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Introduction: Theface of Italy as source of
Inspiration in the geological sciences

So vast is Italy’s collection of geological forms, structures This great naturalist also understood that flowing waters
and phenomena that they have attracted the attention oferode the valleys, transport loose materials and deposit
naturalists since ancient times. Indeed, such have been thehem in depressions that then become alluvial plains.
discoveries and contributions made in Italy that Charles The precursor of the modern science of geology, and
Lyell was motivated to write in hifrinciples of of modern methods of scientific inquiry, can fairly be said
Geologythat the Italians “preceded the naturalists of other to have been the incomparable Tuscan genius and poly-
countries in their investigations into the ancient history of math Leonardo da Vinci (1452—-1519) who collected many
the earth”. He thought that they still maintained a decided penetrating and perspicacious observations that enabled
pre-eminence. him to acquire a coherent, synthetic vision of geological
With its position in the centre of the Mediterranean, phenomena, which he expressed in his notes, diagrams,
Italy has always been a preferred destination for geolo- doodles, designs and objective drawings of natural phe-
gists coming from different parts of the world, attracted by nomena, which were originally written for his own benefit
the extraordinary range of geological situations present in and not for immediate publication, as well as in his paint-
the country. Experience with Italian outcrops and land- ings. Unfortunately, the lack of publication of his works in
scapes has been an important element in the developmenany coherent form prevented his extraordinary contribu-
of scientific concepts in general. tion to geology from becoming known to his contempo-
The varied geology of Italy results from a long history raries and immediate successors. Indeed, some of the
that has produced a unique geodynamic setting, distinguishedLeonardian codexes have become familiar only in recent
by the presence of bivergent Alpidic fold belts with two thrust times. He was the first to recognize that terrestrial land-
systems directed respectively towards the European andscapes are modelled by fluvial erosion and was well aware
Adria-African forelands, and their associated centres of that the fossil shells found on the highest Apennine peaks
igneous activity. The opposing thrust fronts of the two moun- are the remains of living organisms from the sea, which
tain chains, the Alps and Apennines, are characterized by aonce inundated large parts of northern Italy that were later
series of orogenic arcs whose convexity faces their respectiveuplifted to form the mountains. He was also the first to
forelands and whose concave faces are occupied by internaldemonstrate the ability of present-day causes to explain
collapse basins (e.g., the Tyrrhenian Sea). the origins of geological phenomena and to coin the term
Great precursorsTwo thousand years ago, the Latin  “folding” with respect to rocks structure. Could the enig-
poet Ovid (43 BC—AD 17) in his great hexametric poem matic smile of the Monna Lisa, backed by a landscape
Metamorphosesioted the importance of the continual sculpted by erosion, reflect the painter’s recognition of the
mutation of biological forms, of the earth’s surface geog- importance of stream channels in the formation of land-
raphy and of its geology. In his verses (XV, 262—-265) he scapes? In another celebrated paintifige Virgin and
sketched out a preliminary model of sedimentary cycles: Infant Jesus with Saint Anhehich hangs in the Louvre,
“Vidi ego, quod fuerat quondam solidissima tellus, / Leonardo depicted with extraordinary precision two tur-
esse fretum, vidi factas ex aequore terras, / et procul a bidite sequences (see G.B. Vai).
pelago conchae iacuere marinae, / et vetus inventa est in The cooling of the Earth, the oldest hypothesis of ter-
montibus ancora summis.” restrial dynamics, was proposed towards the end of the
(“I have myself seen what was once most solid ground 16th century by Giordano Bruno (1548-1600), a natural
disappear into the sea, and have heard of land risen out ofphilosopher who was burned at the stake in Rome by the
the sea; marine shells lay far from the sea, and an ancientinquisition, perhaps also for having insisted that the Earth
anchor rested on top of a mountain.”) orbits around the sun. He also had the temerity to associ-
The Florentine poet Giovanni Boccaccio (1313-1375) ate the seasons with the Earth’s rotation (1584).
wrote in 1340 that fossil shells in the Tuscany hills had for- It is thus not surprising that in a manuscript of 1603
merly lived in the sea that once covered the land. However, the first person to use the term “geology” in a scientific
the first person to recognize the organic nature of fossils sense was the Bolognese naturalist Ulisse Aldrovandi
was the Tuscan monk Ristoro d’Arezzo (1239-1282) (1522-1605).
whose encyclopaedic manuscriph composizione del The Danish naturalist Niels Steensen (1638-1686),
mondo(The composition of the world) appeared in 1282. whose name was Latinized to Nicholaus Steno and Italian-
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ized to Niccold Stenone, was appointed physician to thedescription of an eruption, that of Vesuvius in AD 79, as
Grand-Duke of Tuscany, Ferdinand Il. In but a few years, observed by Pliny the Younger. In two letters written to Tac-
1666-1669, this brilliant man brought his researches into thetus sixteen years after tbeent, he described the death of his
origins of the Tuscan landscape to fruition with the publica- uncle Pliny the Elder, the famous naturalist and author of the
tion of his Prodromus(1669), literally “Introduction to a  37-volumeHistoria Naturalis who like many inhabitants of
Dissertation”, a concise work of 76 pages and a masterpiec®ompeii and Herculaneum was mown down by pyroclastic
of inductive logic. In this great milestone in the history of flows.
geology, he set down the foundations of modern geological ~ Much later, the Milanese seismologist and vulcanolo-
theory on the basis of his field observations. He enunciatedjist Giuseppe Mercalli (1850-1914) systematically
three basic stratigraphical principles—superposition, origi- described earthquake damage, using what came to be
nal horizontality and original lateral continuity of beds— known as the Mercalli scale, with its ten categories of
which enabled a relative sequence oflggioal events to be  increasing intensity. It is also worth remembering the work
worked out. In 1988, Steno was beatified by the Catholicof the pioneer Macedonio Melloni (1798-1854), who
Church for his work as an apostolate missionary and Bishop irdemonstrated in 1856 that rocks become permanently
northern Germany, Denmark and Norway during the yearsmagnetized when they cool down. To cap it all, the world’s
after his great geological discoveries. He lies buried in thefirst vulcanological observatory was founded in 1841 on
church of San Lorenzo in Florence. the flanks of Mount Vesuvius by order of the Bourbon
In 1760, the term “geology” was used for the first time King of Naples, Ferdinando Il .
in its modern sense by Giovanni Arduino (1714-1795) of Lastly, let us not forget the work of the violinist and
Verona, an inspired fieldworker and one of the leading pio-geologist of Parma, Roberto Mantovani (1854-1933), who
neers of modern geology. In 1759, after a long period ofwas the lItalian consul on the island of Réunion. In 1889
study in Tuscany, Vicenza and Verona, he set down the funand 1909, he espoused ideas on continental displacement
damental tenets of the modern chronostratigraphical scalethat were remarkably similar to those later propounded by
A full thirty years ahead of A.G. Werner in Saxony, he was Alfred Wegener. He believed in an expanding Earth (see G.
the first to subdivide Earth history into four “general and Scalera).
successive orders” characterized by terrains that he called This special issue comprises a selection of nineteen
Primary, Secondary, Tertiary and Quaternaas the geo-  short, synthetic articles on Italian geology. It is merely a
logical eras are known today. He considered each of thessample from a much larger selection that we are offering to
four main layers or orders to be composed of a large quanthe participants who come to Italy in August 2004 for the
tity of minor layers. 32 IGC. Enjoy the articles and see you in Florence!
Another great forerunner, who anticipated the geody-
namic theories propounded by James Hutton in 1785, was
the Venetian Abbot Anton Lazzaro Moro (1687-1764). In Forese Carlo Wezdl
1740, he argued that physiographic relief results from Editor of this special issue dedicated to
expansional movements in the interior of the Earth. aspects of the geology of Italy, site of
If one can argue that the field of stratigraphy was largelythe 32nd International Geological Congress
invented in Italy, much the same can be said of the study of
natural hazards, which are of course particularly active
throughout the Italian peninsula. Large explosive eruptions
are calledplinian in recognition of the first surviving
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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
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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

September 2003



163

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 velocity-depth distribution of the lithosphere-
asthenosphere in the Italian region and surroundings is
imaged, with a lateral resolution of about 100 km, by sur-
face wave velocity tomography and non-linear inversion.
Maps of the Moho depth, of the thickness of the lithos-
phere and of the shear-wave velocities, down to depths of
200 kmand more, are constructed. A mantle wedge, iden-
tified in the uppermost mantle along the Apennines and
the Calabrian Arc, underlies the principal recent volca-
noes, and partial melting can be relevant in this part of
the uppermost mantle. In Calabria, a lithospheric dou-
bling is seen, in connection with the subduction of the
lonian lithosphere. The asthenosphere is shallow in the
Southern Tyrrhenian Sea. High velocity bodies, cutting
the asthenosphere, outline the Adria-lonian subductionin
the Tyrrhenian Sea and the deep-reaching lithospheric
root in the Western Alps. Less deep lithospheric roots are
seen in the Central Apennines. The lithosphere-asthenos-
phere properties delineate a differentiation between the
northern and the southern sectors of the Adriatic Sea,
likely attesting the fragmentation of Adria.

I ntroduction

The first definition of the gross features of the lithosphere-asthenos-

Doglioni et al., 2001; Ferrucci et al., 1991; Finetti et al., 2001; Gen-
tile et al., 2000; Improta et al., 2000; Kissling and Spakman, 1996;
Morelli, 1998; Mostaanpour, 1984; Pepe et al., 2000; Pialli et al.,
1995, 1998; Scarascia and Cassinis, 1997).

Data and method

The data and methods used to obtain the tomographic maps are
described by Pontevivo and Panza (2002), Panza et al. (2003a),
Chimera et al. (2003), Levshin et al. (1972, 1992), Ditmar and
Yanovskaya (1987) and Yanovskaya and Ditmar (1990). The tomo-
graphic maps can be discretized with a proper grid and for each cell of
the grid the cellular average group or phase velocity curve is computed.
The cellular dispersion curves can be grouped according to their shape
and average value (e.g. Panza et al., 2003b) to define regional proper-
ties. The lateral resolving power common to most of the available sur-
face-wave tomography (Pontevivo and Panza, 2002) is of about 200
km, but if some parameters of the uppermost part of the crust are fixed
on the base dd priori independent geological and geophysical infor-
mation, the lateral resolving power of the cellular mean dispersion
curves can be improved and this justifies the choice to perform the
inversion for cells of 1X1° (Panza and Pontevivo, 2002; Panza et al.,
2003a). If dispersion relations are available for periods as low as 1 sec,
local studies can be performed at the scale of a few tens of km.

Due to the complexity of the area we prefer non-linear inversion,
since it is independent from the initial model. Through the non-linear
inversion, known as the hedgehog method (Valyus et al., 1969;
Valyus, 1972; Knopoff, 1972), of the group and phase velocity curves
at regional, cellular and local scale, average multiscale lithospheric
models that reach a depth of about 250 km are obtainea pAeri
information, we use the existing literature. In the inversion, the

phere system in ltaly and surroundings dates back to Panza et al;nknown Earth model is replaced by a set of parameters and the defi-
(1980) and it is chiefly based on the analysis of Rayleigh wave dis-ition of the structure is reduced to the determination of the numerical

persion. More recent models are based both on surface waves (€.4|yes of these parameters. In the elastic approximation, the structure

Marquering and Snieder, 1996; Martinez et al., 1997, 2000, 2001

Ritzwoller and Levshin, 1998; Yanovskaya et al.,
Pasyanos et al., 2001; Karagianni et al., 2002; Pontevi

compressional velocity (3, shear velocity (Y, and densityd) dis-
tribution in space is due to Du et al. (1998).

We show here features of the lithosphere-asthenosphere syste

.;is modelled as a stack of N homogeneous isotropic layers, each one
1998, 2000; yefined by four parameterspWs, p and thickness. Each parameter

ivo and Panzg,a pe fixed (during the inversion the parameter is held constant
2002) and body waves tomography (e.g. Gobarenko, 1990; Spak ixed (during nverss b !

man, 1990; Babuska and Plomerova, 1990; Alessandrini et al., 1995
1997; Papazachos et al., 1995; Papazachos and Kiratzi, 1996; Cimi
and De Gori, 1997; Parolai et al., 1997; Piromallo and Morelli, 1997
Bijwaard et al., 1998; Lucente et al., 1999). Based on the existin
information derived both from refraction and reflection experiments
and body-wave and surface-wave tomography, a compilation of the

accordingly to independent geophysical evidences-athiori infor-
mation), independent (the variable parameters that can be well

.r\’esolved by the data) or dependent (the parameter has a fixed relation-
' ship with an independent parameter). For each cell, a set of solutions,
Ywhich are consistent with the observations and with the resolving

power of the data (Knopoff and Panza, 1977; Panza 1981), is obtained.

Retrieval of multiscale structural models

that characterize Italy and surroundings, with a multiscale lateral res-

olution, as obtained from the simultaneous inversion of regionalized In Figure 1, three examples of models of the crust and of the upper
surface wave tomography (e.g. Pontevivo and Panza, 2002; Panzeantle are presented. In each frame, the invetigbrsion data,

and Pontevivo, 2002; Chimera et al. 2003) and refraction and reflec-the set of solutions (thin lines)sVersus depth, the explored part of
tion seismology data (e.g. Aljinovic and Blaskovic, 1987; Bally et the parameters space (grey area), and the chosen solution (bold line)
al., 1986; Blundell et al., 1992; Catalano et al., 1996, 2001; Cerno-are shown. It could be attractive to consider as solution a median of

hari ot Al 1002 Crictafalint at ol 109 Na \/AnnAd ot sl 1009
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Selected cross sections

{a) LL ' {b)
1 E 1= o veiocay Examples of sections, crossing key areas, are given in Figure 2
e kackty (Panza and Pontevivo, 2002; Panza et al., 2003a; Chimera et al.,
T e 2003). In Figure 2b, two vertical sections trending NE-SW from the
& Tyrrhenian Sea across the Southern Apennines to the Dinarides are
1 plotted. In the same sections, the shallow and intermediate-depth
4 st * e =T seismicity, with the depth error bars as given by ISC and falling in a
¥+ o ] L stripe about 100 km wide and centred on the profiles, is shown.
= The northernmost section AA’ crosses Vavilov seamount in the

I | os12 s 1o

+--150  Tyrrhenian Sea, Apennines, middle Adriatic Sea and Dinarides.

Starting from A’, the most evident feature is the presence of a high

20 § w20 H e 12 e -1s0  velocity lid, with Vsabout 4.8 km/sec. This lid reaches the maximum
5 [ I ™ [ o g% depth of about 155 km in the zone that goes from the western side of
| 1 el | F ar - 219 the Apennines to the Tyrrhenian coast. More to the southwest, this
L od 40° FE i a0 J r. ) thick high velocity lid is missing. The section BB’, less than about
6 S i M L el T L : — i”'l A 540 100 km southeast of AA’, crosses the Tyrrhenian Sea, the Vesuvio

Fil ure 1 Models of crust and uoper mantle for: and Phlegraean Fields zone, the Gargano region, the Adriatic Sea
(a)g Western Alos (b)(\é)léT cell containin {)/2 ilov Seamo nt. and the Dinarides. Along BB’, the high velocity body with

r fUMD'p ! marked by dots. In n r?fr n¥| \r/n ; du V\;it 4.6<V <4.8 km/sec reaches depths of about 110 km under the Dinar-
(c) parto » as marked Dy dots. In each irame, 1 ea.su e .( r_'ides, about 170 km under the Adriatic Sea and about 150 km under
error bars) gnd computed dispersion relations are given; thin Ilnes.,[he western side of the Apennines. More to the southwest, below
set of solutions; grey area: explored part of the parameters Spacqqg o and Phlegraean Fields, the high velocity body extends to
bold line: chosen solution. depths not less than 250 km
of the representative solution there is a tenet of modern science  In Figure 2c, a balanced cross section from the Tyrrhenian to

known as Occam’s razor: it is vain to do with more what can be donethe lonian Seas, along CC’, is plotted down to 500 km. Our data do
with fewer (Russel, 1946). To reduce the effects of the projection of not resolve deeper than about 250 km, therefore, below this depth,
possible systematic errors into the inverted model, the root mearthe subducting lonian lithosphere is outlined on the basis of the

(a) A

square (r.m.s.) of the chosen solution is as close as pt
to the average r.m.s. computed from all the solutions.

The set of solutions in Figure la corresponds t
Western Alps region defined by Panza et al. (2003b). C
the complexity of the Alpine domain, at crustal level,
model is formally correct but has no straightforward gec
ical significance. On the other side at mantle level
slight increase of ¥from about 4.35 km/sec, just below
Moho, to about 4.7 km/sec, at depths larger than 180 |
consistent with the presence of lithospheric roots, as
indicated by Panza and Mueller (1979).

In Figure 1b, the solutions correspond to thel®<cell
in the central area of the Southern Tyrrhenian Sea, \
contains the Vavilov Seamount (Panza and Ponte
2002). The Moho is very shallow (about 7 km deep) an
lid thickness is less than 10 km, witly &bout 4.1 km/se
Below this lid, there is a very well developed low velo
layer, centred at a depth of about 20 km, witrellout 3.(
km/sec and thickness of about 8 km. This valueg$§ \¢on-
sistent, accordingly with Bottinga and Steinmetz (1<
with about 10% of partial melting. Thesjust below thit
very low velocity layer, about 4.1 km/sec, defines the uj
most asthenosphere. In the asthenosphere varies
between 4.1 km/sec and 4.3 km/sec.

In Figure 1c, the chosen structure corresponding 1
Umbria-Marche geological Domain (UMD) is characteri
by a layered crust, about 32 km thick, with a relatively
velocity upper and lower crust {dbout 3.20-3.65 km/se
separated by a low-velocity transition zong @bout 2.7! : =
km/sec) about 10 km thick. The Moho is followed by a |
tively low velocity layer (\ of about 4.0 km/sec), about
km thick. Below this layer, a lithospheric root, witgabou
4.75 km/sec, reaches the depth of about 130 km, which
top of the asthenosphere, with; ¥bout 4.2 km/sec ai
about 70 km thick. The outlinedsgequence versus deptt
the uppermost mantle is consistent with the concept of
tle wedge, decoupling the crust from the underlying lit
phere. Therefore, we define mantle wedge the low vel
zone (\4less than about 4.2 km/sec) in the uppermost
tle that overlies the high velocity lid {\greater than abo
4.5 km/sec).

(b) _ A

Gapn fem)

E &8 & % & B B

T B a0 a0 B0 [ b

Distance fom]
Figure 2 (a) Position of sections and of all recent volcanoes (triangles)
(Amiata-Vulsini, Cimino-Vico-Sabatini, Albani, Roccamonfina, Phlegraean
Fields-Vesuvio, Vulture, Ischia, Stromboli, Vulcano-Lipari, Etna, Ustica,
Marsili, Magnaghi, Vavilov); (b) Tyrrhenian Sea-Southern Apennines-
Dinarides: the almost continuous high velocity body seen along BB’ is not
visible along AA’; (c) Tyrrhenian-lonian Sea: outlined lonian slab; shallow,
intermediate-depth and deep earthquakes that fall into a band, about 100 km
wide, along sections in (b) and (c), with the depth error bars being shown; (d)
lithosphere-asthenosphere system from the Tyrrhenian (a) to the Adriatic
coast (f) and related intermediate-depth seismicity; the mantle wedge
<sunnorts the lithosnheric delamination beneath Central Italv
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hypocenters distribution of the intermediate-depth and
seismicity. In correspondence to the shallow-mantle m
sources of the volcanic bodies Magnaghi-Vavilov and
sili, low Vs layers (very shallow asthenosphere) below
very soft thin lid are detected. A very low velocity le
(mantle wedge) below a thin uppermost lid in the Stror
area and a lithospheric doubling beneath Calabria are
In the southernmost part of CC’, the crustal thickne
about 30 km and the lithospheric upper mantle is char
ized by a layering where a relatively low velocity body
about 4.3 km/sec) lies between two fast ones. At d
greater than about 150 km, a very well developed low v
ity (Vs about 4.0 km/sec) asthenospheric layer is pre
Crossing Calabria, the low velocity asthenospheric lay
absent and the relatively low velocity bodys@&bout 4.2 e I
km/sec) in the lithospheric mantle becomes deepe g F e R 20°E

C E . JeE 20°E
thicker going towards west. oo ommm R mm——m— e R
Figure 2d shows the lithosphere-asthenosphere s m W)
along a stripe from the Tyrrhenian to the Adriatic cc 5 10 15 20 25 30 35 40 45 10 20 30 50 75 100150200>250

(Chimera et al., 2003), particularly detailed in UMD !
zonee in Figure 2d). Beneath Central Italy high velo Figure 3 (a) Moho depth with contouring of the deeper Moho where
bodies reach at least a depth of 130 km with a width of  lithospheric doubling is unambiguously detected; (b) thickness of the
120 km. The crust exhibits cleag Myering and lateral vai  lithosphere. Here and in Figure 4, the dashed lines schematise the subduction
ation in thickness: less than 30 km below the Tuscan | of the lonian-Adria lithosphere, traced accordingly with ISC hypocenters
morphic Complex (TMC) and about 35 km below UM distribution, and red triangles mark the recent volcanoes.

