflectivity at
the K-horizon and in the zone below has been discussed by several
authors (see Gianelli et al., 1997 for a review). The occurrence of flu-
ids can explain the observed high contrast in acoustic impedance
(Liotta and Ranalli, 1999 and references therein). Gianelli et al.
(1997) hypothesised that a granite carapace and associated wall rocks,
probably delimited by overpressurised horizons, could give rise to the
K-reflector. Furthermore, temperature data, hypocentral distributions
and rheological predictions led to the explanation of the K-horizon as
the top of an active shear zone, located at the brittle/ductile transition
(Cameli et al., 1993; 1998; Liotta & Ranalli, 1999). In this framework,
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Figure 10 Contour lines in kilometres (equidistance: 0.5 km) of
the K-horizon depth. A and B show respectively the Larderello-
Travale and Mt. Amiata geothermal areas (after Cameli et al.,
1998).

Figure 11 The K-horizon in the Larderello-Travale geothermal
area. Vertical axis: TWT seconds.

the K-horizon would not represent a lithological boundary, even if it
locally coincides with the roof of a magmatic body.

Geothermal reservoirs and fluids

Both in the Larderello-Travale and Mt. Amiata fields, there are two
geothermal reservoirs recognised and industrially exploited (Cap-
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characterised by a TDS content of about 10-12 g/l (mainly alkaline
chlorides and, to a lesser extent, alkaline earth bicarbonates) and a
gas percentage similar to that of the Larderello field.

Concluding remarks

Field information integrated with borehole and seismic data allow

the reconstruction of the structural and stratigraphic features of the

Larderello-Travale and Mt. Amiata geothermal areas. We emphasise

two main points:

(a) These geothermal areas are located in a regional extensional con-
text whose development favoured the localization of fractured
zones, magmatism and high heat flow.

(b) Deep fractured zones in the metamorphic rocks and cataclasites
in the Triassic evaporite levels represent the reservoirs in both
described geothermal areas. In principle, in geothermal areas the
permeability is time-dependent, since the circulation of geother-
mal fluids favours the deposition of hydrothermal minerals.
However, fractures are mantained open only if microseismicity
occurs, as is the case in both geothermal areas (Cameli et al.,
1993; 1998).
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Plio-Quaternary magmatism in Italy exhibits an Understanding the origin and evolution of the mantle beneath Italy is

extremely variable composition, which spans almost? challenge for igneous petrology, geochemistry, and geodynamics.
! This paper describes the most important geochemical and petro-

entirely_ the SpeCtrU.m of magmatic rQCkS OCCUITING |ogical characteristics of the Plio-Quaternary volcanism in Italy, with
worldwide. Petrological and geochemical data pro- the aims of (i) clarifying the first-order processes of magma genesis
vide a basis for distinguishing various magmatic and evolution and (ii) providing constraints for models of geody-
. . : . namic evolution of the Italian peninsula and adjoining regions.
provinces, which show different major element and/or
trace element and/or isotopic compositions. The Tus- - — -
cany province (14-0.2 Ma) consists of silicic magmas Petrological characteristics of Plio-
generated through crustal anatexis, and of mantle- Quaternary magmatism in Italy
derived calcalkaline to ultrapotassic mafic rocks. The
Roman, Umbria, Ernici-Roccamonfina and Neapolitan The Plio-Quaternary magmatism in Italy occurs along a belt parallel
provinces (0.8 Ma to present) are formed by mantle- to the T_yrrhenian Sea borqler, in Si(_:ily a_nd Sicily Channel, on the
derived potassic to ultrapotassic rocks having variable Tyrrhenian Sea floor, and in Sardinia (Figure 1). The erupted vol-
p ) p_ ™ 9 = canic rocks exhibit a large compositional variability, which is best
trace element and isotopic compositions. The Aeolianillustrated by the Total Alkali vs. Silica diagram (TAS) shown in
arc (?1 Ma to present) mainly consists of calcalkaline Figure 2. It is evident that Recent magmatism in Italy ranges from
to shoshonitic rocks. The Sicily province contains ultrabasic to acid, and from sub-alkaline to ultra-alkaline, covering

young to active centers (notably Etna) with a tholeiii;