The lid is thin (about 30 km) below the TMC, while i
about 70 km thick below UMD. Along the profile, parti
larly in the western part where it gets shallower, a deve
mantle wedge separates the crust from the high velocit

In Figure 3a, the contouring of the deeper Moho indicates where
lithospheric doubling is unambiguously detected by our data. In the
northernmost area of the map in Figure 3b, the lithospheric thickness
is about 200 km, while in the Western Alps it is at least 250 km. The
lithospheric thickness varies in the range of about 100-150 km along
the Northern Apennines, around the Padan plain and in the Dinarides
area, except in its westernmost part, where the lithosphere is only
The horizontal resolution of our maps is about 100 km and the verti-about 80 km thick. The Northern Adriatic Sea has a lithosphere thin-
cal penetration reaches a depth of about 250 km. All the featureser than the Central-Southern Adriatic Sea. In the southernmost
shown at depth larger than 250 km are schematically based on thé\driatic Sea and in the Otranto channel area, the lithosphere is less
intermediate-depth and deep seismicity, as given by ISC, schemathan about 100 km thick. In the Calabrian and Campanian areas the
tised by dashed segments in Figures 3b and 4b,c. lithospheric thickness exceeds 250 km.
In Figures 3a,b, the Moho depth and the thickness of the lithos- The two different dashing patterns in Figure 4a, where the V

phere are shown, together with the recent volcanoes (red tri"slngles)just below the Moho is shown, indicate the presence of the mantle

M aps of the lithospher e-asthenosphere

12°E — 12°E -5 20°E h
e B B e N e BN a8

S-Wave Velocity (km/s) Maximum S-Wave Velocity (km/s) Ml.n.lmum 5-Wave Velocity [kmfs) in the
just below the Moho in the uppermost 200 km asthenosphere in the deplh range fmm 80 to 220 km
[ — — — ]
3.85 4.00 4.15 4.30 4.50 4.60 4.80 40 41 42 43 44 45 46 48 4.0 4.1 42 43 4.4
Fast velocity body cutting

Very shallow o
7 Asthenosphere Lot

Figure 4 (a) \& just below the Moho (different dashed patterns outline where mantle wedge and a very shallow asthenosphere are
detected); (b) maximum Mn the uppermost 200 km; (c) minimumgih the asthenosphere, in the depth range from about 80 km to about

79N ', In () the AdAarlk hliiea araac indirata the fact valarcrityvy hndiace ~1ittinAa the acthannenhara

the asthenosphere
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wedge and of a very shallow asthenosphere, respectively. Large latYoung magmatism at the surface and high heat flow in the TMC
eral variations (Figure 4b) characterize the maximugninvthe region suggest that, in agreement with petrological and geochemical
uppermost 200 km. Peak values are found in the western Alps, cendata (Peccerillo et al., 2001), this layer may represent a partially
tral Po valley, Dinarides, Central Adria, Southern-Central Apen- molten mantle. In Tuscany, the mantle wedge is underlined by a thin
nines, Northern Tyrrhenian and lonian Seas. In correspondence to allithosphere and an up-risen asthenosphere roof, in agreement with
the volcanoes, except the Tyrrhenian Seamounts, the maximunthe heat flow data (Della Vedova et al., 1991). Along the same verti-
lithospheric \4 exceeds about 4.6 km/sec. Magnaghi-Vavilov and cal section, the rising of the bottom of the asthenosphere may have
Marsili are separated by a region with relatively highbut in cor- the same origin discussed for section AA’ (Figure 2b). The sub-
respondence to these volcanoesid/very low. The high-velocity crustal earthquakes (ISC) cluster in the shallower part of the thick
bodies of the lonian-Adria subducting slabs extend below the volca-Adriatic lid and in the eastern part of the lithospheric root, consis-
noes of the Aeolian Arc and of the Campanian province. The mini- tently with a slab-like geometry, while the part of the lithospheric
mum Vs in the asthenosphere, in the depth range from about 80 kmroot and thin lid to the west seems to be almost free of seismic activ-
to about 220 km, is shown in Figure 4c. The dark blue area in theity. The absence of deep seismicity and the non-in-depth continuity
northern part of the map corresponds to the fast velocity bodies preof the fast velocity body below Central Apennines (Figure 2d) and
sent in the western Alps. East of this lithospheric body, tha the Southern Apennines (Figure 2b) clearly highlight a major difference
asthenosphere is as low as in the Northern Adriatic. The properties ofvhen compared to the structure and related deep seismicity of the
the asthenosphere in the Northern Adriatic Sesdé#veen 4.0-4.1 Calabrian arc, where there is sound evidence of a continuous slab.
km/sec), are different from those of the Southern Adriatic Sea and The complex crustal structure, where shearing and thrusting
around the Otranto channel{}rger than about 4.3 km/sec). Low involve the whole crust and the upper mantle, causing the occurrence
asthenospheric Ms seen in Sicily and in the Tyrrhenian and lonian of more than one Moho, as described by Nicolich and Dal Piaz (1990),
Sea. The dark blue areas around the Tyrrhenian Sea indicate the fag confirmed by our data and the map in Figure 3a reproduces several
velocity lonian-Adria slabs that cut the asthenosphere, and that carmther features identified by the same authors. Near the Otranto channel
be traced at depth larger than 250 km from the distribution of sub-the Moho is in the range of 25-30 km, i.e. shallower with respect to the
crustal seismicity. results of Nicolich and Dal Piaz (1990), but well in agreement with the
Moho depth proposed by Herak and Herak (1995).
; ; In Figure 3b, the Western Alps lithosphere at least 250 km thick
Discussion is consistent with the presence of the lithospheric root (Panza and
Mueller, 1979). The Northern Adriatic Sea has a lithosphere thinner
In BB’ (Figure 2b) the high-velocity body extending to depths not than the Central-Southern Adriatic Sea, where a band with moderate

less than 250 km can be related to the westward subduction of th&€iSMicity can be identified. The lithosphere is very thin, less than
Adriatic lithosphere towards the Tyrrhenian Basin. This feature is in 20 kM. in correspondence to Magnaghi, Vavilov and Marsili. The
agreement with the results of De Gori et al. (2001). Along a section lithospheric thickness exceeding 250 km in the Campanian and Cal-

very close to AA’ (Figure 2b) they find a weak velocity perturbation abrian areas is assopiated with the subduction of the lonian-Adria
in the mantle beneath the mountain belt with a small high velocity lithosphere, schematically represented, for depths larger than 250
anomaly dipping southwestward. This feature can be correlated withk™. by the isolines in Figure 3b. . _
the layer with \{ about 4.75 km/sec, whose top is at about 220 km, The mantle wedge area shown in Figure 4a is in agreement with
in AA’. The rising of the bottom of the asthenosphere could be What proposed by Meletti et al. (2000) in their structural and kine-
caused by remnants of high velocity bodies probably detached (Wor_mat!c model of Italy. In some cases, t.he lowest .velocny. material is
tel and Spakman, 2002 and references therein) from the lithospheri€0t just below the Moho but below a thin mantle lid, possibly formed
roots, through thermo-mechanical processes. The remarkable differ2y thermal underplating. All the volcanic areas (see the caption of
ence between the two sections of Figure 2b, confirmed by COm_FlgL_Jre 2), except tho_se with the inactive volcanoes of \_/ulture a_nd
pletely independent data, indicates that the subducted lithosphere hadstica, are characterized by the presence of a low velocity layer just
a very complex morphology. below the Moho or belovy a very thin lid. .

In CC’ (Figure 2c), the body withaabout 4.4 km/sec near the The 'dgrk blue area in the norther_n part of Figure 4c, due to the
center, above the slab, is probably due to thermal effects induced b)plate collision process between Eurasian apd African plates, contains
the mechanical interaction between the lonian lithosphere and thghe so-far proposed locations of the rotation pole of Adria versus
hot Tyrrhenian upper mantle. In the center of the section, the layerEurope (Meletti et al., 2000 and references therein).
with Vsaround 4.0 km/sec, extending from about 140 km to 220 km
depth, can be explained by dehydration processes and melting alon
the down-going slab (e.g. Goes et al., 2000 and references therein%\Ck nOW|edgementS
The layering along the easternmost half of CC’, in the lonian area,
seems to be consistent with the subduction of serpentinized andResearch funded by Italian MIUR Cofin-2001 (2001045878 _007),
attenuated continental lithosphere, formed in response to the Jurassicofin-2002 (2002047575_002), CNR (CNRCOO7AF8), and INGV-
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a result of the serpentinization of peridotites. Such process produces
Vsretardations of a few percent (Christensen, 1966). The presence ORefer ences
a low velocity layer of chemical and not of thermal origin is consis-
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! . - o ! - Kljmowc, B., and Blaskovic, I., 1987, Some characteristics of the carbonate
the Jurassic extensional phase, while in the Southern Tyrrhenian Sea™ .ompjex in the offshore Adriatic area, Mem. Soc. Geal. It., v. 40, pp.
it Is very young oceanic. 327-334.

Beneath Central Italy (see Figure 2d) there is clear evidence ofBabuska, V., and Plomerova, J., 1990, Tomographic studies of the upper

Lithacnharicr rante crirmatintad by a wwiall Aavialanad mantla wadAaoa bl et HlhA 1Hmlimm rermimm TAavrerm Mevrs 9 v OO 70




173

Bally, A.W., Burbi, L., Cooper, C., and Ghelardoni, R., 1986, Balanced sec- Priestley, K., and Vuan, A., 2002, Rayleigh Wave Group Velocity
tions and seismic reflection profiles across the Central Apennines, Mem.  Tomography in the Aegean area, Tectonophysics, v. 358, pp. 187-209.
Soc. Geol. It., v. 35, pp. 257-310. Kissling E., and Spakman, W., 1996, Interpretation of tomographic images of

Bijwaard, H., Spakman, W., and Engdahl, E.R., 1998, Closing the gap uppermost mantle structure: examples from the western and central Alps,
between regional and global travel time tomography, J. Geophys. Res.,v.  J. Geodyn., v. 21, pp. 97-111.

103, pp. 30.055-30.078. Knopoff, L., 1972, Observations and inversion of surface-wave dispeirsion,
Blundell, D., Freeman, R., and Mueller, St., 1992, A continent revealed, The  The Upper Mantle, Tectonophysics, Ritsema A.R. ed., v. 13, pp. 497-519.
European geotraverse, University press, Cambridge. Knopoff, L., and Panza, G.F., 1977, Resolution of Upper Mantle Structure

Bottinga, Y., and Steinmetz, L., 1979, A geophysical, geochemical, petrological  using higher modes of Rayleigh waves, Annales Geophysicae , v. 30, pp.
model of the sub-marine lithosphere, Tectonophysics, v. 55, pp. 311-347. 491-505.

Catalano, R., Di Stefano, P., Sulli, A., and Vitale, F.P., 1996, Paleogeographyl evshin, A.L., Pisarenko, V.F., and Pogrebinsky, G.A., 1972, On a frequency
and structure of the central Mediterranean: Sicily and its offshore area,  time analysis of oscillations, Annales Geophysicae, v. 28, pp. 211-218.

Tectonophysics, v. 260, pp. 291-323. . ~ Levshin, A.L., Ratnikova, L., and Berger, J., 1992, Peculiarities of surface
Catalano, R., Doglioni, C., and Merlini, S., 2001, On the Mesozoic lonian  wave propagation across Central Eurasia, Bull. Seismol. Soc. Am., v. 82,
Basin, Geophys. J. Int., v. 144, pp. 49-64. pp. 2464-2493.

Cernobori, L., Hirn, A., McBride, J.H., Nicolich, R., Petronio, L., Romanelli, | ycente, F.P., Chiarabba, C., Cimini G.B., and Giardini, D., 1999, Tomo-
M., and STREAMERS/PROFILES Working Groups, 1996, Crustal graphic constraints on the geodynamic evolution of the Italian region, J.
image of the lonian basin and its Calabrian margin, Tectonophysics, V. Geophys. Res., v. 104, pp. 20.307-20.327.

264, pp. 175-189. . _ ~ Marquering, H., and Snieder, R., 1996, Shear-wave velocity structure

Chimera, G., Aoudia, A., Sarao, A., and Panza, G.F., 2003, Active tectonics  peneath Europe, the north-eastern Atlantic and western Asia from wave-
in central Italy: constraints from surface wave tomography and source  form inversion including surface-wave mode coupling, Geophys. J. Int.,
moment tensor inversion, Phys. Earth Planet. Int. (in press). v. 127, pp. 283-304.

Christensen, N.I., 1966, Elasticity of Ultrabasic Rocks, J. Geophys. Res., V.\jartinez, M.D., Lana, X., Badal, J., Canas, J.A., and Pujades, L., 1997, Pre-

_ 71,10 24, pp. 5921-5931. ) liminary objective regionalization of the Mediterranean basin derived

Cimini G.B., and De Gori, P., 1997, Upper mantle velocity structure beneath o syrface-wave tomography, Annali di Geofis., v. XL, no 1, pp. 43-59.

Italy from direct and secondary P-wave teleseismic tomography, Annali \1artinez. M.D.. Lana. X.. Canas. J.A. Badal J. and P’ujade’s L. 2000

_di Geofis., v. XL, no 1, pp. 175-194. _ Shear-wave velocity tomography of the lithosphere-asthenosphere sys-
Cristofolini, R., Ghisetti, F., Scarpa, R., And Vezzani, L., 1985, Character of ;o peneath the Mediterranean area, Phys. Earth and Plan. Int., v. 122, pp.
the stress field in the Calabrian Arc and Southern Apennines (Italy) as 33.54
_?_zgtjocr:ggh%igseo\llog'f?l’p;e'ggglgg'cal and volcanological information, Martinez, M.D., Canas, J.A., Lana, X., and Badal, J., 2001, Objective regional-
; A PP oo . ization of Rayleigh wave dispersion data by clustering algorithms: an appli-
De Gori, P, Cimini, G.B., Chlara_bba_, C., De Natale, G., Troise, C and cation to the Mediterranean basin, Tectonophysics, v. 330, pp. 245-266.
Deschamps, A., 2001, Teleseismic tomography of the Campanian VOI'Meletti, C., Patacca, E., and Scandone, P., 2000, Construction of a Seismo-

igglcp?)resa;;g surrounding Apenninic belt, J. Volc. and Geoth. Res., v. tectonic Model: The Case of Italy, Pure Appl. Geophys., v. 157, pp. 11-

Della Vedova, B., Marson, |., Panza, G.F., and Suhadolc, P., 1991, Uppe
mantle properties of the Tuscan-Tyrrhenian area: a framework for its
recent tectonic evolution, Tectonophysics, v. 195, pp. 311-318. v. 52, pp. 113-122

De Voggd, B., Truffert, C., Chamot-Rooke, N., Huchon, P., Lallermant, S. Most.aan‘ 0 -r M.M 1984 Einheitliche Auswertung krustenseismicher daten
and Le Pichon, X., 1992, Two-ship deep seismic soundings in the basins ™ pour, M.M., ‘” ! ung kru d fzei
of the Eastern Mediterranean Sea (Pasiphae cruise), Geophys. J. Int., v. |n_Westeuropa. Da_rstg ung von _Kruste_nparametern und Laufzeitanom-

alien. Verlag von Dirtrich Reimer in Berlin.
109, pp. 536-552. Nicolich, R., and Dal Piaz, R., 1990, Moho isobathsStructural model of

Ditmar, P.G., and Yanovskaya, T.B., 1987, A generalization of the Backus- P h ] P ; .

Gilbert method for estimation of lateral variations of surface wave veloc- Italy and Gravity Map, Sheet 2, Consiglio Nazionale delle Ricerche. .
ity, Izv. AN SSSR, Fiz. Zemli (Physics of the Solid Earth), v. 23, no 6, pp. Panza, G.F., and Mueller, S., 1979, The plate boundary between Eurasia and

rMorelli, C., 1998, Lithospheric structure and geodynamics of the lItalian
peninsula derived from geophysical data: a review, Mem. Soc. Geol. It.,

470-477 Africa in the Alpine area, Memorie di Scienze Geologiche, Universita di
Doglioni, C., Innocenti, F., and Mariotti, G., 2001, Why Mt. Etna? Terra Padova, v. 33, pp. 43-50. _

Nova, v. 13, pp. 25-31. Panza, G.F., Mueller, S., and Calcagnile, G., 1980, The gross features of the
Du. Z.J. ’Micheiini A., and Panza, G.F., 1998, EurlD: a regionalised 3-D seis- lithosphere-asthenosphere system in Europe from seismic surface waves

mological model of Europe, Phys. Earth Planet. Inter., v. 105, pp. 31-62. and body waves, Pure Appl. Geoph., v. 118, pp. 1209-1213. )
Ferrucci, F., Gaudiosi, G., Him, A., and Nicolich, R., 1991, lonian Basin and Panza, G.F., 1981, The resolving power of seismic surface waves with

Calabrian Arc: some new elements from DSS data, Tectonophysics, v.  '€SPect to crustand upper mantle structural moieT$ie solution of the

195, pp. 411-419. inverse problem in geophysical interpretation. Cassinis R. ed., Plenum
Finetti, I.R., Boccaletti, M., Bonini, M., Del Ben, A., Geletti, R., Pipan, M., Publ. Corp., pp. 39-77. )

and Sani, F., 2001, Crustal section based on CROP seismic data acrosganza, G.F., and Pontevivo, A., 2002, The Lithosphere-Asthenosphere Sys-

the North Tyrrhenian-Northern Apennines-Adriatic Sea, Tectonophysics, ~ tem in the Calabrian Arc and surrounding seas, Preprint ICTP,

v. 343, pp. 135-163. IC/2002/141. ‘ . . .

Gentile, G., Bressan, G., Burlini, L., and De Franco, R., 2000, Three-dimen-Panza, G.F., Pontevwo,_ A., Sarao, A., Aoudia, A., and Peccerlllo_, A, _2003a,
sional \j, and \f/V's models of the upper crust in the Friuli area (north- Structure of the Lithosphere-Asthenosphere and Volcanism in the
eastern Italy), Geophys. J. Int., v. 141, pp. 457-478. Tyrrhenian Sea and surroundings, Preprint ICTP, 1C/2003/8.

Gobarenko, V.S., Nikolova, S.B., and Sokolova, S.J., 1990, Velocity struc- Panza, G.F., Raykova, R., Chimera, G., and Aoudia, A., 2003b, Multiscale
ture of the western Mediterranean from inversion of P-wave traveltimes, ~ surface wave tomography in the Alps (abs), Transalp Conference, Trieste,
Geophys. J. Int., v. 101, pp. 557-564. February 2003.

Goes, S., Govers, R., and Vacher, P., 2000, Shallow mantle temperature§apazachos, C.B., Hatzidimitriou, P.M., Panagiotopoulos, D.G., and Tsokas,
under Europe from P and S wave tomography, J. Geophys. Res., v. 105, G.N., 1995, Tomography of the crust and upper mantle in southeast

pp. 11.153-11.169. Europe, J. Geophys. Res., v. 100, pp. 12405-12422.
Herak, D., and Herak, M., 1995, Body-wave velocities in the circum-Adriatic Papazachos, C.B., and Kiratzi, A.A., 1996, A detailed study of the active
region, Tectonophysics, v. 241, pp. 121-141. crustal deformation in the Aegean and surrounding area, Tectonophysics,

Improta, L., lannaccone, G., Capuano, P., Zollo, A., and Scandone, P., 2000, V. 253, pp. 129-153. _ _
Inferences on the upper crustal structure of Southern Apennines (ltaly) Parolai, S., Spallarossa, D., and Eva C., 1997, Bootstrap inversion for Pn
from seismic refraction investigations and surface data, Tectonophysics, ~wave velocity in North-Western Italy, Annali di Geofis., v. XL, no 1, pp.

v. 317, pp. 273-297. 133-150.
ISC.International Seismological Centre On-line Bulletin, http:/mww.isc.ac.uk/Bull, Pasyanos, M.E., Walter, W.R., and Hazler, S.E., 2001, A surface wave dis-
Internat. Seis. Cent., Thatcham, United Kingdom. persion study of the Middle East and North Africa for Monitoring the

Karagianni, E.E., Panagiotopoulos, D.G., Panza, G.F., Suhadolc, P., Papaza- Compressive Nuclear-Test-Ban Treaty, Pure Appl. Geophys., v. 158, pp.

AlhAace D DAanma—s-ancnhcace DO KWirat2 A WAt fAlA Y MaAabvrearnatilAae W2 1 AN 1 A7/



174

Peccerillo, A., 2001, Geochemical similarities between the Vesuvius, Phle- antonella PontevivoPhD from the
graean Fields and Stromboli Volcanoes: petrogenetic, geodynamic and Department of Earth Sciences -Uni-

volcanological implications, Mineralogy and Petrology, v. 73, pp. 93-105.

Pepe, F., Bertotti, G., Cella, F., and Marsella, E., 2000, Rifted margin forma-
tion in the south Tyrrhenian Sea: a high-resolution seismic profile across
the north Sicily passive continental margin, Tectonics, v. 19, no 2, pp.
241-257.

Pialli, G., Alvarez, W., and Minelli, G., 1995, Geodinamica dell’Appennino
settentrionale e sue ripercussioni nella evoluzione tettonica miocenica,
Studi geol. Camerti, Volume speciale 1995, no 1, pp. 523-536.

Pialli, G., Barchi, M., and Minelli, G., 1998, Results of the CROP03 deep
seismic reflection profile, Mem. Soc. Geol. It., v. 52.

Piromallo, C., and Morelli, A., 1997, Imaging the Mediterranean upper mantle
by P-wave travel time tomography, Ann. Geof., v. 40, no 4, pp. 963-979.

Pontevivo, A., and Panza, G.F., 2002, Group Velocity Tomography and
Regionalization in Italy and bordering areas, Phys. Earth Planet. Inter., v.
134, pp. 1-15.

Ritzwoller, M.H., and Levshin, A.L., 1998, Eurasian surface wave tomogra-
phy: Group velocities, J. Geophys. Res., v. 103, pp. 4839-4878.

Russell, B., 1946, History of western philosophy, George Allen and Unwind,
Ltd.

versity of Triestein 2003. Laureain
physics from the University of Tri-
este in 1999. At present PostDoc in
the Geological Institute - University
of Copenhagen. Her PhD thesis is
on surface-wave tomography, non-
linear inversion and geophysical
implications in the Italian area and
surroundings.

Giordano Chimen is PhD-student
in the Department of Earth Sciences-
University of Trieste. Hereceived his
Laurea in physics from the Univer-

Scarascia, S., and Cassinis, R., 1997, Crustal structures in the central-eastelgjty of Trieste in 1998. His interests

Alpine sector: a revision of the available DSS data, Tectonophysics, v.
271, pp. 157-188.