. .. N . y o A K-alkaline
to Na-alkaline affinity. Finally, volcanoes of variabl CTUS(_:an ——— Na-allaline &
“y. . . . apraia iti
composition occur in Sardinia and, as seamounts, 7935 Bla > imie 0392 transitional

y - Calcalkaline &
@ *Ramcuhm{u] = ,hao:l?nn?&:w

the Tyrrhenian Sea floor. Magmas in the Aeolian ¢ a2 A LA SV ©3) | L
(8-6) Tolin AR Umbria @ Crustal anatectic

and along the ltalian peninsula have a subductic X L
. .. Poling
related geochemical character, whereas the Sicily ¢ Montecristo = Gigio N @42, A (_-‘.’,p;ﬁ'l.oc.._ﬁ»\v_?
Sa

Sardinia provinces display intraplate signature \__“Mb_,,m,{“m,

Intraplate and orogenic volcanics coexist on tt ot L),

Tyrrhenian Sea floor. [ipuscan Sty
The geochemical and isotopic complexities of Pl A <003,

Quaternary magmatism reveal that the upper mar| Mo VAS DX Sea 0O

beneath Italy consists of various domains, spanning k v

Tyrrhenian » 1sehia

Naples
Vulture
(0.7-0.1)

orogenic and anorogenic compositions. Isotopic dz % ﬁD(} U
suggest that compositional heterogeneity originat
99 p geneity orig !,0 ¥ BY. o oB

. . . . an
from mixing between various mantle reservoirs, a| W, Otgo-Miocene arc }33 O A >
between these and subduction-related crustal matel Calc-alkaline belt l-slimD* : WA <02
This probably occurred during the Cenozoic-Quaterne| . MA¢ o U
geodynamic evolution of the western Mediterranean.

i’ Etna

@ <05
Iblel (7.5-1.5)

Introduction e &

Pantelleria
The Italian peninsula is one of the most complex geodynamic sett e (03-0.005)
on Earth (e.g. Wezel, 1985; Doglioni et al., 1999 and referer
therein). One expression of this complexity is the wide variety
Plio-Quaternary volcanic rocks, which range from subalkali
(tholeiitic and calcalkaline) to Na- and K-alkaline and ultra-alkalir._,
from mafic to silicic, and from oversaturated to strongly undersatu- Figure 1 Distribution of Recent magmatism in Italy. Open
rated in silica. Trace element contents and isotopic signatures are alsSymbols indicate seamounts. Ages (in Ma) are given in
highly variable, covering both mantle and crustal values, and ranging parentheses. Different colours denote various magmatic
from typical intra-plate to orogenic compositions. This extreme mag- provinces. Inset: schematic distribution of orogenic and
matic diversity requires the occurrence of a complexly zoned mantle, anorogenic volcanism: red arrows indicate migration of orogenic
which reveals an unusual geotectonic setting for the Italian region. magmatism with time.

Anorogenic *1 ee  Sicily Channel

(1-0.5)
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Figure 2 Total alkali vs. silica classification diagram for Italian ~ Figure 3 AQ vs. KO/NaO classification diagram for Plio-

Plio-Quaternary magmatic rocks. For source of data see Quaternary mafic (MgO > 4%) volcanic rocks from ItalQ is the

Peccerillo (2002). algebraic sum of normative quartz (q), minus leucite (Ic), nepheline
(ne), kalsilite (kal) and olivine (ol). Silica oversaturated rocks have
AQ > 0, whereas silica undersaturated rocks ha@ < 0.

almost entirely the compositional field of igneous rocks occurring
worldwide. Similarly, large variations are also observed for trace i inti
elements and isotopes, as discussed below. Reglonal variation Of trace element_a_nd