Spakman, W., 1990, Tomographic images of the upper mantle below central

Europe and the Mediterranean, Terra Nova, v. 2, pp. 542-553.

Valyus, V.P., Keilis-Borok, V.1., and Levshin, A., 1969, Determination of the
upper-mantle velocity cross-section for Europe, Proc. Acad. Sci. USSR,
v. 185, no 3.

Valyus, V.P., 1972, Determining seismic profiles from a set of observations.
in Computational Seismology, Keilis-Borok ed., Consult. Bureau, New-
York, pp. 114-118.

Yanovskaya, T.B., and Ditmar, P.G., 1990, Smoothness criteria in surface-

wave tomography, Geophys. J. Int., v. 102, pp. 63-72.
Yanovskaya, T.B., Kizima, E.S., and Antonova, L.M., 1998, Structure of the

crust in the Black Sea and adjoining regions from surface wave data, J.

Seismol., v. 2, pp. 303-316.

Yanovskaya, T.B., Antonova, L.M., and Kozhevnikov, V.M., 2000, Lateral
variations of the upper mantle structure in Eurasia from group velocities
of surface waves, Phys. Earth Planet. Inter., v. 122, pp 19-32.

Wortel, M.J.R., and Spakman, W., 2002, Subduction and Slab Detachment in

the Mediterranean-Carpathian Region, Science, v. 290, pp. 1910-1916.

Giuliano F. Panza Professor of
seismology in the Department of
Earth Sciences - University of Tri-
este, and head of SAND Group
ICTP-Trieste. Laurea in physics
from the University of Bologna in
1967; PostDoc at UCLA. He is fel-
low of Academia Nazionale dei Lin-
cei, of Academia Europea, and
Third World Academy of Sciences.
He is winner of the EGS Beno
Gutermberg medal in 2000, and
received Laurea Honoris Causa in
Physics in 2002 from the University
of Bucharest. He isleader of several
projects funded by EC related to
seismic hazard assessment.

are: tomography and non-linear
inversion in the Apenninic and
Alpine areas.

Reneta Raykovalaurea in physics
from the University of Sofiain 1994.
As PhD student in the Department of
Seismology at the Geophysical Insti-
tute of Sofia, she received in 2003
from the Department of Earth Sci-
ences - University of Trieste, a one
year EU - Marie Curie fellowship.
Her interests are surface wave
tomography and structure of the
crust and upper mantle.

Abdelkrim Aoudia research scien-
tist at the International Centre for
Theoretical Physics at Trieste. He
received his PhD in geophysics from
the University of Triestein 1998. His
research interests revolve around
using geophysical, geodetic and tec-
tonic data to understand the
mechanical behavior of earthquake
faults and to constrain better con-
ceptual and quantitative models for
lithospheric deformation.




175

by Giorgio V. Dal Piaz, Andrea Bistacchi, and Matteo Massironi

Geological outline of the Alps

Dipartimento di Geologia, Paleontologia e Geofisica, Universita di Padova, via Giotto 1, 35137 Padova, ltaly.
E-mail: giorgio.dalpiaz@unipd.it

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
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Geology of the Dolomites
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The Dolomites region is a spectacularly exposed portic [ -7~ [ 75, BRUNICO/BRUNECK
of the Southern Alps, a northern lItalian chain derive \
from the comparatively gentle deformation of th
Tethyan passive continental margin of Adria. The regic
had an active Permo-Jurassic tectono-magmatic evol
tion, leading from Permian magmatism, through a Mic
dle Triassic episode of fast subsidence and volcanism
the Jurassic oceanic break-up. Although the sediment:
succession ranges in age from Middle Permian to Cret
ceous, the geological landscape is largely dominated
the majestic Triassic carbonates, making the area a cl¢
sical one for the early Mesozoic stratigraphy. Particu
larly noteworthy are the Anisian to Carnian carbonat
platforms, recording an evolution from regional mudd
banks to isolated high-relief buildups. The filling of th
various basins and the development of a last generati  Figure 1 Location map of the Dolomites (northern Italy), with

of regional peritidal platform followed. The carbonate indication of the most important platforms and buildups.
platforms of the Dolomites bear witness to a remarkabiehe integration with their platform counterparts possible, leading to a
set of changes in the carbonate production and to signif-far better understanding of the sequence stratigraphic architecture
icant palaeoclimatic fluctuations, from arid to moist con- (Gianolla etal., 1998a and references therein).

ditions and vice versa; a great range of margin and slope
depositional styles is therefore recorded. Alpine tectonic Structural setting

shortening strongly affected the area, with a first Eocene

deformation, followed by later Neogene overthrusting The Dolomite Mountains are a group of carbonate edifices relatively

and strike-slip movements. well confined from the physiographic point of view (Figure 1). They
are located in the eastern part of the so-called Southern Alps, a
- south-vergent fold-thrust belt (Doglioni, 1987; Castellarin, 1996),
Introduction which constitutes a major structural unit of the Alpine Chain. The
Dolomites themselves can be seen as a large pop-up related syncli-

The purpose of this article is to introduce the reader to the general'°fium of Neogene age (Doglioni, 1987), limited to the north by the
geology of the Dolomite Region. Discussion, however, will be dextral Insubric Lineament and to_ the south by the Ne_ogen south-
focused on the majestic Triassic dolomite mountains, consideredv€rgent Valsugana Overthrust (Figure 2). They constitute a rela-
worldwide as typical examples of ancient carbonate platforms andtively coherent slab of upper crust carried southward for at least
buildups. Since the second half of the 19th century, the seminal stud8—10 km. The sedimentary cover, preserved within this 60-km-wide
ies by Richthofen (1860) and Mojsisovics (1879) recognized the synclinorium, is comparatively mildly deformed by tectonics;
reefal nature of the Dolomite Mountains, described and correctly intense penetrative deformation as well as very large horizontal dis-
interpreted the steep clinostratification pattern, identified several genplacements do not occur. The region, however, records several mag-
erations of platforms and provided a first biostratigraphic framework. matic and tectonic events including:

After dwindling research and reduced interest through the first 1. Volcanics and rifting of Permian and Early Triassic age, which
half of the 20th century, great attention was again focused on the Tri-  produced N-S trending structural “highs” and “lows”;
assic reefs and buildups, eventually leading to a modern synthesis 0p | ate Ladinian magmatism and tectonics;
their depositional geometries and evo_lutlon (Bose_lllnl, 1984). During 3 Rifting and continental margin evolution, associated with the
the last twenty years, further substantial progress in the understanding opening of the western Tethys (Ligurian Ocean), which con-

of the geo_loglcal evolutlon_of the "reefs” has be_en gg:h|evec_i: the bios- trolled differential thickness and facies during Late Triassic, Jur-
tratigraphic and chronological framework was significantly improved . X )
assic and Early Cretaceous times;

(Brack and Rieber, 1993; Mietto and Manfrin, 1995), the main car- pal NBO°E (Dinari . duci WSW
bonate producing biota were recognized (Senobari-Daryan et al.,” aleogene (Dinaric) compression producing a “ver
1993: Russo et al., 1998, 2000), and the origin of the platform-top gent Fhllj-sklnned thrgst belt in the central-eastern Dolomites
sedimentary cyclicity has been the theme of a hot debate (Goldham-  (Doglioni and Bosellini, 1987); _ _

mer et al., 1990; Brack et al., 1996; Egenhof et al., 1999; Preto et al.p. Finally, during the Neogene, the Dolomites became the innermost
2001), without, for the time being, reaching any firm conclusion.  part of a south-vergent thrust belt (Figure 2); most of the present
Finally, an improved knowledge of the basinal successions has made elevation has been generated during the last 10 million years.
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Figure 2 Geological profile across the western Dolomites (from Castellarin et al., 1998).

Regional stratigraphy

The stratigraphic framework of the Dolomite region includes F
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mian to Cretaceous terrains (Figure 3). Following the Carbonifel
Variscan orogeny, deformed and metamorphosed Paleozoic |
were uplifted and eroded, thus forming the regional basement.

The Early Permian rifting resulted in the accumulation o
thick volcanic package, the so-called Bozener Porphyry Plat
This volcanic complex covers over 2000 sq. km, with thicknes
locally exceeding 2000 m. The sedimentary succession of
Dolomites unconformably overlies the Lower Permian volcanics
where they are missing, rests directly on the crystalline baseme
begins with Upper Permian red beds (Gardena Sandstone) dep
in a semi-arid setting of alluvial fans, braided streams and meat
ing rivers (Massari and Neri, 1997). Following marine transgres:
from the Paleothethys to the east, transitional and shallow m:
evaporites and carbonates (Bellerophon Formation) succeed uf
in the Late Permian. Facies associations of the Bellerophon Fa
tion suggest a wide spectrum of depositional environments, ran
from coastal sabkha to shallow shelf (Bosellini and Hardie, 1¢
Massari and Neri, 1997).

The Lower Triassic Werfen Formation unconformably overl
the Permian sequence and consists of a complex succession o
low-water carbonate and terrigenous deposits. The Werfen Fo
tion is 300—400 m thick and is subdivided into several depositit
sequences, recognizable over a wide portion of the Southern Al

During the early Middle Triassic, local uplifting, subaerial el
sion and strong subsidence took place. Differential movem
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along fault blocks set the stage for localized carbonate produc
the Middle Triassic carbonate platforms and buildups nuclei
upon slightly elevated areas.

The Anisian platforms

A first widespread tidal flat unit (Lower Serla Dolomite), latera
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grading into evaporitic environments, gave way to a complex fra
work of three partially superimposed carbonate platform syste
Monte Rite Formation, Upper Serla Dolomite and Contrin Fort
tion. Because of a general sea-level rise, the lower two platform
tems drowned and long-lasting basinal environments, recorde
terrigenous-carbonate successions (Dont, Bivera and Ambata fc
tions), succeeded in the eastern Dolomite. During the late Anit
while subsidence was still active throughout the eastern Dolom
the western area was significantly uplifted and subaerially ero
locally exposing Permian sediments (Bosellini, 1968). Rene
transgression brougbaick marine environments to the western are
where shallow-water carbonate platforms (Contrin Formation) de

Figure 3 Composite stratigraphic succession of the central-western
Dolomites. Granite (g); metamorphics (m); Basal Conglomerate
(BC); Porphyry (P); Gardena Sandstone (GS); Bellerophon Fm:
Black limestone (Bl), Evaporites (Be); Werfen Fm. (W); Braies
Group (GS); Richthofen Conglomerate (CR); Contrin Fm. (C);
Livinallongo Fm. (B); Zoppé Sandstone (Z); Sciliar Dolomite (SD);
Volcanics (V): pillow lava (p), hyaloclastites (h), chaotic
heterogeneous (Ch), dykes (d); La Valle Fm. (FM, LV), Marmolada
Conglomerate (MC); San Cassiano Fm. (SC); Cassian Dolomite
(CD); Dirrenstein Fm. (DD); Raibl Fm. (R); Dolomia Principale
(DP); Dachstein Limestone (CD); Calcari Grigi (CG); Rosso
Ammonitico (RA); Puez Marl (MP).
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oped. These platforms, rich in dasycladacean algae, associated with The aggradation rate of these late Anisian-early Ladinian

encrusting andoroblematicaorganisms Tubiphyte} widely pro- buildups was in the order of 200—400 m/Ma, but significant lateral
graded over lagoonal-basinal terrigenous-carbonate deposits (Morbiawariations did exist, being largely controlled by the regional differ-
Formation). ential subsidence. However, problems in the geochronometric eval-

uation of the different time intervals make the estimation of the
aggradation and progradation rate somewhat uncertain. At the

: : Fassian-Longobardian boundary, the subsidence slacked consider-
The pre'V0|Can|C carbonate bUI|dUpS ably and a massive progradation phase began, spanning over a com-
(|ate Anisian—late Ladinian) paratively short time interval of the late Ladinian. The prograda-

tional phase was characterized by pervasive phreatic marine cemen-
. . . . . tation of the margin and upper slope sediments and by the develop-
A rgglonal drowning terminated the previous An|5|§1n platfprm and ment of very steep (40-45°), planar breccia slopes (Figure 4). Since
basin system, but shallow-water carbonate-producing environmentspe progradation rate largely exceeded the basinal accumulation
survived” at small isolated highs. Soon, however, these banks grewyateg, the surface of contact between the base of slope and the basi-
quickly upward by aggradation, forced by a phase of regional subsi-pg| it can be sharp and sub-horizontal in geometry, simulating a
dence, which created a large accommodation space. These aggradingedo-downlap relationship. Through this fast and remarkable pro-
banks or buildups initially shared many facies similarities with the oa4ation, the isolated buildups expanded considerably and became
former and wider Contrin platforms, being still rich in dasycladacean platforms with a width in the order of 5-10 km. In the western
and Tubiphytesmuddy sediments. The upward growth of some pgjomites, the average progradation rate of the base of slope was
buildups was terminated by an early drowning, especially in the eaSt'probany between 1400 and 2700 m/Ma. In the northeastern

ern, more subsiding portion of the region (Cernera, Casera Plottap|omites, where subsidence was still quite active, the rate of the
Tiarfin) and were covered by condensed ammonoid-bearing I'me'base-of-slope migration was considerably reduced.

stones (Gianolla et al., 1998a). The western buildups (referred to as b ring the same time, acidic volcanogenic layers (the so-called
Sciliar Dolomite or Marmolada Limestone, according to their COm- «nietra verde”) were deposited in the entire Southern Alps, whereas
position), were on the contrary able to survive and catch up with thee eastern Dolomites were the site of an important accumulation of
fast-growing relative sea level (e.g. Latemar, Catinaccio, Marmo- ,pigitic sands (Arenarie di Zoppé), deriving from the erosion of a
lada, Pale di San Martino). These platforms rapidly reached a thick—ariscan metamorphic basement. The terrigenous and volcanic
ness of 800-900 m, while just a few metres of cherty limestonesyeqsits document an active tectonic scenario that was soon to gener-

were accumulating in the adjacent basins (lower portion of the y¢e an important magmatic phase within the Dolomites themselves.
Livinallongo Formation). In the eastern Dolomites, both the basinal

and the platform successions are thicker then their western counter-

parts. The volcanic event

The platforms were involved in the Ladinian tectono-magmatic event;
they were cut by a great number of shoshonitic basaltic dykes and
carved by large collapses, while huge heterogeneous megabreccia
bodies (Caotico Eterogeneo Auct.) accumulated in the basins. The vol-
canic products (pillow lavas, hyaloclastites) partially infilled the basi-
nal depressions, onlapping the platform slopes and “freezing” their
original morphology (Figure 5). A few platforms of the western
Dolomites (Agnello, Latemar, Viezzena, Marmolada) close to the vol-
canoes were even buried beneath the volcanic products. Some kind of
carbonate production was nonetheless still active all the time, even
close to the major magmatic centres (e.g. Sciliar). In areas far away
from the volcanoes (eastern Dolomites) the carbonate sedimentation
was not interrupted; here the lack of any true depositional break within
the continuous platform-top successions makes the distinction
between pre- and post-volcanic succession locally difficult.

The post-volcanic platforms
(late Ladinian—early Carnian)

At the fading of the magmatic activity, an even healthier carbonate
production developed, supporting the widespread progradation of
several generations of carbonate platforms (Cassian Dolomite). The
post-volcanic platforms record the progressive colonization of the
margin environment by Techosmilia-like branching corals, which
were however always subordinated to smaller sediment-producing
organisms. Ooid grains reappeared during the earliest phases of the
volcanic activity (Acquatona Formation), after being absent since

Rifugio the Early Triassic.
Paolina In the western Dolomites, the available accommodation space
@ was not produced by subsidence but mainly inherited from the pre-

volcanic “collapse” of the area. The platform, therefore, could only

expand laterally, prograding over the adjacent deep-water basins. In
the eastern Dolomites the subsidence was still ongoing and consid-
erable. Clinostratifications are concave in shape and generally less

Figure 4 The southern end of the Catinaccio/Rosengarten
platform, where the steep clinoforms show the horizontal
progradation of the carbonate system.
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Figure 5 The western slope of the Pale di San Martino platform Figure 6 Oblique-tangential prograding pattern (Conturines
onlapped and “fossilized” by volcaniclastic products. Group-La Varella).

steep than the pre-volcanic ones (Figure 6). The high basinal sedi
mentation rates, owing to the large availability of volcaniclastic sed- |
iments, produced a shallowing evolution of the basinal areas. More-|
over, the combined effect of the platform progradation and of the
basinal aggradation resulted in climbing base-of-slope progradation
visible in areas facing major sediment sources (e.g. western Sella).
Early post-volcanic aggrading platform-top successions are rel-
atively thick in the subsiding eastern Dolomites (e.g. Picco di Val-
landro-Duerrenstein), whereas in the western Dolomites the same
successions are very thin and associated with some terrigenou
influx (“Schlern Plateau Beds”). In the central-eastern Dolomites,
two platform generations (Cassian Dolomite | andutt) are sep-
arated by a temporary interruption of the progradational evolution
(Figure 7), matched with renewed transgression and with the onlag=
of the basinal beds onto the former carbonate slopes (e.g. Richthofe ¢
Riff and Settsass, etc.).

Figure 7 The “Richthofen Reef” (Piccolo Settsass). Thin-bedded
shale and limestone of the San Cassiano Fm. onlap the slope of

. . . . the buildup (Cassian Dolomite), which is wedging out towards the
The Carnian crisis of the rimmed right with tongues of resedimented breccia and crinoidal

carbonate platforms grainstone.

During the early Carnian (younger Julian), the amount of loose car- 1 he Upper Triassic carbonate platform:

bonate mud available in the prograding slopes increased, while theg regional peritidal succession
platform slope elevation was progressively reduced by the shallowing-

up of the basin and by some terrigenous clay content; these factors . he | . i h ) latform/basi
combined together to progressively reduce the slope angles, as visiPUrngd the late Carnian (Tuvalian) the previous platform/basin sys-
tems were replaced by a variety of shallow-water environments (ter-

ble in the latest Cassian Platforms (e.g. Lastoi di Formin and Picco it d bonat di ts of the Raibl F
di Vallandro/Durrenstein). The very late evolution of these plat- rigenous, evaporite and caroonate sediments of the Ral orma-

forms was matched with the appearance of patch reefs, for the firs{'on)' The preceding uneven morphology was Ievc_alled and a Ia(ge
) S R : . : carbonate platform was established over large portions of the Alpine
time rich in “modern” colonial corals, while true buildup systems

disappeared. This evolution corresponds to a worldwide crisis of theregion. In the central-western Dolomites, this carbonate system, the
'Isapp ’ P so-called Dolomia Principale, normally started with subtidal facies,
rimmed carbonate platforms.

. . . grading upward into rapidly aggrading cyclic peritidal successions
The basin eventually §ha||owed up into the p.h.ot|c' Zone, prc’ba'(BoseIIini and Hardie, 1988). The eastern margin of this widespread
bly also because of a relative sea-level drop, startimg situactive

. ; . eritidal platform lies in the Tarvisiano area, some 100 km at the east
carbonate production, even in the deeper depocentre areas. This eVt the Dolomites. Here a well-preserved carbonate slope is docu-

lution triggered the deposition of the low-gradient Durrenstein For- qanted by steep prograding clinostratifications, rich in serpulids,

mation, which records a complex palaeoenvironmental evolution. In dasycladacean algae, microbial mats and pervasive phreatic cemen-
the western Dolomites, this Carnian interval is however poorly tation (De Zanche et al., 2000).

recorded, mainly because of the lack of available accommodation During the Norian Time, dis-anoxic intraplatform depressions,

space. These complex depositional systems witness important clivich in carbonate mud and organic matter, developed in different

matic fluctuations, marked by the development of moist phases. Thisareas of the vast Dolomia Principale platform, to the east (Friuli and

interval is also relevant for its bearing the oldest known Mesozoic Carnia), south (Bellunese) and west (Lombardia) of the Dolomites.

amber (Gianolla et al., 1998b). In fact, differential subsidence, associated with widespread exten-
sional processes, controlled the evolution of the Upper Triassic plat-
forms, heralding the rifting stage of the Jurassic passive continental
margin of Adria (African Promontory).
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The basement complexesin Italy, with special
regardsto those exposed in the Alps: areview

1 Dipartimento di Scienze della Terra, Universita di Milano and Istituto per la Dinamica dei Processi Ambientali, Corsaiaé\adelle
Ricerche, Via Botticelli 23, 20133 Milano, Italy.

2 Dipartimento di Mineralogia e Petrologia, Universita di Padova, Corso Garibaldi 37, 35137 Padova, Italy.

3 Istituto di Geoscienze e Georisorse, Consiglio Nazionale delle Ricerche, Sezione di Padova, Italy.

Most of the sedimentary rocks occurring in ltaly are The main features of the Italian BCs are summarily outlined

post-Carboniferous. All what lies below is considered here, in the narrow limits of the necessarily small number of avail-
’ able pages. The literature is extremely large and, in order to save

_basement’ mostly mgtamorphic Or_igneous- Understandspace the quotations throughout the text and the list of references are
ing the pre-Carboniferous evolution depends on thereduced to the minimum possible. The main source of data utilized

reconstruction of the sedimentary, metamorphic anghere are the review volumes listed below. When single papers are
’ guoted in the text marked by an asterisk, they are not included in the

Igneous e_VOIUtlon of the_basement' In gener‘?‘l’ the basel'lst of References, but their full citation may be found in one or more
ment sedimentary protoliths were Lower to Middle Pale- of the listed References. Anyway, the full list of the cited papers may
ozoic siliciclastic rocks, while the igneous protoliths be requested to the authors of the present paper.

. . The main source of data used here are: Flugel et al. (1987),
belong to an Ordovician cycle. The prevailing metamor- Sassi and Zanferrari (1989), Carmignani and Sassi (1992), Peccerillo

phism, from very-low grade to granulite facies, is and Sassi (1994), von Raumer and Neubauer (1993), Frey et al.
Variscan. It was followed by the formation of large 8882;' Ca(rjmignani et&(ljl- (20((31_1), Vai and Marr]tini (2|001). iassi_ etal.
. and, as regards radiometric geochronology, Anonimous
amounts of granitic melts. (1985) for all age data available in Italy until 1985, and Thoni (1999)
for more recent data on the Alps.
It is worthy to point out that the rock complexes occurring in
. the Alps cross the State boundaries with Austria, France and
I ntroduction Switzerland. Furthermore, all other Italian BCs also attracted the
attention of numerous not-ltalian scientists. Therefore the descrip-
The term “basement complexeBs) is used here for the set of ti(_)n g_iven below is also based on their numerous and significant con-
rock complexes underlying the post-Variscan unconformity (the age tributions. ) ) ) )
of the bottom of the related volcano-sedimentary cover being vari- ~ Both the discussion and the list of papers quoted in the text are
ous, ranging in most cases from Upper Carboniferous to LowerMore detailed f.or the BCs of the Alps than.for the other_ BQs occur-
Trias). These basement complexes show structural vestiges of oldefing in Italy. This fact reflects not only the literature, which is much
deformational events, and the effects of older depositional, ero-more abundant for the Alps, but the personal experience of the
sional, metamorphic and magmatic events. The related old featureguthors of the present review. More specific data can be found in
are more or less modified by younger deformational and thermalPandeli et al. (19_94) and Carmignani et al. (2001b*) concerning
overprints. The basements described here are mostly metamorphid Uscany, in Carmignani et al. (2001) and Sartori (2001*) as regards
and crosscut by Upper Paleozoic “younger granites”; however someSardinia, in Bonardi et al. (2001%), Rottura et al. (1990% 1993]),
unmetamorphosed old Paleozoic sequences are also present (but ngfassner and Schenk (2001), Grassner et al. (2000%), Caggianelli
described here). and Prosser (2002) as regards@aabria-Peloritani Terrane
Basement complexes in Italy are exposed in many places, as
shown in Figure 1a, and with more details in Figures 1b to 1d. .
To the North, along the Alps, BCs occur as the deepest litho- General structural setti ng
stratigraphic element in each of the main structural complexes (or
nappe systemsmaking up the Alpine chain: the Helvetides, the The Italian mountain chains (Alps, Apennines), in which the BCs
Pennides, the Austrides (or Austroalpine) and the Southern Alps (orrepresent the oldest rocks (mostly Lower Paleozoic), formed during
Southalpine) (Figure 1b). In the peninsular and insular part of Italy, the Alpine Orogeny (mainly Tertiary). The largest BCs exposures
along which the Apennine mountain chain develops, BCs are occur in the Alps, i.e. in the complex, nappe structured chain which
exposed inTuscany (surroundings of Florence in Figure 1a) and, formed due to the closure of the Tethys ocean and the collision of the
more to the south, i@alabria and Sicily The latter BCs are part of  European plate with the African plate (specifically the Apulian or

the so-calledCalabria-Peloritani Terrane (Figure 1c). Finally, Adria microplate). As mentioned above, BCs occur, with different
BCs dominate as a component of ®&rdinia island (Figure 1d), features, in each of the four main structural domains of the Alps.
where they are classified in Axial Zone, Nappe Zone and ExternalBefore plate collision, the Helvetic and Pennidic BCs were part of
Zone. the European plate, whereas the Austridic and Southalpine BCs were

The Calabria-Peloritani Terraneis a tectonic juxtaposition of  both part of the African plate.
a N subterrane (the Sila and the Serre massifs) and a S subterrane Paleomagnetic and structural data, as well as lithological affini-
(Aspromonte massif and Peloritani Mts). ties, indicate that Sardinian BCs were a continuum with the S-Euro-
As regardsTuscany the data from the small and scattered pean BCs and shared with them (particularly with Catalonia and
occurrences are integrated with subsurface data obtained from drillProvence) the same evolution until Oligocene, before getting
holes in the Larderello geothermal field. detached and drifting southwestwards to the present position. Struc-

September 2003



187

| Basement Complexes

- Non metamorphic Palaeozoic
Sequences of Camia

" Firenze , 3
) - Litte Wariscan [ntrusives

lonian
s8a

[ Late Variscan Granitoids

Paleozoic matamorphic
L rocks

‘o
L ¥ P e
g )
v

1Catania

¥ haesen

« \Venice
. |ied  Variscan Intrusive Complex
- Helveticum
. European plate margin [ Migmatitic and Amphibolitic Complexes
| Penninicum
- Greenschist facies Sequences
Austroalpine Apulian plate margin I Sub-greenschist facies Sequences
| Southalpine LPA: Posada-Asinara Line

Figure 1 (a) Location of the basement complexes exposed in Italy. (b) Sketch map of the main structural units making upghinél
different grey areas are basement complexes in the different structural units (taken from Spiess et al., 2001, modifgtdle)nkp of

the basement complexes of the so-called Calabria-Peloritani Terrane, i.e. in the southernmost part of the peninsular Italyeand
northwest corner of Sicily (taken from Prosser et al., 2003, modif.). (d) Geological sketch map of Sardinia, showing thaebasem
complexes outcrop over a dominant area of the island (taken from Carmignani et al., 2001, modif.).

tural data and lithological affinities suggest that the Ligurian . . ;
Briangon units (Western Alps) also belonged to the Sardinia- Lithol ogy, Stra“gr ath; geOChemlStry
Provence structure.

The Calabria-Peloritani Terraneis a fault-bounded exotic ter-  Most rock types indicate a shallow crustal nature, but rocks referred
rane, the origin of which is still debated, and probably is the result of to an intermediate to deep crust occur both in the Alps (the so called
amalgamation of two or three microterranes. An African origin has Ivrea-Verbano Zone) and i@alabria. Variously aged and more or
been suggested for the N sector, and a possible European origin fdess retrogressed eclogite lenses and boudins locally occur.
the S one. The shallow crustal sequences consist of metapelitic-psammitic

BCs of Sardinia, Tuscanyand Calabria-Peloritani Terrane rocks of various metamorphic grade with lenses or intercalations of
were involved in the “alpidic” (Mesozoic and Tertiary) geodynamic leucocratic gneisses, amphibolites, acidic and basic metavolcanics

precesses which took place in the Central-Western Mediterranean@nd some marbles. . . .
but Sardiniaescaped Alpine metamorphism. The deep crustal Ivrea-Verbano Zone consists of high-T amphi-

As pointed out below, all BCs occurring in Italy underwent the bolit'e and granul_ite facies mgtamorphic rocks der'ived from pelites,
Variscan thermal and te(’:tonic events (with local exceptions: Seemaflc rocks and limestones with lenses of ultramafic rocks. The pres-

- n f len f spinel lherzolite near a large layered mafic pluton
below). Similarly to all other South-European basement terranes ence of lenses of spinel Iherzolite near a large layered mafic pluto

. . ~~’(Rivalenti et al., 1984) induced in the past many authors to consider
they represent polydeformed, sometimes polymetamorphic dOmamﬁhe Ivrea-Verbano Zone a crust-mantle transition (Mehnert, 1975%;

which, since the Lower Paleozoic, underwent a complex and still Zingg, 1983%). See also Schmid (1993*) and Quick et al. (1994%,

debated history of drifting and amalgamation processes. They1ggs) for an overview on the Ivrea Zone. The Variscan deep crustal

acquired the present setting due to Pre-Variscan, Variscan andsections exposed in Northern Calabria (Sila and Serre) consist of

Alpine events. granulites, migmatites, metapelites, metaultramafics, metabasites,
and some marbles. In Sardinia and Ligurian Alps, eclogites affected
by granulite overprint and associated to migmatites possibly repre-
sent deep crustal sections.
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The sedimentation age of the protoliths of the metasedimentaryT he Variscan metamorphism
sequences making up the bulk of the BCs has been determined by o )
microfossil in very-low grade rocks. Sedimentation age ranges from It affected all BCs occurring in Italy. The only exception known
Cambrian to Devonian. Sassi and Zanferrari (1989) present a generg'e: (i) to the west, the occurrence of some units in the Briangon
review of all biostratigraphic data available at that time for all BCs basement (Desmons, 1992%); (ii) to the east, the occurrence, 5 km
occurring in Italy. More recent biostratigraphic data concerning the Underneath Venice, of Ordovician (460-470 Ma on euhedral zir-
very-low to low grade Austridic BCs of the Alps can be found in sev- €ONS) granodiorites (Meli and R. Sassi, 2003). We are inclined to
eral papers in von Raumer and Neubauer (1993). In the metamorphigons'der as local but significant detz?uls these two situations, _whlch
BC of the Southern Alps, only two fossil findings have been do not weaken the concept that Varlscan metamorphism regionally
reported: Cambrian acritarchs in the most southeastern outcrop oPOfT"”ated over all terrains from which the south-European BCs
the Southalpine BC (Sassi et al., 1984*; Kalvacheva et al., 1986*)derlved.

and Ordovician-Silurian palynomorphs in the central Southalpine hisnﬁ\s i{ehgaasrdbsegr:er;e%trl:;?jsailsapll?ﬁd rzgst:r?e \é\?gritc?: s”;ﬁ:grg?éés
BC (Gansser and Pantic, 1988%). P ' P p

In the medium to high grade metasedimentary sequences, a(e.g. in the Austridic BCs of the Eastern Alps consistently with the

. . . L common occurrence of andalusite and cordierite in rocks of appro-
Lower Paleozoic sedimentation age of the protoliths is assumed. Pre- pp

cambrian age values have been only obtained radiometricall frompriate bulk composition and metamorphic grade), and as a Barrov-
- | age Ve . y o ) y ian-type event in other areas (e.g. in the Western-Central Alps, in
detrital zircons in metasediments and in some zircon xenocrystal

inherited in Pal o ks, H K ;Nhich however sometimes a low-pressure, late Variscan metamor-
INherited in FaleozoiC Igneous rocks. HOWEVEr, SOme rocks an phic overprint occurs: Colombo and Tunesi, 1999). In the last

deformational events in the Silvretta Nappe are reported as Precamdecade, evidence was found of the existence of an early (about 350

brian (Maggetti and Flisch, 1993%). _ _Ma), HP stage of the Variscan metamorphism (Miller and Thoni,
A special mention deserve the metabasites (mostly amphibo-1gg5+- Hauzenberger et al., 1996*; Godard et al., 1996%).

lites, but also eclogites and metaultramafics), which occur in every In the Central-Western Southern Alps the main metamorphic
BC, and which have been extensively used for the reconstruction ofshase was followed by a retrograde metamorphism which occurred
the evolutionary paths and geodynamic interpretations: e.g., in thequring uplift and erosion. This overprint, generally not pervasive,
Alps: von Raumer and Neubauer (1993, and refs. quoted therein)yyas particularly intense along late-orogenic shear zones (Colombo
Miller and Thoni (1995%); irSardinia: Carmignani et al. (2001 and  and Tunesi, 1999).
refs. quoted therein); in tl@galabria-Peloritani Terrane:Bonardi et The age of the metamorphic peak in the Ivrea-Verbano Zone is
al. (2001%, and refs. quoted therein). Eclogites are commonly early Permian (Boriani and Villa, 1997). It has been related to the
reported as pre-Alpine and sometimes pre-Variscan, but in thethermal effect of the intrusion at the base of the crust of the mafic
Austrides of the Eastern Alps evidence has been found that Eoalpingvrea body in a late-orogenic extensional geodynamic regime (mafic
eclogites also occur (Miller and Thoni,1997). In the Ligurian Alps, a underplating).
glaucophane-bearing eclogitic overprint occurring in the T. Visone In the Axial Zone ofSardinia, the Posada-Asinara Line, a
Unit is considered of possible Eo-Alpine age. milonitic belt including relics of eclogites, is interpreted as a possi-
Data and considerations on the pre-Cambrian development ofbile Variscan oceanic suture, i.e. a part of the suture between Armor-
the crust of the European Variscides in and outside the Alps can baca and Gondwana. The amphibolite facies paragneisses and mica-
found, e.g., in Gebauer (1993%). schists along it include amphibolite lenses preserving relics of a HP
As regards geochemical aspects, a large amount of data existgnetamorphism, specifically relics of granulitic and eclogitic mineral
mainly concerning igneous and orthometamorphics. In addition assemblages. It separates two metamorphic domains: a Migmatitic
Sassi et al. (2003) present and discuss the abundance of 55 chemic&omplex to the N and a Barrovian type, mainly Amphibolite Facies
elements and petrovolumetric models of the crust in 10 type areagcomplex to the S. In the Nappe Zone, the synkinematic Variscan

from the BCs of Italy, with some geophysical and petrophysical datametamorphism is of Barrovian-type, mainly in the greenschist
(see their location in Figure 1a). facies, locally in the subgreenschist facies, or in the amphibolite

facies. A postkinematic, low pressure overprint is well documented

both in the Axial and in the Nappe zones. In the External Zone meta-

M etamor ph|sm morphism, where detectable, is of very-low or low grade
(Carmignani et al., 2001).

. . The Calabria-Peloritani Terraneincludes various types of
The Alpine Overprint Variscan metamorphics, from weakly metamorphosed sequences

o upper amphibolite facies rocks, granulites and migmatites.

In many cases, the present metamorphic features of BCs ar%?elics of eclogites also occur. In the greenschist facies pelitic
Paleozoic, in other cases Alpine metamorphism(s) affected various 9 : 9 P

BCs even strongly. From this point of view, three extreme situations >¢ d- €NCes: the mineral associations do not give definite indication
oceur: of the P character. In the medium to high grade rocks, an early

BCs in which th t met hic feat Alpi dVariscan metamorphism under medium pressure conditions fol-
¢ S In which thé present metamorphic 1eatures are Alping, and, o by a widespread low P overprint has been suggested
the characters of the pre-Alpine metamorphism(s) cannot be(Schenk 1990%)

defined: this is the case, e.g., of the main part of the Pennidic BCs

in the Central and Eastern Alps; sequences. A late Variscan, low-P/high T overprint locally occurs.

« BCs in which an Alpine metamorphic overprint occurs, but the gecords of an early, barrovian-type stage of medium to high grade
metamorphic pre-Alpine features can still be defined: this is the ;.o reported (Pandeli et al., 1994).

case, e.g., of parts of the BCs in the Austrides, or parts of the BCs

of Calabria-Peloritani Terrane and Tuscany; ; ;
o BCs which were localized outside the Alpine metamorphic The pre-Variscan metamor phism(s)

domain: e.g., the BCs of Sardinia and the Southern Alps. In some sites, as for example in the Austrides of the Eastern

Alpine metamorphic evolution developed in two multistage Alps, relics or traces of an older, Paleozoic (ca. 470-500 Ma), “Cale-

events. The complexity of such a scenario was increased by latedonian” metamorphic event have been reported (e.g. Sassi and
Alpine tectonic, post-metamorphic dismembering, which discon- Schmidt, 1982 * ; Ebner et al., 1987*; Frisch et al., 1987*; Sassi et
nected and variously displaced BC terrains. The features of theal., 1987*; Hoinkes and Thoni, 1993*), although the matter is still
Alpine overprints are disregarded here. debated (e.g. Schulz et al., 1993*). Some pieces of controversy deal

The BCs in Tuscany mostly consists of Variscan low-grade
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with different interpretations of observed data, other on the nameenced a pervasive Alpine overprint. In the Southalpine they were not
“Caledonian” (the use of “Cadomian” or “Panafrican” could make affected by metamorphism and are therefore less problematic as far
discussion smoother). Matte (1991) considers this event as Eo-as age determinations and geochemical characters are concerned.
Variscan, and refers it to the closure of the Rheic oceanic basin. ThéThe age of intrusion spans over a large time range. Their geochemi-
main Variscan metamorphism is instead interpreted as a fully intra-cal and isotopic signature point to a complex evolution of magma
continental event. source and geodynamic regime. The oldest granitoids are peralumi-

In any case, the matter of facts is that, during upper Ordovician,nous and reflect crustal thickening and more or less wet melting con-
an enormous amount of acidic melts (in some units more abundantitions. They are accompanied by high-K mafic magma. The Lower
than the Variscan ones) was formed through crustal melting andto Middle Carboniferous magmas are high-K calc-alkaline and
emplaced both as plutonic bodies and as volcanic products over aeflect post-collisional rapid uplift and erosion. They are followed by
very large area. The degree and the extent of the regional metamortate-Carboniferous almost alkaline associations emplaced in a
phism that may have accompanied or preceded this magmatic everiBasin and Range” tectonic regime. Late-Carboniferous to Early
are not well established. A few traces that may suggest a pre-Permian calc-alkaline (sometimes high-K) granitoids are reported to
Variscan metamorphic event are: (i) the occurrence in Oetztal ofreflect a convergent setting. As far as the Southalpine is concerned,
fragments of banded, partly amphibolitized eclogites within some this interpretation conflicts with that given by Pinarelli et al. (2002*),
marbles affected by low-pressure Variscan metamorphism; (ii) thewho explain those characters with an origin of the parent mafic
occurrence in the Upper Ordovician orthogneisses of partly amphi-magma from an enriched mantle. Mid-Permian to Triassic A-type
bolitized eclogites (W. Southern Alps) and of banded xenoliths, the plutonic/volcanic complexes conclude this long story of granitoid
folded foliation of which does not fit that of the host orthogneisses magma formation. They are related to the post-orogenic continental
(E. Austrides). Furthermore, according to Hoinkes and Théni consolidation of the European plate.

(1993*), strong radiometric indications for a Caledonian anatexis In Sardinia, the so-called “Sardinian Batolith” is exposed over

accompanied by the formation of fibrolite support the view of a dom- a large part of the island and extends to a large part of Corsica, mak-
inant Caledonian metamorphism in the Oetztal-Stubai BCs (E. ing up one of the most important batholiths of the European Variscan
Austrides). Chain. It has a composite structure, and its emplacement took place

It must be noted, however, that in the W. Southern Alps (Stronaover a 40 MA time span, related to an extensional regime. Several
Ceneri Zone) Boriani et al. (1990b and 1995) report evidence that, atrock types are represented in it (mainly granodiorites and monzodi-
the moment of the intrusion of the Ordovician granites, the protoliths orites related to a calc-alkaline association (Carmignani et al., 2001,
were unmetamorphosed. and quoted liter.).

In Sardinia, it is not possible to exclude the occurrence, in the In the Calabria-Peloritani Terrane Late Carboniferous-Per-
Migmatitic Complex occurring in the NE part of the island, of pre- mian granitoid intrusions occur mostly in the N sector (Figure 1c).
Cambrian sequences preserving a pre-Variscan structuration. AnyThis magmatism shows a calc-alkaline character, and includes meta-
way, a “Caledonian” event (but not including metamorphism) is doc- and per-aluminous plutons emplaced at different levels from the
umented at least in the Sardiniaby an angular unconformity and  lower to the upper crust (Rottura et al., 1990*, 1993*; Ayuso et al.,
a Middle Ordovician calc-alkaline magmatism (Carmignani et al., 1994*).

2001).

In the Calabria-Peloritani range, some authors consider the  Upper Ordovician magmatism
eclogite facies relics and some granulites as representing the origi-
nal, Cadomian or intra-Cambrian basement of the low-grade ter- During Upper Ordovician a very strong, mainly acidic mag-
raines. Data and interpretations about the metamorphic evolutionmatic activity took place, both under plutonic and volcanic condi-
recorded in the continental crust of the Calabria-Peloritani Terranetions. In the Eastern Alps, the possible co-genetic relation between
may be found in Paglionico and Piccarreta (1978*), Schenk (1990%), volcanics and plutonics was first proposed by Peccerillo et al.
Caggianelli et al., (1991*), Grassner and Schenk (2001) and Fornelli(1979*) and Bellieni and Sassi (1981*), who also suggested the idea
et al. (2002) . of an “Upper Ordovician Granite-Rhyolite Association”, and further
supported by Mazzoli and R. Sassi (1992*). Such a suggestive
- hypothesis, although consistent with the presently available data,
M agmatlsrn still requires further analytical support.