A large proportion of Italian Plio-Quaternary volcanic rocks Sr-Nd-Pb-Oxygen ISotope compositions
have high-silica, low-MgO compositions. However, mafic rocks f fi k
(MgO>3-4 wt%) deserve particular attention, since they are the OT MarC rocks
closest relatives of primary mantle-derived magmas that were
parental to erupted lavas, and can furnish the maximum of the infor-The mafic rocks from Italy have variable abundances and ratios of
mation on mantle sources. Figure 3 is a classification diagram (Pectrace elements. Large lon Lithophile Elements (LILE, e.g. K, Rb,
cerillo, 2002), which shows that Italian mafic volcanics range from Th) generally have high concentrations in calcalkaline, potassic, and
compositions that are strongly undersaturated to oversarturated injltrapotassic rocks. High Field Strength Elements (HFSE, e.g. Ta,
silica, from tholeiitic, calcalkaline, and shoshonitic to Na-alkaline, Nb, zr, Ti) have high concentration in Na-alkaline rocks, and low

potassic, and ultrapotassic. values in calcalkaline and potassic volcanics. Trace elements ratios
(especially LILE/HFSE) are useful to distinguish intraplate and sub-
Regional distribution of magma types duction-related basalts. The Th/Yb vs. Ta/Yb discriminant diagram

) ) ) ~ of Wood et al., 1979 (Figure 4) is used here to show that mafic rocks
There is a strong correlation between petrological characteristicsfrom eastern Sicily, Sicily Channel, Ustica, and Sardinia fall in the
of recent magmas and their regional distribution (Figure 1). Tholeiitic

rocks occur in western Sicily (e.g. older Etna and Iblei), Sardinia, and . . .
on the Tyrrhenian sea floor (MORB and island arc tholeiites). Calcal- £\ Etna-lblei-Ustica [ Aeolian Arc
kaline and shoshonitic rocks are concentrated in the Aeolian arc, Sicily Channel ¢ Peninsular ital
although they are also found in the Naples area and in Tuscany (e.g Sardinia eninsutar ftaly
Capraia). Other calcalkaline and shoshonitic volcanoes occur as 100 g i
seamounts on the Tyrrhenian Sea floor, where they show an age
decreasing south-eastward, from the Oligo-Miocene calcalkaline vol- Th/Yb
canic belt of Sardinia to the active Aeolian islands and seamounts

(e.g. Beccaluva et al., 1989; Santacroce et al., 2003 and reference
therein). Na-alkaline and transitional rocks occur at Etna, Iblei, inthe  4g
Sicily Channel (e.g. Pantelleria), in the Tyrrhenian Sea (Ustica and -
some seamounts) and extend to Sardinia (Lustrino et al., 2000).
Potassic and ultrapotassic rocks represent the most typical composi B
tions in central Italy. These occur over a large belt, from southern o
Tuscany to the Naples area (Vesuvius, Ischia, Phlegraean Fields)
some potassic rocks occur at Vulcano and Stromboli in the Aeolian 1
arc. Note, however, that potassic and ultrapotassic rocks from Tus-
cany differ from potassium-rich rocks from central-southern Italy on
the basis of their silica saturation anddNaO ratios (Figure 3). ‘ P
Moreover, ultrapotassic volcanoes in Umbria are characterised by " MgO > 4%
extremely high KO/N&O and very low degrees of silica undersatu- L Llanll [ L1l 1 ! L1l
ration. Finally, undersaturated alkaline rocks, which are rich in both R 1 Ta/Yb 10
Na and K, with variable pO/N&O ratios, occur at Mount Vulture,

east of Vesuvius. Figures 4 Th/Yb vs. Ta/Yb diagram for Plio-Quaternary mafic
rocks from Italy, discriminating between intraplate and arc basalts.

Arc Basalts

L

L o

Intraplate Basalts
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field of intraplate (anorogenic) basalts, whereas the magmas occur .
ring in the Aeolian arc and along the Italian peninsula have cIearPetrOgeneSIS

island-arc (i.e. orogenic) signatures. Subduction-related and

intraplate volcanics coexist on the Tyrrhenian Sea floor (Figure 1, Low-pressure magma evolution

inset).

Additional petrogenetic information can be obtained by other As stated earlier, the largest proportion of Recent volcanism in
trace element ratios and isotopes (Figures 5, 6). These highlighttaly consists of high-silica lavas, such as andesites, rhyolites, tra-
important variations that are heavily correlated to regional distribu- chytes and phonolites. Except for the Tuscany acid rocks, which are
tion, and are rather independent on the major petrological characteref crustal anatectic origin, these intermediate to silicic magmas were
istics. For instance, calcalkaline and shoshonitic rocks from Tuscanyderived predominantly through fractional crystallisation from mafic
fall in a distinct field with respect to rocks of equivalent petrologic parents. Mixing between various types of magmas and assimilation
composition from the Aeolian arc (Peccerillo, 1999, 2002). of crustal rocks also played an important role in magmatic composi-

The variation of7Srf8Sr vs 143Nd/*44Nd ratios of mafic rocks  tional evolution for some volcanoes (Peccerillo, 2002, and refer-
(Figure 6) show that the Italian volcanics define a curved trend ences therein).
between typical mantle compositions (MORB, Etna, Sicily channel, However, it is unlikely that such evolutionary processes,
etc.) and upper crust values. Moreover, there is an overall increase ohcluding contamination through magma-crust interaction, are
87SrFSsr and a decrease ¥ANd/A44Nd from south to the north, and  responsible for the range of petrological, geochemical and isotopic
the various regions display distinct isotopic compositions. Similar variations observed in mafic volcanic rocks along the Italian penin-
trends are shown by Pb isotope ratios (Conticelli et al., 2001 and ref-sula. It is pertinent to recall that the high concentration of incompat-
erences therein). ible trace elements (e.g. Th, Sr, REE, etc.) of Italian rocks effectively

Oxygen isotopic data are also variable in the volcanic rocks buffers modifications of trace element and isotope ratios during
from central-southern Italy. The lowest values are found in the southmagma evolution. This holds also true for mafic melts whose evolu-
(e.9.53'80 = +5.5 to 6%o, in the mafic rocks from the Aeolian arc). tion degree is low to moderate (see discussion in Conticelli et al.,
Higher values &0 = +7 to +8%o) are found on mafic potassic and 2001 ; Peccerillo, 1999, 2002). Therefore, the large geochemical and
ultrapotassic rocks and separated minerals from central Italy (Har-isotopic variations observed in Italy basically reflect compositional
mon and Hoefsl995and references therein). characteristics of mantle sources.

X X X Genesis of mafic magmas
Magmatic provinces in central-southern , _ . .
The variable petrological characteristics of Italian recent mag-

Italy: a new classification scheme matism require a wide variety of mantle compositions and petroge-
netic processes (i.e. degrees and pressure of partial melting, mantle

Plio-Quaternary magmatism of central-southern Italy has been clasMineral compositions, fluid pressure, etc.) to be generated (see Pec-
sically subdivided into various magmatic provinces, represented byCeillo, 2002). The potassic nature of most of the mafic Italian mag-
Tuscany, the Roman-Neapolitan area (the so-called Roman ComagMas require that a K-rich mineral, such as phlogopltej was presentin
matic Province), the Aeolian arc, the Sicily and Sicily Channel the upper mantle and melted to produce the potassic magmas. The
(Etna, Iblei, Ustica, Pantelleria, Linosa), and Sardinia. Major, trace Variable potassium contents probably reflect melting of different
element and isotopic data reported above (Figures 3-6) provide evi@mounts of phlogopite. However, phlogopite is not a typical mantle
dence for a much more varied magmatic setting. These data Ic,ermimlneral_and its presence in the upper mangle reveals cpmposmonal
subdivision of the ltalian volcanism into several provinces that @homalies. These can be generatgd_at different spatial scales by
exhibit distinct major element compositions and/or incompatible introduction of K-rich fluids or melts: this process is known as man-
trace element ratios and/or radiogenic isotope signatures (Peccerillol!® Metasomatism. The large amount of potassic magma within the
1999, 2002). These differences reveal distinct petrogenetic histories talian peninsula requires very extensive mantle metasomatism (Pec-
The newly-established magmatic provinces are indicated in Figure 1 Cerillo, 1999).