In Sardinia, Ordovician magmatic rocks are also reported in
sFome structural units. They include both plutonics (granodiorites)
and acidic plus basic volcanics. The protholiths of the acidic

The Mesozoic and Tertiary igneous events are obviously disregarde
here, because their products lie over the BCs (when emplaced b . S .
volcanic mechanisms) or crosscut them (when emplaced by intru- rthog_nelssgs are also referred to th_e Ordovician magmatic cycle
. . - (Carmignani et al., 2001, and quoted liter.).
sion). For the same reason, the post-Variscan, Upper Paleozoic; . . o .
Some felsic metavolcanics occurring in Northern Calabria are

mainly ,?C'dlc volcanl_cs (e.g. th-e so-called "Bolzano Rhyolitic ?onsidered of Ordovician age. A widespread Middle Ordovician,
Plateau”) are not considered here; they do not belong to any BCs, buf _. . . R . :
acidic volcanism (metaignimbrites) is also documentetuiscany,

lie over them, belonging to their non-metamorphic cover. Anyway, s well as late Ordovician intrusive metabasites
data on them may be found, e.g., in Cortesogno et al. (1998%), and® )

Rottura et al. (1998*). Plutonism

L ate Variscan magmatism Due to the Variscan, and sometimes also Alpine overprints, the
products of this plutonism are presently orthogneisses, the chemistry
Plutonism: Almost all BCs exposed in ltaly are crosscut by of which ranges mainly within the fields of granites and granodior-
granitoid intrusions, which were emplaced in the late stages of theites, but also tonalites and quartz diorites. In the Eastern Alps a huge
Variscan before the above mentioned Permo-Triassic unconformity.amount of melts is related to this event. They display a calc-alkaline
They produced contact metamorphic aureoles on the surroundingaffinity. SiO, wt% covers almost continuously the 62—77% range
already metamorphic basement rocks. The literature on this subjecfhe more acidic rock types show a higher HREE fractionation. Neg-
is extremely abundant and cannot be easily summarized in this artiative Eu anomaly is a common character. The lack of genetically
cle. For the Alps Bonin et al. (1993*) wrote an extended and inter- related basic rocks is to be pointed out. All data available indicate an
esting review paper to which the reader is invited to refer. Granitoidsorigin by a regional crustal anatexis. However, the Ordovician meta-
are widespread in all tectonic units in most of which they experi- granitoids outcropping in the Western Southern Alps show evidence
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;" GONDWANA ™

Figure 2 Plate drifting from 490 to 320 Ma ago according to Stamplfli et al. (2002), and related progressive migration ofuthe H
Superterrane from the margin of Gondwana to the margin of Laurussia. Asterisk shows roughly the location, in different tifntb® o
microplates from which the basements occurring in Italy derived (a collage of the Figures 2 and 3 from Stamplfli et al., 2002).

of crust-mantle interaction, and are considered as records of a mag-  In the Eastern Alps, they occur both in the South-Alpine and in
matic activity developed in a convergent plate boundary environ- the Autridic BCs. In the South-Alpine BCs, where they have been
nement (Pezzotta and Pinarelli, 1994*; Boriani et al., 1995*). Radio- dated radiometrically on zircons (ca. 480 Ma, Meli and Kloetzli,
metric data (mostly Rb/Sr on large-sized rock samples) define a2001*) geochemistry and petrology based on parameters insensitive
range of 470-420 Ma. o ~ to later re-mobilization, indicate a crustal anatectic origin through
In_Sardinia, worth of mentioning are the granodioritic gehydration melting reactions, in a possible late to post-orogenic
orthogneisses of Capo Spartivento, in the southernmost part of the. -0 (Meli, 1998%).
island (external Zone), and the similar orthogneisses in the north part The low érade Austridic BCs also record, in different areas,

of the Nappe Zone. other Paleozoic volcanic processes (the products of which are obvi-

ously metamorphic). According to Loeschke and Heinisch (1993%),

Volcanism
they are within-plate alkali basalts of Ordovician, Silurian, Devonian

One of the most striking features in these basements is theand also probably lower Carboniferous age, indicating a long-last-

widespread occurrence of mainly acidic volcanics and volcanoclas-. . . . .
tics which expanded, probably as ignimbrites, over large areas dur-'.ng’ Paleoz.()lc,.extensmna.\l proce;s. The protoliths of thg amphibo-
ing Upper Ordovician (and somewhere Middle Ordovician). These !t€S occurring in the medium to high grade metamorphics may be
rocks, then, underwent the Variscan metamorphism, which changedPartly related to this process. .

them into the so-called “porphyroids” in the low-grade areas, and in In Sardinia, in some areas of the Nappe Zone, four Ordovician
stratiform white gneisses in higher metamorphic grade areas. Involcano-sedimentary metamorphic complexes have been defined,
every BCs these metavolcanics represent a well detectable key-horiincluding acidic metavolcanics, and intermediate and basic meta-

zon, also useful in inter-regional correlations. epiclastites and metavolcanics.
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. . peculiarities which depend on their individual evolution. The main
Pre-Ordovician events goal of the present research in this field is to focus on both the simi-
larities and the peculiarities, in order to better defining such type of
In the Western Southalpine basement, like in other parts of themModels, and to contribute to their interdisciplinary discussion.
Variscan belt, a peculiar bimodal lithological association is found,
the Leptyno-Amphibolitic Group (LAG), which consist of alternat-
ing cm-thick, fine-grained leucocratic and melanocratic layers of Acnowledgements
amphibolite facies metamorphic rocks, with lenses of metagabbro,
retrogressed eclogites and ultramafites. Their geochemistry is com<Critical reading by Professors L. Carmignani (Siena), R. Com-
patible with a derivation from back-arc tholeiites. These LAG may pagnoni (Torino), L. Cortesogno (Genova), G. Piccarreta (Bari) and
well represent the reworked products of an early Variscan suture, inR. Spiess (Padova) has been very useful. The Italian Council of
which ophiolitic remnants that underwent HP metamorphism in a Research (CNR) and the Ministry of Education (MIUR and formerly
subduction zone have been incorporated in turbiditic sedimentSMURST) are acknowledged for having supported in the last decades
derived from back-arc bimodal volcanics before the intrusion of the several research projects on the BCs exposed in Italy.
Ordovician granites that cut across this unit (Giobbi Mancini et al.,
2003). A similar situation seems to occur in the Ligurian Briangon
units (Western Alps). References
As regards the older history, records of major pre-Cambrian
crust-forming events have been detected by radiometric dating ofThis list mainly includes cited review papers, and not the papers marked by
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by Giovanni B. Piccardo

Mantle processes during ocean formation:.
Petrologic recordsin peridotites from the Alpine-
Apennine ophiolites

Mantle peridotites were early exposed at the sea-floor ofi) MORB-type gabbroic rocks are intruded into mantle peridotites;
the Jurassic Tethys derived from the subcontinentaliil mantle rocks record a decompressional subsolidus evolution,
mantle of the Europe-Adria system. During continental from lithospheric mantle depths to the sea-floor; iv) the serpen-

it d . di h lith heri . tinized mantle peridotites are directly covered by MORB lava flows
riting and oceanic spreading, these lithospheric peri- and radiolarian cherts, i.e. the first oceanic sediments.

dotites were percolated via diffuse reactive porous flow  The radiolarian cherts, which are frequently interlayered with

by melt fractions produced by near-fractional melting of the MORB lavas, show a Middle to Upper Jurassic age (De Wever
the upwelling asthenosphere. Ascending melts inter-and Caby, 1981; Marcucci and Passerini, 1991; Bill et al., 2001).
acted with the lower lithosphere, dissolving pyroxeneSAccordingly, a general agreement exists on the idea that the Ligurian

and precipitating olivine. and crvstallized at shallower Tethys was floored by a peridotite-gabbro basement, subsequently
P P 9 ’ y covered by discontinuous lava flows and oceanic sediments (Decan-

levels in the mantle column causing melt impre_gn‘"‘“‘”?-dia and Elter, 1969; Piccardo, 1983; Lemoine et al., 1987), and on
Subsequent focused porous flow formed replacive dunitéhe assumption that the inception of the oceanic stage was not older

channels, cutting the impregnated peridotites, which than Upper Jurassic.
were conduits for upward migration of MORB-type lig-
uids. Melt migration produced depletion/refertilization - - -
and significant heating of the percolated/impregnated 1 €Ctonic setting and opening

mantle, i.e the thermochemical erosion of the litho- mechanisms

sphere. Impregnated and thermally modified lithos-

pheric mantle was cooled by conductive heat loss dur-The Ligurian Tethys is believed to have developed by progressive
ing progressive lithosphere thinning and was intruded divergence of the Europe and Adria blocks, in connection with the
by MORB magmas, which formed Mg-rich and Fe-rich pre-Jgrassic rifting and Late Jur_assic opening of the Northern
gabbroic dykes and bodies. Alpine-Apennine ophiolitic Atantic (Dewey etal., 1973; Lemoine et al,, 1987).

idoti d the d d mi . f | Paleotectonic reconstructions of the Ligurian Tethys suggest
peridotites record the deep-seated migration of me tS'that the oceanic basin was not wider than 400-500 km (Stampfli,

which changed their compositions and dynamics during1993) and that plate convergence led to complete closure of the Lig-
the rift evolution. The thermochemical erosion of the urian Tethys in the Early Tertiary, by means of an east-dipping sub-

lithospheric mantle by the ascending asthenosphericduction zone. . . . o
melts, which induces significant compositional and rhe- The peculiar stratigraphy of the Alpine-Apennine ophiolites led

oloaical chanaes in the lower lithosphere. is a maior researchers to propose various genetic models: 1) the transform fault
g g p ! | model (Gianelli and Principi 1977; Lemoine, 1980; Weissert and

process in the evolution of the continent-ocean transi-gernoulli 1985), 2) the slow-spreading ridge model (Barrett and
tion towards a slow spreading oceanic system. Spooner, 1977; Lagabrielle and Cannat, 1990; Lagabrielle and
Lemoine, 1997), and 3) the low-angle detachment fault model
. (Lemoine et al. 1987; Froitzheim and Eberli 1990; Piccardo et al.
Introduction 1990, 1994; Froitzheim and Manatschal 1996). The subcontinental
origin of the mantle peridotites from the Ligurian ophiolites was
Ophiolites exposed along the Western Alps-Northern Apennine oro-stressed by some Authors (Decandia and Elter, 1969, 1972; Pic-
genic chain represent the oceanic lithosphere of the Ligure-Piemoncardo, 1976), which outlined the diversity of the Alpine-Apennine
tese (or Ligurian Tethys) basin which separated, during Late Jurasqphjolites compared with mature oceanic lithosphere formed at mid-
sic- Cretaceous times, the Europe and Adria plates. ocean ridges of modern oceans. Based on the atypical association of

Since the early seventies (Bezzi and Piccardo, 1971; Decandi ORB magmatism and fertile subcontinental mantle, it was sug-

and Elter, 1972; Piccardo, 1976), it has been recognized that Alpine-

Apennine ophiolites have anomalous pseudo-stratigraphy and ”tho_gested (Piccardo, 1977; Beccaluva and Piccardo, 1978) that the Lig-

logical association, with respect to an idealised oceanic lithosphereHrian ophiolites were formed during early stages of opening of the
formed at mature mid-ocean ridges (see reviews in: Rampone & Pic-0ceanic basin, following rifting, thinning, and break-up of the conti-
cardo, 2000; Piccardo et al., 2002). In fact: i) mantle peridotites arenental crust, and were therefore located in a marginal, peri-continen-
both fertile cpx-rich Iherzolites, and depleted cpx-poor peridotites; tal position of the Jurassic oceanic basin.
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The passive lithosphere extension ity for the primary liquids, in agreement with the Sr and Nd isotope
ratios of ol-gabbros and their clinopyroxenes (Rampone et al., 1998).
The passive extension of the lithosphere has been recognized

(Elter, 1972; Piccardo, 1976; Lemoine et al., 1987; Piccardo et al., i i
1990, 1994) as the most suitable geodynamic process to account fo'yI antle peridotites

the thinning and break-up of the Europe-Adria lithosphere and the Most peridotites from the Alpine-Apennine ophiolites (Lanzo-
opening of the Jurassic Ligurian Tethys. The passive extensionLiguria-Corsica) are spinel-facies Iherzolites: they are characterized by
caused (Piccardo et al., 1994): i) the tectonic exhumation and searelict protogranular textures, km-scale tectonite-mylonite shear zones,
floor exposure of the sub-continental lithospheric mantle, and ii) the presence and enrichment of plagioclase, spinel dunite bodies and chan-
almost adiabatic upwelling of the asthenosphere, which underwentnels, and late Mg-rich to Fe-Ti-rich gabbroic dykes and bodies.

decompressional partial melting. Spinel peridotites vary in composition from rather fertile (i.e.
External Liguride peridotites) to variably depleted [i.e. Erro-Tobbio
M oder n analogues (Voltri Massif), Internal Liguride, Monte Maggiore (Corsica), and

Lanzo peridotites]. They show a complete equilibrium metamorphic
The presence, in the Alpine-Apennine ophiolites, of a sub-con- recrystallisation, attained under spinel-facies conditions at T =
tinental peridotite basement and relics of stretched continental crust®00-1100 °C (Piccardo, 1976; Rampone et al., 1993, 1995). This
which have been injected by MORB-type basaltic dykes, strongly event documents the accretion of their asthenospheric protoliths to
recall the present setting in the embryonic ocean of the Northern Redhe thermal lithosphere, and their annealing recrystallization along a
Sea, i.e. the association of sub-continental peridotites and continenconductive geotherm (Piccardo et al., 1994). Available Sm-Nd DM
tal gneisses, cut by MORB basaltic dykes, which is exposed on themnodel ages suggest that the Ligurian peridotites were isolated from
Zabargad Island (Bonatti et al., 1983; Piccardo et al., 1988, 1994)the convecting asthenosphere, and were accreted to the thermal
The origin of the Northern Red Sea has been related to the passivithosphere, during Proterozoic times (the External Liguride fertile
and asymmetric extension of the Nubian-Arabian lithosphere Inerzolites: Rampone et al., 1995), pre-Carboniferous times (the
(Bohannon et al., 1989; Voggenreiter et al., 1988). Erro-Tobblo depleteq pe_rldotltes: Plccard_o et al., 2002), Permian
Moreover, the association of rifted sub-continental mantle and times (the Internal Liguride depleted peridotites: Rampone et al.,
discontinuous MORB magmatism characterises the ocean-continent996). The Southern Body of the Lanzo Massif has been interpreted
transition in the magma-poor rifted margin of Galicia (Western 25 an asthenospher_e diapir that rose from the garnet _stablllty field
Iberia) (see: Manatschal and Bernoulli, 1999, and quoted references2d Was emplaced in early Mesozoic, during the opening stages of
These settings represent, therefore, suitable modern analogue§'® Ligure-Piemontese basin, whereas the Northern Body has been
for the early evolution of the Jurassic Ligurian Tethys (Piccardo, considered a fragment of the sub-continental lithosphere which

1995; Rampone and Piccardo, 2000). As early envisaged (Piccardobecame isolated by the convecting mantle 400-700 Ma ago (Bod-

1977: Beccaluva and Piccardo, 1978), the formation of the Alpine- nier et al., 1991, and the quoted references). Sm/Nd isotope data on

- o . . : .~ _the Monte Maggiore peridotites furnish Jurassic (165 Ma) DM
Apennine ophiolites must be inserted in a geodynamic scenario Ofmodel age of depletion (Rampone, 2002).

passive I'Iftlng to Incipient oceanisation in a slow spreadlng system Most of these OphiO“tiC peridotite massifs show |arge areas

(Vissers et al., 1991; Piccardo et al., 1994; Rampone and IDiccardo\)vhere plagioclase is present and, frequently, rather abundant. Pla-

Z?Sho)' JA S|m_|la_r|_|r:;[]erpretat|(_)n has begn F;LOpI(\)AS?d for thzslflgipeg%ioclase formation in mantle peridotites have been differently inter-
orthe Jurassic 1ethys margin exposed in the vialenco and Flalta-Erf eteq a5 deriving from: i) metamorphic recrystallisation, ii) low

nappes of the Central Alps (Manatschal and Bernoulli, 1999; Min- y.essyre partial melting, or iii) melt impregnation. The presence of

tener and Hermann, 2001; Schaltegger et al., 2002). plagioclase in the Alpine-Apennine ophiolitic peridotites has been
related to: 1) incomplete melt extraction and crystallisation after low
pressure partial melting (Lanzo: Boudier and Nicolas, 1972;
i inli Boudier, 1978; Nicolas, 1986); 2) subsolidus recrystallisation

M an featur% Of the Tethyan Opthl Ites (External Ligurides: Piccardo, 1976; Rampone et al., 1993, 1995); 3)
. . exotic melt percolation and impregnation (Monte Maggiore and
Basaltic volcanites Internal Ligurides: Rampone et al., 1997). Recent studies on Alpine-

. . . . . Apennine peridotites (Piccardo et al., 2002; Muntener and Piccardo,
Petrologic and geochemical studies have provided clear &Vi-2003) suggest that:

dence of the overall tholeiitic composition and MORB affinity of the 1) The presence of reduced amounts of plagioclase, confined to
basaltic volcanites, ranging from T-MORB to I_\I-MORB (F_’lccqrd_o et plg+ol reaction rims between spinel and pyroxenes and to plg+ol-

al,, 2002, and quoted references). Geochemical modelling indicates  rich granoblastic aggregates between spinel-facies minerals, doc-
that the most primitive T-MORB and N-MORB-type basalts are  yments the metamorphic transition from spinel- to plagioclase-

consistent with melts generated by variable degrees of fractional  facjes conditions, according to the reaction: spinel+pyroxenes/
melting of a MORB-type asthenospheric mantle source (Vannucciet  olivine+plagioclase;

al., 1993). These basalts have fairly homogeneous Nd isotopic ratiosp) The presence of significant amounts of plagioclase, diffuse in the

consistent with their MORB affinity (Rampone et al., 1998). rock as both unstrained crystals and plg+opx(+cpx)-rich granular
aggregates interstitial between the deformed mantle minerals,
Gabbroic intrusives documents the interstitial crystallisation of exotic melts, which

impregnated previous spinel peridotites.
The dominant intrusive rock types are (Serri, 1980; Hebert et al.,

1989; Piccardo, 1995; Tribuzio et al., 2000): i) ultramafic cumulates
(pl-cpx-bearing cumulus dunites); ii) Mg-Al-gabbros (troctolites, ol- . .
gabbros and cpx-gabbros); iii) Fe-Ti-gabbros (Fe-Ti-oxide-bearing Mantle Processes durmg ocean opening

gabbros and diorites); iv) plagiogranites (diorites and thrond-

hjemites). They show the crystallization sequence [olivine(ol) £pla- Ophiolitic mantle peridotites from the Jurassic Ligure-Piemontese
gioclase(plg)Aclinopyroxene(cpx)] and covariations of Fo in ol, An basin show field, petrologic and geochemical features which reveal
in plg and Mg-number in cpx, which are typical of low pressure crys- the processes they underwent after their accretion to the lithosphere
tallization of olivine tholeiites. Clinopyroxenes of primitive ol-cumu-  and before their sea-floor exposure. The following sequence of man-
lates and ol-gabbros have rather flat HREE to MREE patterns, atle processes can been recognised and related to the rifting stage of
about 9-18C1, and significant LREE depletion (@8my = the Ligure-Piemontese basin (see also: Piccardo et al., 2002; Min-
0.21-0.29). Simple geochemical modelling indicates a MORB affin- tener and Piccardo, 2003).
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1) Decompressional evolution of the lithospheric matic grains, show remarkably similar trace element compositions.
mantle Mantle and magmatic orthopyroxenes follow the same trend as
clinopyroxenes. These features suggest that; 1) mantle and mag-
The passive extension of the Europe-Adria lithosphere and thematic pyroxenes attained trace element equilibrium with the perco-
inception of rifting in the Ligure-Piemontese basin were recorded in |ating melts, 2) the percolating melts changed their major/trace ele-
the lithospheric mantle by development of extensional shear zonesment composition via melt/rock reaction (olivine crystallisation and

leading to gradual upwelling of segments of the lithospheric mantle, hyroxenes dissolution) during reactive porous flow in the mantle col-
and by incipient to extensive recrystallisation under decompression;, ,n.

to plagioclase- and amphibole-facies conditions. Geothermometric

timates indicated that the t i dit liahtly t At Lanzo, the trace element budgets of magmatic pyroxenes
estimates indicated that the tlemperature condiions were slightly 1o, 4 plagioclases in the gabbroic microgranular aggregates of the
significantly decreasing during the decompressional evolution (Pic-

cardo, 1976: Hoorgeduijn Strating et al., 1993; Rampone et al. impregnated peridotites vary from sample to sample. In fact,
1993 ’1995). ' ' ' 'clinopyroxenes show a negative LREE fractionation which changes

from slight to strong (L&/Snmy = from 0.19 to 0.01): this variation is
accompanied by a progressive change, from positive to negative, of
the plagioclase LREE fractionation (/&my = from 3.60 to 0.10;
Extension and thinning of the lithosphere was accompanied byLan/Pry = from 1.20 to 0.07). Plagioclase shows a parallel decrease
almost adiabatic upwelling of the underlying asthenosphere, whichin the Sr (from 154 to 5.7 ppm) and Na (from An67% to An87%)

2) M€t percolation and impregnation

underwent partial melting under decompression. contents. The above compositional variations of the main magmatic
. . . minerals of the impregnated peridotites is, most probably, related to

Melt percolation by porous flow and melt interstitial the progressive change in the composition of the primary melts, from

crystallisation slightly Sr-LREE enriched to significantly depleted, due to the pro-

Melts formed in the asthenosphere migrated through the over-gressive increase in the melting degrees during near-fractional melt-
lying lithospheric mantle column via porous flow (Piccardo et al., ing of the upwelling asthenospheric mantle.
2002; Miintener and Piccardo, 2003). Melt/peridotite interaction (i.e. Melt impregnation produced thehemical refertilization of
olivine precipitation and pyroxenes dissolution) most probably the lithospheric mantle, i.e. addition of basaltic components (the
transformed the percolated lherzolites to cpx-poor peridotites, form-gabbroic microgranular aggregates) and significant trace element
ing a lower zone of “reactive” harzburgites (Xu et al., 2003) at the enrichment of the mantle minerals, when attaining geochemical
expense of the percolated lithospheric mantle. At shallower levels inequilibrium with the compositionally modified, impregnating melts.
the lithospheric mantle column, the percolating melts began to crys-Thermometric estimates based on trace element (i.e. Sc and V) dis-
tallise, when cooling down to their liquidus temperatures. Melt crys- tipution between coexisting pyroxenes (Seitz et al., 1999) of the

tallisation produced mm-scale_ veins and interstitial granular aggre'impregnated peridotites, indicate that magmatic aggregates and
gates of undeformed magmatic minerals between the deformed por

phyroclastic mantle minerals and caused pervasive impregnation o{(]; Egttlf gggg’;%%isg (gai?:g;erotZ? asiarg((e)oezqLlibllhpr:'ltz:]ertzmgii:iat:jrgs
the lithospheric mantle. At the impregnation level, melts either: 1) ! ' '

reacted with and partially replaced the mantle clinopyroxenes, form-2003_)‘ This fact IS 1N favour of a s!gnlflcdmi_aatlng of the lithos- .

ing opx+plg symplectites, and crystallised opx-rich, cpx-free noritic Pheric mantle during melt percolation and impregnation. The high

microgranular aggregates (Internal Liguride and Monte Maggiore temperatures favoured attainment of the trace _element _equmbrlum

peridotites: Rampone et al., 1997; Piccardo et al., 2002), or 2) did noetween melts and mantle minerals. In conclusion, the lithospheric

react with the mantle clinopyroxenes and crystallised opx-rich, cpx- mantle was subjected to significatitermochemical erosion

bearing gabbro-noritic microgranular aggregates (Lanzo peridotites:(chemical refertilization plus heating) during the asthenosphere/

Piccardo et al., 2002; Muntener and Piccardo, 2003). lithosphere interaction which accompanied the rifting stage of the
Regarding the chemistry and origin of the trapped melts in the basin (Piccardo et al., 2002; Mintener and Piccardo, 2003).