Their petrological characteristics and ages are summarised in  ISotopic data furnish further insight into mantle metasomatic
Table 1. processes. The curved trend of Sr-Nd isotope ratios (Figure 6)

clearly suggests that the magmatism in central-southern Italy results

0,3 1 I 1 1 I 1 I
0.5130 ) I I
Tuscany MgO > 4% L '.\TMOHB MgO > 4%
.
Ce/Sr ! Sicily -Sicily Channel
ostza - .
06 - - |\ @ Vulture _
2 [[I Vesuvius
Aeolian arc+ 3Z 05126 [-Aeolian L:%\‘,'/ n
Naples area Roman T A LLIA)
0.4 | Province+ 5 Strombel | e —
Umbria =z ' l‘\ ) Tuscany crustal
Etna+ | | Ll }’ Q 05124 - Pofassic” ~Roccamonfina-Emicl o p00ic racks
Iblei \¢ - L i
Ultrapotassic - I
0.2 05122 g R
Roman UPPER
L Province+ _ Tuscany CRUST _—
~Emici+Roccamonfina Umbria mafic rocks
0.0 1 L ] ] | L 1 | 0.5120 1 I
“o 20 40 80 0.700 0.710 0.720 0.730
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Figure 5 Variation of trace element ratios in Plio-Quaternary  Figure 6 Sr vs. Nd isotope diagram for Plio-Quaternary mafic
Italian mafic rocks. Note strong regional variation. volcanic rocks from Italy. Note strong regional variation.
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Table 1 Petrological characteristics and ages of Plio-Quaternary volcanic provinces in Italy.

MAGMATIC PROVINCE
(age in Ma)

MAIN MAGMATIC CENTERS AND AGES (in Ma)

MAIN ROCK TYPES AND VOLCANIC STRUCTURES

TUSCANY Acid intrusions: Elba (8-6), Montecristo (7), Giglio (5), | Crustal anatectic recks: Granitoid intrusions, aplites,
{14-0.2) Campiglia-Gavorrano (5-4). Acid volcanics: San pegmatites. Monogenic lava flows and domes, and
Vincenzo (4.5), Roccastrada (2.5), Amiata (0.3-0.2), stratovoleanoes (Mt Amiata, Cimini Mis. ).
Cimini (1.4-1.1), Tolfa (3.8-1.8). Mafic centers: Sisco Mafic recks: monogenic extrusive and subvolcanic
(14), Capraia (7-3.5), Orciatico and Montecatini val di bodies with potassic and ultrapotassic (lamproites)
Cecina (4), Cimini (0.9), Radicofani (1.3), Torre Alfina composition; calcalkaline and shoshonitic rocks at
(0.8) Capraia.
UMBRIA San Venanzo (0.3), Cupaello (0.6-0.5), Polino (0.3) Monogenic pyroclastic centers and lava flows with an
(0.6-00.3) ultrapotassic melilititic {(kaemafugites) composition.
ROMAN PROVINCE Vulsind (0.6-0.15), Vico (0.4-0.1), Sabatini (0.6-0.04), Large volecanoes formed by potassic (trachybasalt, latite,
(0.6-0.02) Alban Hills (0.6-0.02) trachyte) and ultrapotassic (leucite-tephrite, leucitite,

phonolite) lavas and pyroclastics.

MONTI ERNICI -
ROCCAMONFINA
(0.7-0.1)

Emici: Pofi, Ceccano, Patrica, etc. {(0,7-0,1)
Roccamonfina (0.6-0.1)

Monogenic cinder cones and lava flows (Ernici), and a
stratovolcano with caldera (Roccamonlina) formed by
ultrapotassic {leucite-tephrite to phonolite) and potassic
{trachyhasalt to trachyte) rocks.

CAMPANIA — STROMBOLIL
{(0.8 — Present)

Somma-Vesuvius (0.03-1944 AD), Phlegracan Fields
(0.05-1538 AD), Ischia (0.13-1302 AD), Procida (0.05-
0,01}, Ventotene (0.8-0,1), Stromboli (0.2 — Present)

Stratovolcanoes with calderas formed by calcalkaline,
shoshonitic, potassic (trachybasalts to trachytes) and
ultrapotassic (leucite-tephrite to phonolites) rocks.

VULTURE
(0.7 -0.0)

Vulture, Melfi

Stratovolcano with caldera formed by Na-K-rich
tephrites, phonolites, foidites with abundant hauyne.
Carbonatite(7?)

AEOLIAN ARC
{(1{?) — Present)

Panarea ((1.15-0.05), Vulcano (().12-1888 AD),
Lipari (1.2-580 ALY), Salina {0.5-0.13),
Filicudi (1{7)-0.04}), Alicudi (0.06-0.03)

Stratovolcanoes with dominant calcalkaline (basalt-
andesite-rhyolite) and shoshonitic compositions.

SICILY
(7.5 — Present)

Etna (0.5-Present), Thlei (7.5-1.5), Ustica (0.7-0.1),
Pantelleria (0.3-0.005), Linosa (1-0.5)

Tholeditic basalts to Na-alkaline rocks (hasanite,
hawaiite, trachyte, peralkaline trachyte and rhyolite)
forming stratovolcanoes, diatreme, small plateau, eic.

SARDINIA
(5.3-0.1y

Capo Ferrato (3), Montilerro (4-2), Orosei-Dorgali (4-2),
Monte Arei (~ 3), Logudoro (3-0.1)

Tholeditic basalts to Na-alkaline rocks (basanite,
hawaiite, trachyte, alkaline trachyte and rhyolite)
forming stratovolcanoes, basaltic plateau and monogenic
cenltres.,

TYRRHENIAN SEA FLOOR
{7 ~ Present)

Magnaghi (3), Marsili (1.7-0), Vavilov, Anchise,
Lametini, Palinuro, Pontine Islands (7) (~4-1), etc,

Coexisting intraplate (oceanic tholetites, Na-transitional
and alkaline) and arc {arc-tholeiitic, calcalkaline and
shoshonitic) rocks.
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from mixing between mantle and crustal end-member, revealingisotope geochemists (e.g. Zindler and Hart, 1986). One trend
input of crustal material into the mantle (mantle contamination). The includes the Aeolian arc and peninsular Italy, and points to moder-
increase in crustal signatures from Sicily to Tuscany (increase ofately low20%PbP%Ph and highP’SrB6Sr compositions, which are
87SrB8Sr and decrease &f3Nd/A44Nd) reveals an enhancement in  typical of the upper crust. A second trend includes Etna-lblei, Sar-
the amount of crustal contaminant going northward. The mantle-like dinia and some Tyrrhenian seamounts, and points to a mantle reser-
isotopic signatures of Sicily and Sardinia magmatism indicate thatvoir characterised by 10&°%Pb2%%Ph and8’SrA8Sr: this is called

the sources of these magmas were not subjected to significant comEM1 (Enriched Mantle 1). The first trend is suggestive of mantle
positional modification by input of crustal material, and probably
represent largely pristine and uncontaminated mantle reservoirs.

0.720 T _—HI | T
FopzoueeeR | vgo > 4%
. . . CRUST
Geodynamic significance
0718 Tuscany ]
. . . I Province
Much of the discussion on the geodynamic significance of the 5 Mantle-Crust
Recent Italian magmatism has addressed the problem of whether g Mixing Trend
relates to subduction processes or it represents an intraplate magn = g7 |- F'D'T'_a';a— -

tism (e.g. Ayuso et al., 1997). The hypothesis that the variable an g
anomalous composition of volcanism in the Italian peninsula reflect:
addition of crustal material to the upper mantle, inevitably leads tc