Monte Maggiore impregnated peridotites, Rampone et al. (1997)

suggested that they probably consisted of unmixed depleted meliMelt percolation by focussed porous flow

increment produced by 6-7% fractional melting on an asthenos- . . S
pheric mantle source. Field evidence at Lanzo and Monte Maggiore indicates that the

Early crystallisation and abundance of orthopyroxene in the impregnated peridotites are locally cut and replaced by bodies and

interstitial magmatic aggregates, and orthopyroxene replacement offhannels of spinel dunites (Boudier and Nicolas, 1972, Boudier,
mantle olivine, indicates that the impregnating melts were silica- and 1978; Piccardo et al., 2002; Mintener and Piccardo, 2003). This sug-

opx-saturated (as in the Internal Liguride and Monte Maggiore peri- gests that, after impregnation, the melt infiltration processes in the
dotites), whereas the interstitial crystallisation of clinopyroxene evi- lithospheric mantle were focused in the dunite channels and the
dences that melts attained cpx-saturation (as in the Lanzo periimigration mechanisms changed from diffuse to channelled porous
dotites). The pyroxenes-saturation of the impregnating melts sup-flow.
ports the idea that they migrated upward by reactive porous flow  The melts migrating in dunite channels crystallized, small inter-
(Piccardo et al., 2002) and reacted with the country peridotite, dis-stitial clinopyroxenes, at olivine triple points, plagioclase+clinopy-
solving mantle pyroxenes and crystallising olivine, as proposed by roxene films surrounding olivine crystals and gabbroic veinlets with
Kelemen et al. (1995). ) ) _ fuzzy contacts. At Lanzo, clinopyroxenes in dunites have almost flat
_Porphyroclastic mantle pyroxenes in the impregnated peri- \,_{iReE patterns (at <MC1) and moderate LREE depletion, with-
dotites from Monte Maggiore, _L_anzo a_md_ _Internal Ll_gurlde_s have out any trace element enrichment. Geochemical modelling indicates
unusual trace element compositions, significantly enriched in many, .. melt lating in dunit ianificantly diff. if th
trace elements (i.e. REE, Ti, Sc, V, Zr, Y), with respect to porphyro- at metts percolating in dunites were signiticantly difierent from the
melts which produced impregnation in spinel peridotites. They were

clastic pyroxenes in the spinel Iherzolites from the same peridotite’ i e . N
body and to clinopyroxenes in equilibrium with MORB melts. Primary liguids similar to MORB (Piccardo et al., 2002; Muntener

Enriched clinopyroxenes show convex-upward REE patterns with aand Piccardo, 2003), which remain unmodified during upwelling and
significant REE enrichment (MREE up to>&0l in some Lanzo escaped melt/peridotite reaction. This is consistent with the idea that

samples), and both ortho- and clinopyroxenes frequently show amelts migrating in dunite channels may be not affected by melt/rock
negative En anomaly (Figure 1). At Lanzo, clinopyroxenes in the reaction and that focused flow in restricted conduits is required for
same sample, as both mantle porphyroclasts and interstitial magMORB extraction from the mantle (Kelemen et al., 1995, 1997).
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Figure 1 Asthenosphere/lithosphere interaction via upward migration of hot asthenospheric melts, as evidenced by fieldgoedrod
geochemical data from the Lanzo peridotite massif.

(A) Decompressional melting in the rising asthenosphere (1) produced variably enriched/depleted melts, most probably corfsistiig

melt fractions after fractional melting processes. These single melt increments migrated isolatedly through the overlying mantl
lithosphere, consisting of spinel-facies depleted Iherzolites, recrystallised at temperature of about 1000-1100°C (4). iettagridy
reactive porous flow heated the lower lithosphere to 1250-1300°C and interacted with the peridotites (dissolving pyroxenes and
crystallising olivine) (2): migrating melts attained pyroxenes- and silica-saturation and were, most probably, enriched frtremes
elements, whereas lithospheric peridotites were transformed to reactive harburgites. At shallower levels (3), where thengosfipets
between heating by melt percolation and cooling by conductive heat loss caused interstitial melt crystallisation within cbkatper
mantle, spinel peridotites were strongly impregnated and refertilized, by addition of basaltic components (i.e. interstabnaicualar
gabbroic aggregates) and by trace element enrichment of mantle minerals, when attaining trace element equilibrium with the
impregnating melts.

(B) Following the early asthenosphere/lithosphere interaction by melt percolation, which formed a lower section of reactrbeittpies
(depleted zone) and an upper section of impregnated peridotites (enriched and refertilized zone), the single melt fractionaaser
probably, aggregated in the asthenosphere to form MORB-type aggregated melts, which migrated upward via focused porousiflow with
dunite channels (5). The dunite channels acted as preferential ways for upwards migration of melts: when cooling down ligtiehits
temperatures, the migrating melts crystallised clinopyroxene+plagioclase, interstitial to the large olivine crystals. In, glav@syroxene

and plagioclase form gabbroic patches, veinlets and dykelets (6), which intrude, with fuzzy contacts, the surrounding imgategnat
peridotites. These features suggest that the interstitial crystallisation in the dunite channels caused progressive cloghegnedt
migration ways and forced the migrating melts to intrude along cracks and fractures.

3) Early veining and dyking of gabbroic material migration mechanisms changed from diffuse/focused percolation to
intrusion. At Lanzo, cm-scale gabbroic veins and dykelets were
The dunite channels acted as preferential ways for upwardsintruded in the impregnated peridotites, at Monte Maggiore, the
migration of melts: when cooling down to their liquidus tempera- early intrusion produced m-scale cumulate pods and cm-scale gab-
tures, the migrating melts crystallised interstitial plagioclase+ broic dykelets. The gabbroic veins and dykelets in both peridotite
clinopyroxene, gabbroic veinlets and dykelets, which intrude the massifs, and the cumulate pods at Monte Maggiore, have Mg-rich
surrounding impregnated peridotites, showing fuzzy contacts. Theseplivine (Fo90) and pyroxenes (Mg#90-92): they were formed,
features suggest that the interstitial crystallisation in the dunite chan-accordingly, by early crystallisation of rather primitive melts. These
nels caused progressive clogging of the melt migration ways andmagmatic pyroxenes, differently to the magmatic pyroxenes of the
forced the migrating melts to intrude along cracks and fractures.  previous impregnation, don’t show any trace element enrichment,
Accordingly, following diffuse reactive porous flow, pervasive indicating that the intruding melts escaped significant melt/rock
melt impregnation and focused flow in dunite channels, the meltreaction during upwelling. The gabbroic dykelets at Lanzo South
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ting across all previous mantle and magmatic structures. They vary
in composition from rather primitive troctolite to Mg-gabbros to Fe-
Ti-gabbros, and rare plagiogranites. Computed liquids in equilib-
rium with clinopyroxenes from the most primitive olivine gabbros
are closely similar to average aggregated MORBs. MORB-type
evolved magmas were intruded when the lithospheric mantle was
cold and brittle, at shallow levels in the conductive lithosphere.

Jurassic Tethys

Discussion and conclusion

Present knowledge on the Alpine-Apennine ophiolitic peridotites

allow to constrain some major steps in the formation of the Jurassic
Ligurian Tethys ocean, and to outline the mantle processes which
accompanied the geodynamic evolution during rifting and opening
of the basin.

After partial melting and accretion to the thermal lithosphere,
the mantle sections of the Alpine-Apennine ophiolites were
exhumed towards the sea-floor during passive extension of the Eur-
ope-Adria lithosphere. During lithosphere thinning, the underlying
asthenosphere rose up and underwent near-adiabatic decompression
melting: the resulting fractional melts migrated through and reacted
with the overlying mantle lithosphere.

Alpine-Apennine ophiolitic peridotites record distinct mag-
matic cycles: (1) the diffuse porous flow and impregnation of
depleted/enriched isolated fractional melt increments, which under-
went pyroxenes-saturation and modification of the major/trace ele-
ment composition by melt/rock reaction during upwelling, (2) the
focused percolation in dunite channels and the early intrusion of

%

Asthenosphere|

Figure 2 Jurassic rifting and drifting stages of the Ligurian

Tethys. (A) Continental rifting: early percolation and
impregnation of the pre-Jurassic subcontinental mantle
lithosphere (Lanzo-type) (1) by ascending hot melts which are
formed in the upwelling molten asthenosphere (2);

(B) Oceanic drifting: percolation and impregnation of Jurassic
oceanic mantle lithosphere (M. Maggiore-type) (3), intrusion
and extrusion of MORB-type magmas (4) (not to scale). The
modified mantle lithosphere [(1) and (3)] most probably consists
of i) a lower section of reactive harburgites, and of ii) an upper
section of impregnated and refertilized peridotites.

depleted/enriched melt fractions and MORB-type primary melts,
and (3) the late intrusion of variably fractionated magmas deriving
from aggregated MORB melts.

Chemical depletion/refertilization and ther mal
erosion of the lithosphere
The chemical and rheological relevance of the enrichment pro-

cesses in the lithospheric mantle peridotites has been stressed by
Menzies and co-workers (1987). The combination of lithosphere

extension in a rifting system and the intrusion of magmas from the

have plagioclases with relatively high Na (An54—66%) and very upwelling asthenosphere have been considered as important factors
high Sr (500750 ppm) contents, whereas cumulates and dykelets avhich may accomplish the thermomechanical erosion of the litho-
Monte Maggiore have Ca-rich (An88-96%), and extremely Sr-poor Sphere (Davies, 1994). Evidence of km-scale porous melt flow in the
(20-30 ppm) plagioclases. Clinopyroxenes have almost flat REERonda peridotites, related to pervasive infiltration of asthenospheric
patterns in the M-HREE region (at <d©1), but significantly differ- melts, has been regarded as a volumetrically important process
ent LREE negative fractionation and incompatible trace elementaccompanying the thermomechanical erosion of the lower litho-
contents. Geochemical modelling indicates that: i) the primary melts sphere by the upwelling asthenosphere (Van der Wall and Bodinier,
of the Lanzo dykelets most probably correspond to low degrees1996). Infiltration of asthenospheric magmas in the lower litho-
(2—-3%), melt increments, or low degrees aggregated melts, afteisphere has been considered a peculiar feature of the early stages of
near-fractional melting of an asthenospheric mantle source, ii) thecontinental rifting in eastern Africa (Bedini et al., 1997). The “reac-
primary melts of the Monte Maggiore dykelets and cumulates corre-tive” formation of harburgites via melt percolation, as a consequence
spond to higher degrees (6—7%), strongly depleted melt incrementspf lithosphere-asthenosphere interaction during lithospheric thin-
or higher degrees depleted aggregated melts, after near-fractionating, has been recently documented by Xu et al. (2003).
melting. The outlined features of the Alpine-Apennine ophiolitic peri-

Above evidence suggests that the earliest melts which perco-dotites evidence that significant asthenosphere/lithosphere inter-
lated and impregnated the ophiolitic peridotites were, most probably,action followed the rifting stages of the Ligurian Tethys: the upward
single melt increments which escaped aggregation and survivedmigration of hot asthenospheric melts caused significant chemical
unmixed during ascent; they migrated through the lithospheric man-modifications (depletion/refertilization) and thermal erosion of the
tle column by reactive porous flow, attaining pyroxene(s) saturation. lithospheric mantle. Melt/peridotite reaction forrmeeldwer zone of
Subsequent focused percolation in dunite channels and intrusiordepleted reactive har zburgites or cpx-poor lherzolitesat the base
along fractures allowed both depleted melt fractions (Monte Mag- of the lithospheric mantle column. During melt upward migration,
giore) and MORB-type melts (Lanzo) to ascend in the lithospheric the competing effects of heating by melt percolation and cooling by
mantle without significant melt/peridotite reaction. ongoing exhumation caused the interstitial crystallisation of early
liquidus phases in the percolated lithospheric mantle and the pro-
gressive clogging of the melt channels. This formedyer zone
of refertilized, impregnated |herzolites.

The Alpine-Apennine opbhiolitic peridotites are intruded by The thermochemical erosion of the lower lithospheric mantle
meter-wide gabbroic dykes and km-scale gabbroic bodies, showingwas a fundamental step in the evolution of the Ligure-Piemontese
sharp contacts and chilled margins to the country peridotite and cut-basin. The thermal softening of the extending lithosphere could have

4) Intrusion of gabbroic dykesand bodies
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The understanding of the subduction-related proce
benefited by the studies of the high-pressure (HP) n
morphic rocks from the western Alps. The most sti
lating information was obtained from the inner part
the western Alpine belt, where most tectonic units s
an early Alpine eclogite-facies recrystallisation. This
especially true for the Austroalpine Sesia Zone and
Penninic Dora-Maira massif. From the Sesia zo
which consists of a wide spectrum of continental ¢
lithologies recrystallised to quartz-eclogite-facies m
eral assemblages, the first finding of a jadeite-bea
meta-granitoid has been described, supporting evide
that even continental crust may subduct into the ma
From the Dora-Maira massif the first occurrence

regional metamorphic coesite has been reported, o i
ing the new fertile field of the ultrahigh-pressure me|"

morphism (UHPM), which is now becoming the rule
the collisional orogenic belts.

I ntroduction

The western Alps extends from the Sestri-Voltaggio tectonic L
which separates it from the non-metamorphic rocks of the Aper
chain, to the Lower Penninic Nappes of the Lepontine dome (L
Figure 1). On the internal side, the western Alps are bounded t
Quaternary post-orogenic clastic deposits of the Po Plain up to
the latitude of Torino, and from there northwards by the Cana
tectonic Line (CL), the SW extension of the Insubric Line (or P
adriatic lineament), which separates the pre-Alpine domain o
Southern Alps (Ivrea Zone + Strona-Ceneri Zone) from the we:
Alpine chain reworked during the Alpine orogeny.

The HP belt of the western Alps comprises most tectonic t
of the Penninic and Austroalpine domains (Figure 1).

The Penninic Domain is a heterogeneous realm, which cor
of both continent- and ocean-derived tectonic units (see Dal Pi
al., this issue). The continent-derived units are (from the inte
concave side toward the external convex side):Abstroalpine
Sesia-Lanzo Zone—Dent Blanche nappe systeniinternal Crys-
talline Massif$ of Monte Rosa (MR), Gran Paradiso (GP) and Dc
Maira (DM), and theBriangonnais Zondor Grand Saint Bernart
nappe system), which overthrust the Helvetic Domain: this tect
boundary is known as “Penninic Thrust Front” (PTF) (Figure 1).
units derived from the Mesozoic Tethys ocean make upidraonte
Zone also named “Zone of calc-schist (FrencécHistes lustréy
with meta-ophiolite”, which consists of a number of thrust shu
with different high-pressure metamorphic recrystallisations (Figur

The Austroalpine domain includes the Sesia-Lanzo zone (il
following referred to as the Sesia Zone) and the Dent Blanche N
system, which are fragments of Variscan granulite to amphibc
facies continental crust intruded by late-Variscan granitoids, del
from the Southalpine (or Insubric) plate. The “Eclogitic Micascl
Complex” (EMC) of the Sesia zone and the Monte Emilius klipp
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Figure 1 Simplified structural sketch-map of the Western Alps.
1: Jura, Helvetic Domain and external Penninic Domain. The
dashed line contours the External Crystalline Massifs (AR:
Argentera, P: Pelvoux, BD: Belledonne, MB: Mont Blanc-
Aiguilles-Rouges, AG: Aar-Gotthard). SB: Grand St. Bernard
Zone, LPN: lower Penninic nappes. 2: Internal Crystalline
Massifs of the Penninic Domain (MR: Monte Rosa, GP: Gran
Paradiso, DM: Dora-Maira). 3: Piemonte Zone (L: Lanzo Massif;
M: Monviso Massif; V: Voltri Massif) and a) main meta-ophiolite
bodies. 4: Austroalpine Domain (DB: Dent Blanche nappe, ME:
Monte Emilius, SZ: Sesia Zone). 5. Southalpine Domain (SA).
6: Helminthoid Flysch nappes (EU: Embrunais-Ubaye, AM:
Alpes maritimes). 7: Swiss Molasse (SM), Po Plain and
Piemontese-Ligurian Tertiary basin. CL: Canavese line; SVL:
Sestri-Voltaggio line; SF: Subalpine frontal thrust; PF: Penninic
thrust front. (1) UHP Brossasco-Isasca Unit, Dora-Maira Massif;
(2) UHP Lago di Cignana unit, upper Valtournenche, Piemonte
Zone. Gf-in, from Bocquet (1974); Lw-in, and Cp-in and Cp-out
from Goffé and Chopin (1986).

In the inset: CH: Switzerland; F: France; I: Italy; TO: Torino.
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the Dent Blanche nappe are the best preserved examples of cont
nental crust basement recrystallised under eclogite-facies condition:
(Compagnoni, 1977; Dal Piaz et al., 1983).

Due to the widespread occurrence of unaltered HP metamor-
phic rocks, the western Alps have been the ideal area for the study o
this type of metamorphism. Contributions to the knowledge of the
HP metamorphism go back to the end of 19th century. The first
eclogite-facies metapelite (named “eclogitic micaschist”) was
reported by Stella (1894) from the EMC of the Sesia zone and later
studied by Franchi (1900, 1902), who also described the reaction
jadeite+quartz albite (Franchi, 1902); the first eclogitised pillowed
basalts were described by Bearth (1959) from the meta-ophiolites of
the Piemonte zone from the Zermatt valley; the first eclogite-facies
jadeite-bearing metagranite was reported by Compagnoni and Maf-
feo (1973) at Mt. Mucrone from the EMC of the Sesia zone; the first
coesite in continental crust was reported by Chopin (1984) from the
southern Dora-Maira massif; and the petrologic importance of Mg-
Fe-carpholites for the blueschist-facies was first recognised by ‘
Goffé and Chopin (1986), studying Briangonnais lithologies previ-

44° 40"

U—'L//
MIUHO
Po

ously considered unimportant for geobarometric estimates. N
And finally, let's remember that the high-density, hard and || 2 - 4- 7-
tough Neolithic stone implements, excavated from all over the west-
ern Europe, are made of eclogite and jadeitite derived from the HP 0 km 5
meta-ophiolites of the Piemonte zone (Compagnoni et al., 1996). [ — 5‘ | 8 ‘ ‘

. ; _ _ Figure 2 Structural sketch map of southern Dora-Maira Massif.
Reglonal distribution of the HP Continent-derived Dora-Maira Massif: Coesite-eclogite facies
; Brossasco-Isasca Unit (1); Quartz-eclogite facies San Chiaffredo

metamor phISITl Unit (2); Quartz-eclogite facies Rocca Solei Unit (3); Pre-Alpine
basement and Permo-Triassic cover unit (4); Epidote-blueschist
Since Bearth’s (1962) pioneering work, a number of attempts were facies Pinerolo Unit (5); Quartz-eclogite facies Dronero-
made to trace the “isograds” of the HP metamorphism (for a review Sampeyre Unit (6); Ocean-derived Piemonte Zone: Epidote-
see Desmons et al., 1999). Many published and unpublished petro blueschist facies metaophiolites and oceanic metasediments (7);
logic data were first summarised in tletamorphic Map of the Alps Quaternary alluvial deposits (8).
(sheet 17 of the 1:1,000,080:tamorphic Map of Europedited by
Zwart, 1973) and then in the 1:500,0@@p of the Alpine Metamor-  quartz-eclogite facies units (San Chiaffredo and Rocca Solei units:
phismin theNew Metamorphic Map of the AlfSrey et al., 1999). =550°C, =1.5 GPa), bounded in turn by an epidote-blueschist facies

Broadly speaking, at a regional scale the HP metamorphism inunit (Pinerolo unit: =450°C, = 0.8 GPa) and a quartz-eclogite-facies
the western Alps includes from E to W eclogite-facies, epidote- and unit (Dronero-Sampeyre unit: =550°C, =1.5 GPa) (Compagnoni and
lawsonite-blueschist facies, and lawsonite-albite-chlorite facies Rolfo, 2003 with ref. therein).
rocks (Figure 1). The quartz-eclogite facies units prevail, but two
small coesite-eclogite facies units have been recognised: the .. ;
Brossasco-Isasca unit (BIU) from the southern Dora-Maira massif Peculiarities of the HP metamor phlsm
(Figures 1 and 2) and the Lago di Cignana unit from the Piemonte

zone (Figure 1). This large-scale metamorphic zoning is consideredryq ajnine eclogite-facies recrystallisation is especially well devel-

as evidence showing that the northern European plate was subductegped in the Ecloaitic Mi ; ; ;
. X ) ; gitic Micaschist Complex of the internal Sesia Zone,
below the Adrian (or Insubric) plate (Ernst, 1971; Dal Piaz et al., i the Monte Emilius Klippe of the Dent Blanche nappe, and in the

1972“)' ” anifi | hist-faci . | h meta-ophiolites of the Piemonte Zone, while relics of eclogite-facies
Isograds” for most significant blueschist-facies minerals, such asjy,qogies occur in the Internal Crystalline Massifs of Monte Rosa,
glucophane-in (Gf-in), lawsonite-in (Lw-in), and carpholite-in (Cp-in)-  Gran paradiso, and Dora-Maira (Figures 1 and 2). Most units have
and-out (Cp-out) have been traced in the western Alpine belt, and propeen recrystallised under quartz-eclogite-facies conditions, except
vide a large-scale idea of their mineral zoneography in the most extersy; the two small units of Brossasco-lsasca (BIU) (T=730 °C and
nal Pennine zone (Figure However, the increase of detailed petro- p>3 3 GPa) from the southern Dora-Maira Massif (Figure 2) and

graphic studies showed that the HP mineral distribution is really Lago di Cignana (T=600 °C and P=2.6-2.8 GPa) from the Piemonte
much more complicated than originally supposed. For example, in,qna \which contain coesite relics.

the Aosta valley, the tectonometamorphic setting of the Piemonte
zone consists of a quartz-eclogite facies unit or composite lithotec-
tonic unit (“Zermatt-Saas zone”: Bearth, 1967) overlain by an epi- ) ) ;
dote-blueschist facies unit or composite lithotectonic unit associa-H P metamorphlsm in the oceanic
tion (“Combin zone”). The main tectonic contact between the two |;

zones is marked by the presence of a thin coesite-eclogite facieilthosphere

meta-ophiolitic unit (“Lago di Cignana Unit”: Reinecke, 1991) and

of several Austroalpine continental crust slices, showing an Alpine Historically important are the pillow metabasalts of the Piemonte
quartz eclogite-facies overprint. This complex tectonometamorphic zone (Zermatt Saas zone: see later on) described by Bearth (1959)
setting indicates the presence of a polyphase tectonic evolutionfor the Zermatt valley, in which the dry pillow core was converted to
involving both compressional and extensional large-scale processesa coarse-grained bimineralic eclogite assemblage, whereas the
Figure 2 illustrates the southern Dora-Maira massif, where a tectonichydrous rim was replaced by a glaucophane-rich rock. In the Mon-
thrust sheet with Alpine coesite-eclogite facies overprint (Brossasco-viso ophiolite of the Cottian Alps (Figure 1), a complete section of
Isasca Unit: T=750°C, P=3.5 GPa) is sandwiched between twooceanic crust is exposed, including poorly deformed isotropic to lay-
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ered cumulus gabbros, massive to pillowed basalts, and basaltic  In lithologies of unusual compositions belonging to the layered
dykes, which recrystallised under eclogite-facies conditions gabbros sequence, Cr-Mg-chloritoid and other Cr-bearing minerals
(Schwartz et al., 2000). have been found, most likely formed at the expense of chromite-rich
The Lanzo ultramafic massif (Figure 1) is the largest portion of bands of the cumulus layered gabbros (Messiga et al., 1999).
upper mantle peridotite exposed in the western Alps, which experi- Rodingites, derived from both gabbroic or basaltic dykes, are
enced Alpine eclogite facies metamorphism with P in excess of ubiquitous within most serpentinised peridotites and have a typical
2.0 GPa and T= 550°C. Its central less-deformed portion still con- paragenesis of diopside, vesuvianite, ugranditic garnet, epidote, and
sists of spinel-plagioclase lherzolite and minor harzburgite—so freshMg-chlorite; however, the local presence of Alm-rich garnet and
that the high-T petrology and deformation may be studied (Boudier, omphacite indicates that some of them formed during HP metamor-
1976), and gabbro dykes are locally found which may preserve thephism.
original Ca-rich plagioclase. By contrast, its marginal portion has In the calc-schists and associated metasediments, eclogite-
been converted to sheared serpentinite, which contains the eclogitefacies assemblages are more difficult to identify because typically
facies assemblage: antigorite, metamorphic olivine (Fe-richer thanthey are more easily retrogressed. However, for suitable composi-
peridotitic olivine), clinohumite (mostly red-brown titanian clinohu- tions, the eclogite assemblage appears to be phengite+Alm-rich
mite) magnetite, Fe-Ti alloystdiopsidexMg-chloritexapatite. Simi- garnet+rutileparagonitezzoisitezhloritoid+porphyroblastitawso-
lar mineral assemblages may be found in the antigorite serpentinitenite, mostly replaced by paragonite+epidote pseudomorphs. Note-
of the whole eclogite-facies internal Piemonte zone, where worthy is also the Mn-deposit of Praborna, Saint Marcel (Aosta Val-
olivine+Ti-clinohumite+Mg-chloritexapatite metamorphic veins ley), where a number of eclogite-facies Mn-bearing minerals or min-
occur, which in part at least developed at the expense of primaryeral varieties have been described (Martin and Kienast, 1987).
igneous dykes rich in ilmenite (Scambelluri and Rampone, 1999).
Poorly deformed metagabbros are the best-preserved ophiolitic
lithologies, since the coarse grain-size and dry composition favoured
preservation of the igneous protolith. Let’s first mention the Allalin
metagabbro (Bearth, 1967) from the Swiss Valais, in which all reac-
tion steps from the original olivine gabbronorite to a coarse-grained The best preserved portion of eclogitised continental crust in the
eclogite may be observed (Meyer, 1983). The poorly-deformed western Alps is the Eclogitic Micaschist Complex of the Sesia Zone.
metagabbros are characterised by a more complex mineral associdn this complex, derived from a Variscan amphibolite-facies base-
tion than the sheared gabbros, because pseudomorphous reactionsent intruded by late-Variscan granitoids (Compagnoni, 1977), the
develop after each igneous mineral and coronitic reactions at the origwhole spectrum of continental lithologies from paragneiss to
inal boundaries between igneous minerals, respectively. For examplegrthogneiss, from marble to metabasic rock, may contain one or
in coronitic Mg-Al-metagabbros, diopside-rich omphacite+talc more quartz-eclogite facies minerals, such as garnet, Na-pyroxene
develops after igneous clinopyroxene, jadeite-rich omphacite+gar-(omphacite and jadeite), high-celadonite phengite (3T polytype),
net+zoisitexquartz after plagioclase, and omphacite+talc+Na- paragonite, glaucophane, zoisite, and chloritoid.
amphibole after olivine. In coronitic Fe-Ti-metagabbros ferrian Well-preserved relics of Variscan crystalline basement also
omphacite develops after igneous clinopyroxene, omphacite+garnebccur in the Internal Crystalline Massifs. The best examples of unde-
after plagioclase, and Na-amphibole+rutile after the hornblende-formed lithologies are the coronitic metagranitoids, which are
ilmenite intergrowth (Messiga and Scambelluri, 1988). In the perva- exposed in the central Gran Paradiso massif, at Monte Mucrone in
sively deformed portions, Fe-Ti-metagabbros recrystallised to the “Eclogitic micaschist Complex” (EMC) of the Sesia zone, and in
omphacite+garnet+rutilexglaucophanetepidatsemblages, whereas  the Brossasco-Isasca unit (BIU) of the Dora-Maira massif. In all
Mg-Al-metagabbros recrystallised to omphacite+garnet+ratfillexi- three units, metabasic rocks have been converted to the eclogite
toid+talcxchlorite assemblages. In the so-called “smaragdite” assemblage, but metagranitoids show significant differences: in the
metagabbros, the original igneous Cr-diopside has been replaced bgran Paradiso metagranitoids (about 400-500 °C and about 1.0 GPa)
bright-green “smaragdite” (i.e., a Cr-bearing omphacitettremolite+ the igneous structure and mineralogy are mainly preserved; in the
talc), plagioclase by jadeite-rich pyroxene+zoisite, olivine by Monte Mucrone metagranitoids, Sesia Zone (about 550 °C and
talcttremolite, and ilmenite by rutile. 1.6-1.8 GPa) igneous quartz and K-feldspar are preserved, but pla-
Mineral assemblages and mineral compositions are closelygioclase is pseudomorphically replaced by jadeite+zoisite+quartz+
related to bulk rock chemistry: for example, in gabbros with high kyanitetK-feldspar; in the BIU metagranitoids, Dora-Maira massif
Mg/(Mg+Fe) ratio (such as Mg-Al-gabbros), Mg-Al minerals (such (about 750 °C and 3.5 GPa) igneous quartz is also replaced by a gra-
as chlorite and/or chloritoid) form, whereas the bimineralic noblastic polygonal aggregate of metamorphic quartz, inverted from
omphacite+garnet (+rutile) eclogite assemblage is produced only informer peak pressure coesite (Biino and Compagnoni, 1992).
Al-poor, Fe-Ti-rich gabbros. Similarly, garnet is almandine-richer in Fe- However, the most interesting continental crust lithology of the
Ti-metagabbros, whereas it is pyrope-richer in Mg-Al-metagabbros.  western Alpine HP belt is the “silvery micaschist”, which occurs as
Lawsonite-eclogites are extremely rare in the western Alpine cm- to m-thick lens-like layers within the orthogneiss of the Internal
belt and confined to some small tectonic units of Liguria. On the con- Crystalline Massifs and is interpreted as a metasomatic rock formed
trary, the widespread occurrence of lozenge-shaped white-at the expense of a granitoid protolith along shear zones (Com-
mica+paragonite pseudomorphs up to about two cm-long indicatespagnoni and Hirajima, 2001, with ref. therein). This rock, which is
that porphyroblastic lawsonite was common during prograde eclog-important petrologically because its phase relationships can be mod-
ite-facies metamorphism. elled in the relatively simple KMASH system (Chopin, 1981), is
In eclogites, veins locally occur, which indicate that the eclog- usually referred to as ‘whiteschist” for its characteristic kyanite+talc
ite-facies metamorphism developed in the presence of a hydrougor talc+phengite) assemblage, indicative of pressures in excess of
fluid phase. However, the fluid flow was limited during eclogite- about 1.0 GPa (Schreyer, 1977). The best-known and unique white
facies metamorphism and fluid was mainly released by devolatilisa-schist is that from the Dora-Maira massif first described by Chopin
tion reactions of dense hydrous silicates (such as lawsonite) or dur{1984), which contains in addition to kyanite, phengite, talc, rutile,
ing plastic crystal flow (Philippot, 1993). and accessories, a pale-pink idioblastic pyrope (up to 98 mole% of
Associated with eclogites derived from Fe-Ti-gabbros, very the Mg-Al end-member). Pyrope crystals are up to 20 cm across and
minor felsic rocks (plagiogranite or sodagranite) are locally found, host, in addition to abundant kyanite, unusually large coesite relics.
which exceptionally occur as km-sized bodies (Castelli et al., 2002 A number of new minerals (such as bearthite, ellenbergerite and
with ref. therein): they are the only lithology among meta-ophiolites phosphellenbergerite) or minerals of unusual composition (such as
containing the association jadeite+quartztgarnet. magnesiodumortierite, magnesiochoritoid, magnesiostaurolite), sug-

HP metamor phism in continental crust

September 2003



gestive of UHPM conditions, have been found in the pyrope crystals
(Chopin and Ferraris, 2003 with ref. therein).

Age of HP metamor phism

Up to the end of the 1980s, most radiometric ages relevant to the HF
metamorphism from the western Alps, recognised as indicative of an
Early-Alpine or Eoalpine metamorphic event fell into the range of
140-60 Ma, further subdivided into an early eclogite-facies stage
(140-85 Ma) and a later blueschist-facies and cooling stage (85—6(
Ma) (for a review see: Hunziker et al., 1992). The younger Tertiary
ages (around 50 Ma) were interpreted as the evidence of two
episodes of HP metamorphism (Monié et al., 1989).

The first work, which suggested the possibility of a Tertiary age
for the eclogite-facies metamorphism from the western Alps, was that
by Tilton et al. (1991, with ref. therein) who dated U-Pb on minerals
from the UHPM Brossasco-Isasca Unit (BIU), southern Dora-Maira
massif (DMM). However, the major change in the age determination
of the eclogite-facies metamorphism in the western Alps was brought
about by thén-situ U-Pb dating of high closure-temperature minerals,
such as zircon, with the Sensitive High Resolution lon-Microprobe
(SHRIMP), assisted by cathodoluminescence imaging (Rubatto et al.
2003, with ref. therein). The most complete geochronological work
was done on the UHPM rocks of the southern Dora-Maira massif, pre-
viously studied by Tilton et al. (1991) (Gebauer et al., 1997 with ref.
therein): the new U-Pb ages, consistently fell at the Eocene-Oligocene
boundary (~35 Ma) and were later confirmed by the results from Lu-
Hf dating of garnet (Duchéne et al., 1997).

At present, with the exception of the Cretaceous age (~ 65 Ma)
of the quartz eclogite-facies metamorphism of the Sesia zone
(Rubatto et al. 2003), other U-Pb SHRIMP ages on the western Alps
eclogites are all Tertiary (35-45 Ma).

P-T-t paths of the HP metamor phism

The tectonic units of the western Alps recrystallised under eclogite-
facies conditions, independently of their peak P conditions, consis-
tently show a similar P-T-path, which is characterised by two ther
mal peaks. The first thermal peak, which corresponds to the high- t
ultrahigh-pressure climax, is followed by significant decompression
coupled with moderate cooling. The second thermal peak is at low-
(about 0.4-0.6 GPa), and corresponds to the greenschist-facies eve
of the Alpine literature. It is followed by significant cooling coupled

with moderate decompression. In Figure 3, the P-T paths of the mos
significant units of continental crust (i.e. Monte Rosa, Sesia zone an
BIU) are reported. From their comparison, it is evident that all the

tightest is the P-T loop. This feature, initially difficult to explain, is

P

%

P-T paths are clockwise, and that the highest is the peak pressure, tH&!
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Figure 3 P-T-t paths of representative continental eclogite-facies
units from the western Alps. BIU: UHPM Brossasco-Isasca Unit
of Penninic Dora-Maira Massif (from Compagnoni et al., 1995,
modified). SLZ: Austroalpine continental Sesia Lanzo Zone (from
Tropper and Essene, 2002, modified). MR: Penninic Monte Rosa
nappe of the Internal Crystalline Massifs (Borghi et al., 1996).
Mineral abbreviations after Bucher and Frey (1994). Circled
numbers are SHRIMP radiometric ages in Ma for BIU (Rubatto
and Hermann, 2001), SLZ (Rubatto et al., 1999), and MR
(Rubatto and Gebauer, 1999), respectively.

the so-called early-Alpine or Eoalpine metamorphism, previously
considered to be Cretaceous in age and subduction-related, is not a
single coeval event throughout the western Alps.

The preservation in both ocean- and continent-derived units of

0poorly deformed lithologies, which preserve the protolith structure

and even part of the primary mineralogy, indicates that at any scale the
HP deformation (and metamorphic recrystallisation) mainly occurred
ﬁlong shear zones. This mechanism was favoured by both the rela-
ively low fluid content in continental and oceanic lithologies and the
pnusually high speed of the whole subduction/exhumation process,
hich took place in a time span of only a few millions of years. The
gh speed of the tectonic processes, the scarcity of a free fluid phase,
d the continuous cooling during exhumation also account for the
local superb preservation of the HP peak mineral assemblages.

now believed to be the best evidence that the whole subduction/

exhumation process is much faster than formerly supposed. Fo
example, subduction and exhumation speeds of about 2 cm/
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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
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The large-scale structure of the en DR

Apennine Maghrebian chain is char
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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).
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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.
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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
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A deep, narrow, and distorted Benioff zone, plunging
from the lonian Sea towards the southern Tyrrhenian
basin, iS- the remnant of a I.Ong and ea.Stward migrating The Tyrrhenian and the Aegean Seas are back-arc basins connected
su_bductlon of eastern MEdlter_ranean lithosphere. From to two Benioff zones (Calabrian and Aegean) indicating subduction
Oligocene to Recent, subduction generated the \Westergs the Eastern Mediterranean lithosphere, an old, largely oceanic
Mediterranean and the Tyrrhenian back-arc basins, asarea. The Aegean trench and arc roughly trend E-W and here sub-

well as an accretionary wedge constituting the Southernduction reflects the N-S convergence between the African and Euro-
pean plates, as well as coaxial extrusion of Anatolia (Le Pichon and

Apenninic Arc. . . . Angelier, 1979).

In the Tyrrhenian Sea, stretching started in late The Calabrian subduction system (Figure 1) is instead almost
Miocene and eventually produced two small oceanicnormal to the Aegean one and appears independent from the motion
areas: the Vavilov Plain during Pliocene (in the central of the large plates_. Here, sub(_iuction has been imputed, first_by Rit-
sector) and the Marsili Plin dring Quaternary (in the 572 197% (passie subcucton) and subseauerty by Mairverno
southeastern sector). They are separated by a thickefng old and dense oceanic lithosphere.
crustal sector, called the Issel Bridge. Back-arc exten- In this frame, the marine areas to the W of Italy represent a set
son was rapid and discontinuous, and affeced a landyL S, Mo e e
locked area.When.a antm?ntal eler_nents of various size %S;Isr?c:-Sardinia conti?lental block, which acted in the meantime as
occurred. Discontinuities in extension were mirrored by ani-clockwise rotating volcanic arc. Since late Miocene, back-arc
changes in nature of the lithosphere scraped off to formextension resumed to the E of Sardinia, and the Tyrrhenian basin
the Southern Apenninic Arc. Part of the tectonic units ofstarted forming.
the southern Apennines, accreted into
wedge from late Miocene to Pliocene,
originally been laid down on thinned cor
nental lithosphere, which should constitute
deep portion of the present slab. After F|,
cene, only lonian oceanic lithosphere \[
subducted, because the large buoyancy ¢
wide and not thinned continental lithosph
of Apulia and Africa (Sicily) preserved the
elements from roll back of subduction. A
Pliocene, the passively retreating oceanic
had to adjust and distort according to
geometry of these continental elements.

The late onset of arc volcanism
respect to the duration of extension in
Tyrrhenian-lonian system may find an ex|
nation considering an initial stage of subd
tion of thinned continental lithosphere. 1
strong Pleistocene vertical movements
occurred in the whole southeastern sys
(subsidence in the back-arc basin and u

in the orogenic arc) may instead be relatc.. . . . . .
. . . Figure 1 Location map of geological section across the Tyrrhenian to lonian Seas
to the distortion of the oceanic slab. (central Mediterranean) shown in Figure 3.
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km of sedimentary rocks. Across the
borders of the basin, a crust transitional
to normal continental (Africa and Apu-
lia) occurs, but break-up unconformi-
ties do not crop out and, in addition, the
present steep scarps were strongly reac-
tivated during Neogene, so that they do
not contain information as to the age of
the oceanic crust in the lonian basin.
The proposed ages for this element
span therefore from Permian to Tertiary
(with cluster around late Mesozoic),
depending on the various indirect crite-
ria adopted (Catalano et al., 2000, with
previous references).

At any rate, deep reflection seis-
mic lines clearly image a flexing of the
lonian lithosphere beneath Calabria
(Cernobori et al., 1996, with previous
references) to join a seismogenic slab
that extends down to some 500 km
beneath the SE Tyrrhenian basin
(Anderson and Jackson, 1987). This

(b} submarine NW plunging Benioff zone is distorted,

2 Plain and basin . : long (700 km) and narrow (less than
Acronyms in Figure caption Q o _ k [ : ! 250 km), abruptly disappearing later-
= =l =l L = Ll ally beneath the Apennines and Sicily

LEGEND

50w = Benloff zone depth km
—==. Tyrrhenian Moho depth km

4 & Frontofthe
Southarn Apanninic Arc

o Escarpment of the
lonian Sea

sl mb) Mocanic arc: (8) emerged;

(Ritsema, 1979; Gasparini et al., 1982).

The depth reached by the Benioff zone

and the presence of a volcanic arc, see
ater) indicates that oceanic lithosphere

has been subducted in this system.

Figure 2 Moho depth and Benioff zone contours in the Tyrrhenian to lonian area. Legend
AE, Apulian escarpment; AFF, African foreland; APF, Apulian foreland; C, Cefalu basin; CS,

Crotone-Spartivento basin; CZ, Cobblestone zone; ECA, External Calabria Arc; G, Gioia basi
M, Marsili basin; ME, Malta escarpment; P, Paola basin; SA, Southern Apennines; Sl, Sicily;
SM, Sardinia margin; V, Vavilov basin.

Running with continuity from peninsular Italy to Sicily, the
Southern Apenninic Orogenic Arc developed and migrated east-
wards accompanying extension in the back-arc regions (see Vaiand A deep, continuous trench is not observed in the lonian basin,
Martini, 2001, for an updated account on the Apennines). In respectas is the case for other converging margins carrying thick sediments.
to subduction processes, the arc behaved as upper plate or as offhere the lonian basement starts plunging NW-ward, a gentle and
scraped tectonic wedge. The Southern Arc has migrated towards thé@regular slope brings water depth from more than 4,000 m to less
Apulian (Southern Apennines) and African (Sicily) continental fore- than 2,000 m. The external portion of the slope (cobblestone zone in
lands; but also towards the deep marine areas off Calabria, wherdigure 3) displays surficial deformations probably triggered by the
off-scraping of the lonian lithosphere (“oceanic foreland?”) is occur- presence of the Messinian evaporites. The major portion of the slope,
ring (Figure 2). named External Calabria Arc, hosts thrust systems, olistostromes,

This paper describes the present configuration of the Tyrrhen-and possibly mud volcanoes, recalling an accretionary wedge (Rossi
ian-lonian system; it tries to interpret, also on the base of dataand Sartori, 1981; Finetti, 1982). Between the upper slope and Cal-
recently achieved in marine and emerged areas, the history of its proabria, the wide Crotone-Spartivento fore-arc basin occurs. This is
gressive evolution during the last 10 Ma. It also takes into accountPartly emerged, and its sedimentary sequences start with middie or
some unusual features of the system, as a late development of aréPPer Miocene (Rossi and Sartori, 1981).

volcanism and the onset of large vertical movements coupled to  Calabria is a sort of terrane largely made of Palaeozoic crys-
extension and shortening. talline-metamorphic units assembled from Cretaceous till middle Mio-

cene. This arc portion was bent and extended since Tortonian times,
and experienced strong uplift (up to more than 1 mm/y) during Pleisto-
cene. Inner to Calabria, but still fore of the volcanic arc, the Paola,

Thetrench-arcregion

Thelonian |IthOSpher eand the Gioia, and Cefalu basins developed via extensional listric faults during
. . or after Tortonian times, as parts of the eastern Tyrrhenian rifted mar-
Calabrian Benioff zone gin (see later). The Paola basin shows a strong Pliocene-Quaternary

subsidence, with thick sediments in part very gently folded. In the
Gioia basin subsidence was largely Tortonian, while in the Cefalu
basin, offshore Sicily, post-Tortonian stretching interplayed with
wrench tectonics (Barone et al., 1982).