the conclusion that at least the magmatism occurring from the Aec "'., T
lian arc to Tuscany is indeed related to subduction processes. E e =
contrast, the volcanoes in the Sicily and Sardinia provinces and son Mantle-Mantle Sicily Chann I:I_I.Mi.!
Tyrrhenian seamounts are intraplate and reflect derivation fron Mixing Trend . | |
mantle source unmodified by subduction. Therefore, the answer t 470 18.0 18.0 20.0 21.0
the old question of whether Italian magmatism is subduction-relates 206 5y 204y

or not, is simply answered by saying that some volcanoes are su
duction-related, whereas other volcanoes are not (Figure 1, inset). Figure 7 87Sr/6Sr vs.208Pp04Ph variations of Plio-Quaternary
This concept is well explained by8aSrfeSr vs.206PpP04Ph Italian mafic rocks. Central Italy orogenic magmatism falls along a
diagram (Figure 7). This shows that the Italian volcanics define twomantle-crust mixing trend involving HIMU-FOZO and Upper
main trends, both emanating from a hig#fPbP4Pb and low  Crust. Sicily, Sicily Channel, Sardinia and some Tyrrhenian Sea
87SrfSSr mantle composition: these mantle reservoirs are callecseamounts (anorogenic magmatism) plot along a mantle-mantle
“HIMU” (high- p, wherep = Th/Pb ratio) and FOZO (Focal Zone) by  mixing trend involving at least two end members (HIMU-EM1).

Episodes, Vol. 26, no. 3



226

(HIMU or FOZO) contamination by upper crustal material trans- Beccaluva, L., Macciotta, G., Morbidelli, L., Serri, G., and Traversa, G.,
ported into the zone of magma genesis by subduction processes. The _1989, Cainozoic tectqno-me_tgmati_c e_volution and inferred r_nantle sources
second trend suggests interaction between different types of mantle in the Sardo-Tyrrhenian areia.Boriani, A., Bonafede, M., Piccardo, G.
reservoirs B., and Vai, G. B., Editors, Atti Convegni Lincei, v. 80, pp. 229-248.

. . .. Conticelli, S., D’Antonio, M., Pinarelli, L., and Civetta, L., 2001, Source
Important problems to address are those dealing with the timing contamination and mantle heterogeneity in the genesis of Italian potassic

of mantle contamination event(s) beneath peninsular Italy (i.e. the 54 trapotassic rocks: Sr-Nd-Pb isotope data from Roman Province and
age of subduction processes), and with the significance of HIMU,  southern Tuscany. Mineralogy and Petrology, v. 74, pp. 189-222.
FOZO and EM1 mantle reservoirs. Although the problem of conta- Doglioni, C., Harabaglia, P., Merlini, S., Mongelli, F., Peccerillo, A., and
mination timing is still debated, geophysical and isotopic evidences  Piromallo, C., 1999, Orogens and slabs vs. their direction of subduction.
favour young events by recent to active subduction. Mantle tomog-  Earth Science Review, v. 45, pp. 167-208.
raphy (Spakman et al., 1993) and S-waves velocity studies (e.g_Gasperm!, D., Blichert-Toft, J.,_ Bosch, D., Del Moro, A._, Macera, P., and
Panza and Mueller, 1979) have shown that a rigid body occurs  Brerle: Lo fE T B T o o e e, Jour-
within the mantle beneath the Apennines. This mass is actively sub- =" <~ 0 Research. v. 107 9367-2386 : i
ducting beneath the eastern Aeolian arc, where deep-focus earthy,mgn g Ig.,yand Hoefs, J., 1995, 6f§gen isotope heterogeneity of the
quakes are recorded. Shifting of this subduction zone, from Corsica-  mantle deduced from globafO systematics of basalts from different
Sardinia toward its present position in the southern Tyrrhenian Sea, geotectonic settings. Contributions to Mineralogy and Petrology, v. 120,
is responsible for orogenic volcanism inside the Tyrrhenian Sea  pp. 95-114.
basin and its time-related migration toward south-east (Beccaluva eHoffmann, AW., 1997, Mantle geochemistry: the message from oceanic vol-
al. 1989). Young contamination does not conflict with isotopic evi- ~ canism. Nature, v. 385, pp. 219-229. _
dence, since mafic rocks from single provinces have poorly variableLustrino, M., Melluso, L., and Morra, V., 2000, The role of lower continen-
87SrP6Sr with changing Rb/Sr ratios (see Peccerillo, 2002 for dis- @ crust and lithospheric mantle in the genesis of Plio-Quaternary vol-
. L2 ' canic rocks from Sardinia (ltaly). Earth and Planetary Science Letters, v.
cussmn). The S|gn|f|cance of HIMU, FOZO, EM1 and other mantle 180, pp. 259-270.
reservoirs are still much debated (see Hofmann, 1997). HIMU com-panza G F., and Mueller, S., 1979, The plate boundary between Eurasia and
positions are generally believed to represent mantle plumes, whereas  Africa in the Alpine area. Memorie della Societa Geologica, v. 33, pp. 43-
EM1 may represent old metasomatised mantle lithosphere. There- 50.
fore, the overall picture of the Plio-Quaternary magmatism in Italy Peccerillo, A., 1999, Multiple mantle metasomatism in central-southern
would be that of deep mantle material uprising as plumes, mixing  ltaly: geochemical effects, timing and geodynamic implications. Geol-
with EM1, impinging in an ongoing subduction process and contam- _ ©9Y: V- 27, pp. 315-318. .
inated by subduction-related upper crustal material (Gasperini et al”Peccerlllo, A., 2002, Quaternary magmatism in Central-Southern Italy: a new

. . . . classification scheme for volcanic provinces and its geodynamic implica-
2002). Research is actively going on to shed further light on these tions. Bollettino della Societa Geologica Italiana, Volume Speciale n. 1

Issues. (2002), p. 113-127.
Santacroce, R., Cristofolini, R., La Volpe, L., Orsi, G., and Rosi, M., 2003,
_ Italian Active Volcanoes. Episodes, this issue.
COI’]ClUSIOnS Spakman, W., Van Der Lee, S., and Van Der Hilst, R.D., 1993, Travel time
tomography of the European-Mediterranean mantle down to 1400 km.
. . . " Physics of the Earth and Planetary Interior, v. 79, pp. 3-74
The Plio-Quaternary volcanism in Italy shows strong compositional wezel, F.-C., 1985, Structural Features and Basin Tectonics of the Tyrrhen-
variations, which reveal heterogeneous compositions and complex ian Seain Stanley, D.J.and Wezel, F.-C., eds, Geological Evolution of
evolution processes of mantle sources. Both subduction-related and the Mediterranean Basin, Springer-Verlag New York, pp. 153-194.
intraplate signatures are observed. Wood, D.A,, Joron, J.L., and Treuil M. ,1979, A reappraisal of the use of
The hypothesis that best explains this complex magmatic set- trace elements to _classify and discriminate between magma series erupted
ting is continent-continent convergence in which the leading edge of g\pdgfzeée?:\;éectomc settings. Earth and Planetary Science Letters, v. 45,
African plate is subducted beneath the Italian penlnSU|a.t0 gen.erat indler, A. and Hart, S.R., 1986, Chemical geodynamics. Annual Reviews of
heterogeneous mantle sources that then produeed the wide varllety OF ' Earth and Planetary Science, v. 14, pp. 493-571.
volcanic rocks (from calcalkaline to ultrapotassic) with subduction-
related geochemical signatures. Mantle end-member could be par-
tially represented by plume material, on the basis of isotopic evi-
dence. Mixing among various mantle reservoirs generated anoro-
genic volcanism in Sardinia, Sicily, Sicily Channel and for some
Tyrrhenian seamounts. The coexistence of orogenic and anorogeni f Petrol t the Uni v of
seamounts on the Tyrrhenian Sea floor reflects both the southeag® FEY0l0gy at the Lniversity o
Perugia, where he has been teachin

ward migration of the subduction zone, and the mantle uprise . ;
beneath the Tyrrhenian Sea basin igneous and metamorphic petrology,
’ and volcanology. His main fields of

interest are igneous petrology and

trace element geochemistry. His
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