Geometry and characters of subduction

The lonian Sea, NW portion of the Eastern Mediterranean,
reaches some 4,100 m depth in the Messina Abyssal Plain and is bor-
dered by two steep scarps 3 km high (Apulian and Malta Escarp-The Southern Apenninic Arc
ments), where mostly Mesozoic carbonate sequences crop out (Bigi
et al., 1991). Since Oligocene-Miocene, the continuous orogenic system forming
Nature and age of the crust in the deep lonian basin are still athe Southern Apenninic Arc was shortened while migrating towards
matter of debate. Refraction data (DeVoogd et al., 1992, with previ-the Apulian (Southern Apennines) and African (Sicilian Maghre-
ous references) indicate either an oceanic or a thinned continentabids) forelands, as well as towards the lonian basin (Calabria and
crust, depending on the location of seismic experiments. In addition,External Calabria Arc). The Tortonian to Recent part of this evolu-
magnetic signature is poor and the basement is covered by severdion is coeval with the development of the Tyrrhenian back-arc
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basin. Accepting that the units of the arc represent a tectonic wedg . .
generated by off-scraping of the subducting slab, the pattern of arc he southern Tyr rhenian back-arc basin
shortening and migration should reflect the progressive deformation

of the system. In the Southern Apennines, shortening and migrationGeneral char acters

rates up to 6-8 cm/y from Tortonian to Pliocene have been calcu-

lated, with Pleistocene shortening turned to sinistral strike-slip The northern Tyrrhenian Sea, between Corsica and the North-
deformation (Patacca et al., 1992, 1993). Again with Pleistocene, €M Apennines, is shallow, its crust is only moderately thinned, and

: . . : its present evolution is not related to the lonian subduction. The
E:gesri’g;:/ |)0\rl1vseroef ;miiggtgirgtgﬁg(lgg:ﬁtdlr.}%ézz ﬁg:g?a:;fslaggu southern Tyrrhenian is included between Sardinia and the Southern

; . ; Apenninic arc. It displays an irregular seafloor, marked by important
for a marked change in the deformation regime of the arc across th%gamounts and regch)és a dep?h of about 3.600 m Inytwopdiscrete
Pliocene-Pleistocene boundary. ' ' )

areas, around the Vavilov and Marsili deep plains, MOHO depth is
around 10 km; and crustal thickness increases to 30 km and more
towards the continental areas encircling the basin.
The southern Tyrrhenian was developed by stretching of an
The Eolian Islands are the volcanic arc of the converging sys-aréa previously occupied, from W to E, by the Sardinia continental
tem (Barberi et al., 1974). It is located in correspondence to a depttP!0ck (Variscan basement), by the Europe-verging Alpine chain
of the Benioff plane of about 250-300 km (Figure 3). The islands are(Cretaceous-PaIeogene) and by the portion of Apenninic arc formed

. . . ._from Oligocene to middle Miocene (Sartori, 1986). These early
part of a wider, largely submarine, ring-shaped complex of volcanic formed Apenninic units were generated by deformation of the Apu-
edifices whose activity started less than 1.7-1.5 Ma ago and stiII”an and African margins during the development of the Western
goes on in Stromboli Island and in other localities. Coeval arc type \jediterranean basin, in front of the rotating Corsica-Sardinia block.
volcanism is typical of the whole south-eastern Tyrrhenian plain,
including the large Marsili volcano, while manifestations of arc type .
older than Quaternary are quite rare elsewhere in the Tyrrhenian. A poly-phase evolution

Slightly modified arc-type volcanism (Serri et al., 2001) also From Sardinia to the central Tyrrhenian
occurred since 2 Ma and still is active (Vesuvius, etc.) in the

. N ! Timing of rifting has been investigated across the Sardinia mar-
Neaples-Phlegrean area, quite N of the Eolian Islands. This volcan—gin of the southern Tyrrhenian, during ODP Leg 107 (Kastens, Mas-

ism is located at the abrupt NE closure of the slab, where hypocengje et al., 1990). Lying north of a prominent lithospheric feature

ters suddenly pass from more than 400 km to crustal depths. called Orosei Canyon Line (OCL) by Sartori et al. (2001) and occur-
ring at about 40°N latitude, the upper portion of the margin was
rifted from intra-Tortonian to mid-Messinian, while the lower one

Thevolcanic arc
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Figure 3 Crustal geological section (vertical exaggeratieri0) and lithospheric/asthenopheric interpretation from Sardinia
through the Tyrrhenian Sea, Calabria and the lonian Sea.
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experienced stretching from mid-Messinian to lower Pliocene time. passive margin of Tethys also included deep-water domains hosting
A wide continent-ocean transition (COT) was generated, with at places basic volcanics. These basins, floored by thinned continen-
MOHO lying at 10 km depth beneath both the middle and lower tal or oceanic crust, were included into the eastward migrating chain
faulted margin and the Vavilov plain (Sartori et al.,, 2001 and in essentially during Pliocene. With Pleistocene, shortening ceased in
press). In the central Tyrrhenian COT, extensional deformation ratesthe Southern Apennines and the tectonic regime turned to sinistral
were high, bringing crustal thickness from 30 km (or more) to 10 NW-SE strike-slip, accompanied by strong uplift of the whole oro-
km, in some 5 Ma. Abundant magmatism also accompaniedgenic system.

stretching in the central Tyrrhenian. South of the OCL, rifting was In the Tyrrhenian basin, after a Tortonian to middle Pliocene W
continuous from Toronian to intra-Pliocene times and wider sec- to E directed stretching, which generated the Sardinia margin and the
tors of oceanic crust were generated in the southern Vavilov basinvVavilov plain, by the end of Pliocene extension rapidly turned to
(Figure 3). NW-SE and was limited to the southeastern Marsili plain.

The areal distribution of oceanic crust (continent-ocean bound- Assuming that back-arc deformation and migration of the oro-
ary) inside the central Tyrrhenian is not obvious: the COT is wide genic arc (accretionary wedge) were connected, we are forced to
and linear magnetic anomalies are confuse or absent. In addition, theonclude that from Tortonian to Pliocene the sectors of thinned con-
basin hosts huge volcanic and sub-volcanic bodies not related tdinental lithosphere, underlying the inner Apenninic carbonate plat-
spreading, whose seismic signature interplays with that of oceanicform, experienced subduction. With Pliocene-Pleistocene, it was
crust (Sartori et al., in press). The oceanic crustal domain in the ceninstead lonian-type oceanic lithosphere, branching possibly north-
tral Tyrrhenian has a marked triangular shape and should be esserwards in the deep-water areas located between the internal and the
tially of Pliocene age. Apulian carbonate platforms, that was involved in subduction.

) o The Pliocene-Pleistocene changes in Tyrrhenian back-arc
From the central Tyrrhenian to the Southern Apenninic Arc  extension and in deformation of the Southern Apennines may reflect

A thicker (15 km) crustal sector, named Issel bridge, separates,the resistance opposed to slab retreat by the wide Apulian and Sicil-
the Vavilov and the Marsili plains, where MOHO depth is again less 1an (African) forelands. These elements were not thinned by the
than 10 km. The Marsili basin has a rhombic shape and is located irMesozoic rlf_tlng_and are chara_cterl_zed by nc_)rmal contln_ental I|thoj
the SE Tyrrhenian, just above the lonian Benioff zone. It is included SPhere. During its eastward migration, passively retreating oceanic
within the Eolian submerged ring of calcalkaline volcanics, with the S/ab had to adjust and deform, in relation to the occurrence of these
huge Magnaghi calcalkaline volcano in the center, and should havdarge and buoyant continental sectors. Post-Pliocene migration was
been stretched essentially during Quaternary. It was also affected bjherefore eventually driven only towards the narrow (250 km) corri-
strong (up to 1mm/y) subsidence since its formation (Kastens, Mas-dor represented by the present lonian Sea, largely oceanic in nature,
cle, et al., 1988). and separating the Apulian from the African sectors.

Timing of rifting along the opposed narrow margins of penin- This reconstruqtion implies that the present Benioff plain, _
sular Italy and of Sicily is not well constrained, although in most seg- &though rather continuous at depth, has not a homogeneous oceanic

ments stretching had to predate Messinian and possibly interplayed@ture, since its deep portion should consist of the thinned continen-

with episodes of wrench deformation (see above). tal I|thosph_ere that floored the inner carbonate platform of the South-
Summarising age and trends of rifting-spreading evolution, a &M Apennines. _ _

Tortonian to Pliocene episode of back-arc extension, when the Sar-_ _ T1iS hypothesis could explain the late onset of arc volcanism

dinia margin and the Vavilov plain were formed, indicates migration (2-15 Ma) in respect to inception_ of back-arc extension in the
roughly from W to E; a Pleistocene episode, when the Marsili basin 1Y'rhenian basin (8-9 Ma), assuming that no foundered remnant

was generated, indicates migration from NW to SE (Sartori and /€S exist inside the system. Arc volcanism could not develop in the
Capozzi 1998)j central Tyrrhenian area, produced by back-arc extension between

Tortonian and intra-Pliocene, because in the meantime the thinned
continental lithosphere underlying the inner Apenninic platform was
Discussion and conclusions subducted. This portion of the Tyrrhenian hosts abundant Pliocene-
Pleistocene volcanism, but this is essentially of Ocean Island Basalt-
type, with no influence from subduction (Serri et al., 2001; Sartori, in
The deep Benioff zone beneath Calabria witnesses a long period opress).
slab retreat, characterized by grossly eastward migration, but punc-  Arc volcanism can only be triggered when oceanic lithosphere
tuated, inside the back-arc regions, by interruptions and changes ofs subducting, and after it reaches at least some 100-150 km depth.
extensional vectors. Roll-back of the slab begun during Oligocene,with Pliocene, subduction affected the lonian basin and the deep-
when stretching started in the Western Mediterranean back-arowater sectors of the Southern Apennines. Arc volcanism resumed in
basin. Here spreading stopped in middle Miocene, when rotation andhe system only when this oceanic lithosphere reached the depth nec-
arc volcanism ceased in Sardinia (Vigliotti and Langenheim, 1995). essary for magma generation. Due to the high velocity of slab retreat,
Back-arc extension resumed with Tortonian, jumping to the East ofthis critical depth was reached towards the beginning of Pleistocene.
Sardinia. The Tyrrhenian basin then formed, with multistage rifting At this time, back-arc extension was controlled by the not thinned
and with the eventual generation of two discrete oceanic areascontinental sectors (present chain forelands), and migrated NW-SE
extended under different migration vectors. into the Marsili basin. A calculation can be made taking an average
Episodicity in back-arc development is observed in intra- dip of the Benioff plain of about 60—70°, and assuming that the age
oceanic settings, as in the Western Pacific, due to changes in the comf inception of arc volcanism in the Eolian area (2-1.5 Ma) indicates
figuration of the retreating slab with time. In the Mediterranean the time when the oceanic portion of the subducting slab had reached
region, all land-locked, it is feasible that interruptions and changes in100-150 km depth. Since the Eolian volcanism is still active above
back-arc extension were produced by the interference of the retreata slab some 300 km deep, this would indicate a horizontal compo-
ing oceanic slab with intervening continental lithosphere. nent of slab retreat (at constant dip) of some 100-120 km in 2 Ma,
In the Southern Apenninic tectonic wedge, palinspastic analy- which is roughly the width of the Marsili basin. The derived NW-SE
ses point out that a carbonate platform was offscraped and includedPleistocene extensional rate of 5-6 cm/y is well in line with defor-
into the chain from late Miocene to Pliocene. These tectonic units aremation-migration rates calculated in the Southern Apennines (Pat-
made up by Triassic to Miocene shallow water sequences, detachedcca et al., 1992, 1993).
from a continental basement, since the platform was part of the inner ~ The present distortion of the slab should result from its different
Apulian continental margin of Tethys which experienced rifting dur- trends of retreat: W to E from Tortonian to Pliocene, and NW to SE
ing Mesozoic. External to this platform, but internal to a further car- afterwards (see also Ritsema, 1979), implying that the geometry of
bonate platform making up the Apulian foreland of the chain, the the subducting slab can adjust rapidly (in less than 2 Ma) to changes
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in the boundary conditions dictated by the occurrence of large, nor-Rossi, S., and Sartori, R., 1981, A seismic reflection study of the External
mal continental lithosphere. This is not surprising considering the  Calabrian Arc in the Northern lonian Sea (Eastern Mediterranean):
high deformation rates shown by this land-locked system. A working __Marine Geophysical Research, v. 4, pp. 403-426. _ _
hypothesis is that the large Pleistocene vertical movements,sartor" 1986, Notes on the geology of the acustic basement in the Tyrrhenian

: _ . . - Sea: Memorie Societa Geologica Italiana, v. 36, pp. 99-108.

obs_erved m the Southern Apenninic A“_: (up_ln‘t) and in the _Mars'l' . Sartori, R., and Capozzi, R., 1998, Patterns of Neogene to Recent rift-related
plain (subsidence) are related to slab distortion. The subsidence in g, psidence in the Tyrrhenian domamCloetingh, S., Ranalli, G., and

the Marsili plain (up to more than 1 mml/y) is much higher than  Ricci, C.A., eds., Sedimentary Basins—Models and Constraints: Pro-
expected by thermal cooling of the oceanic crust and is the same ceedings of the International School on Earth and Planetary Sciences—
order of magnitude of the uplift in the Southern Apenninic Arc. CNR, Siena, pp. 147-158. o _
Observing that the arc lies on the convex part of the distorted slapSartori, R., Carrara, G., Torelli, L., and Zitellini, N., 2001, Neogene evolution
while the Marsili plain corresponds to the concave one (see hypocen- of the southwestern Tyrrhenian Sea (Sardinia Basin and western Bathyal

. A o . . Plain): Marine Geology, v. 175, pp. 47-66.
tral isobaths in Figure 2), it is tempting to relate such opposed verti Sartori, R. Torelli, L., Zitellini, N.. Carrara, G., Magaldi, M., and Mussoni,

cal movements to Pleistocene slab distortion. P., The Neogene bathyal plain in the central Tyrrhenian Sea: crustal char-
acters of an embryonic back-arc basin: submitted to Tectonophysics (in
press).
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Trieste) are gratefully thanked for the long and fruitful collaboration Vai, G.B., and Martini, I.P., eds., 2001, Anatomy of an Orogen: the Apen-
on geology of the Tyrrhenian basin. Research funded by MURST  nines and Adjacent Mediterranean Basins. Dordrecht, Kluwer Academic
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Plio-Quaternary magmatism in ltaly
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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 ItalAQ 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
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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).
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(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
ACknOWIedgementS research has been concentrated or

ultrapotassic rocks, subduction-
The research on Italian volcanism has been financed by CNR, INGVrelated magmatism and rift volcan-
and by the University of Perugia. The author thanks R.S. Harmon forism. He is author or co-author of
the critical reading of the manuscript, and Dr. Carmelita Donati and some 130 scientific and of severa
Danilo Chiocchini, University of Perugia, for helping with construc- popular and didactic publications,
tion of data base and drawing of figures. including three books.
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The eruptive histories, styles of activity and general
modes of operation of the main active Italian vol canoes,

Etna, Vulcano, Stromboli, Vesuvio, Campi Flegrei and “ﬁiw
Ischia, are described in a short summary. "
S.L.

. 5 Km

I ntroduction 10 Km

The arrangement of the Mediterranean area essentially results fro
the subduction of the African plate below the Eurasian one. This
induced since the Late Cretaceous, the progressive closure of th
Tethys ocean basin, whose remnant is the Mediterranean Sea. |
addition to Africa and Eurasia, other microplates are involved in
Mediterranean tectonics, although no unanimous consensus exis
on their number and geometry. Within this intercontinental inter-
plate system, where compressional and extensional events sho\
close occurrence in time and space, areas with different margin char
acteristics (stable, unstable convergent, unstable divergent) Closel%gical evidence suggest a 20 to 15 km deep plexus of magma-filled

coexist. As a response to such a situation, the Central MEdite”aneaﬂactures and of shallower and smaller chambers, where magma

area, and namely ltaly, has been the site of vigorous volcanic aCt'v_resides, differentiates and eventually gives rise to the activity of the

ity since Oligocene. Currently at least four areas can be CfonSidere(é/arious centers which have followed each other in time (Figure 1).
active: 1. the Campanian Plain and its offshore area, hosting Campj1’he oldest (600 ka) volcanics are submarine tholeiitic to transitional

Flegrei, Ischia and Vesuvio (latest eruption in 1944); 2. the Aeolian .
archipelago and its extension into the Tyrrhenian Abyssal Plain, per_basaltg, erupted on the sea floor (ca. 500. m depth) of a wide gulf,
extending between the northern mountain chain and the Iblean

sistently active at Stromboli and with historical eruptions at Vulcano .
Plateau to the south. They outcrop now as pillow-lavas, hyalo-

and Lipari; 3. Mount Etna, persistently active; 4. Sicily Channel, . . . 4
where sporadic submarine eruptions occurred in 1831 (Ferdinan-daSt'tes and sills along the lonian coast. After a strong regional

dea/Graham), 1891 (Foerstner, offshore of Pantelleria) and (possi-“p"ft' subaerial tholeiites were erupted (ca. 300 ka): they currently
bly) 1911 (Mt. Pinne). outcrop only in the southwestern sector, but probably covered much

This paper summarizes the eruptive histories of Etna, Vulcano, Wider areas, now buried under later volcanics. Similar lavas and Na-
Stromboli, Vesuvio, Campi Flegrei and Ischia, outlining their styles alkaline products are found on the sea floor, offshore of the lonian
of activity and their general mode of operation. Magmas composi- coast. Central volcanoes, fed by Na-alkaline magmas, started to
tion and evolution are not discussed (see Peccerillo, this volume)develop (200 ka) above the earliest volcanic levels. Most of these
The involvement of the scientific leaders of current conspicuous Volcanoes are strongly dismantled by erosion and widely covered by
research projects on each volcano warrants both an update and conyounger volcanic levels; their products chiefly crop out along fault
pleteness of the report. Hopefully this short review, even though scarps or uplifted cliffs (E. flank). Within their volcanic sequence,
rather inhomogeneous, should represent a reliable point of referenceolcaniclastic levels (pyroclastic fall and flow deposits and lahars

Figure 1 Sketch NNW-SSE section of Mount Etna. Note the
(different scale of elevations above and below sea level (Im).
MB: Mongibello Unit; TR: Trifoglietto Unit; UB: Basal volcanic
Units (older than 80 ka)BS: sedimentary Basement Successions;
SM: main magma reservoirs.

for both research and popular scientific articles. mostly resulting from debris-flow) are interbedded with lava flows,
as evidence of effusive to highly explosive Subplinian to Plinian
activity.

Etna (RC) The most recent Mongibello activity (< 30 ka) was character-

ized by recurrent, significant explosive activity until a few thousands

Mount Etna, the largest active volcano in Europe, reaching 3,350 mOf years ago. Paroxysmal eruptions gave origin to calderas, still rec-
a.s.l. and covering a surface of about 1,268, lstarted its activity at ~ 0gnizable, although largely filled by younger products (“Ellittico
about 600 ka, after the end of Upper Pliocene to Pleistocene subc@ldera’, 15 ka, ca. 4.5 km across; “Piano caldera”, 122 B.C). Dur-
aqueous and subaerial eruptions at the northwestern edge of th#'d the last centuries explosive activity of Mongibello was quite
Iblean Plateau. Mt. Etna is a stratovolcano, consisting of edificesmMild, semipersistent at the summit vents to sporadic from lateral
centered on distinct eruptive axes, of whom the most recent oneg/ents. Intensity of summit vent phenomena is very variable (quiet
may be still recognized. Etnean magmas rise up from a mantlesteam emission to strombolian explosions and lava fountaining),
source into the crust, subject to strong extensional stresses, and thefrequently combined with small lava effusions, lasting few hours
volcano is actually placed at the intersection of two major regional up to several months or even years. At present there are several vents
fault systems, trending respectively NNW-SSE (Iblean-Maltese) andin the top region (the Chasm, Western, Northeastern, and Southeast-
NNE-SSW, along the coastline between Taormina and Messina.ern vents), each behaving independently and suggesting a complex
Data on mineral phases, fluid and melt inclusions and some seismofeeding system for their activity.
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RANDAZZO del Bove are forming an alluvial famthe vicinityof Giarre-Riposto
(Figure 2). Recent lavas are mostly aa; less commonly pahoehoe, or
TAORMINA have their surface covered with irregular slabs variously embricated
or piled on top of each other. In these flows complicated tube systems
may form, along which the thermally isolated melt can flow over
great distances, feeding lava fronts as far as 10 km or more from the
vents. Almost 60% of the Etnean region has been covered by at least
one lava flow since the 13th century, including even some densely
populated sectors at low elevations. Even if the recent activity is mod-
erately hazardous for human life, it seriously threatens all human
activities in this densely populated area, due to complete destruction
in the lava flooded surface, remaining barren for centuries.

Vulcano (L.L.)

The Island of Vulcano (22 k#hrepresents the top of a much larger
structure, which has the base at a depth of 1000 m bsl. Its evolution
results from six main stages of volcanic activity related to the for-
mation of different structures: Primordial Vulcano, Caldera del
Piano, Lentia Complex, Caldera di La Fossa, La Fossa, Vulcanello
(Figure 3). The Primordial Vulcano is a truncated composite cone
formed between 120 and 100 ka. Most products have basaltic to
shoshonitic composition. Renewal of activity occurred at different

times on its flanks, between 40 and 20 ka. The summit of the cone
1 ) - (I ~ collapsed between 98 and 78 ka, leading to the formation of the
1 2 3 4 35 6 7 8 Caldera del Piano, which was progressively infilled by lava flows

probably outpoured along the ring faults. Several pyroclastic units
erupted from local vents were deposited within the caldera between
77 and 21 ka. After 50 ka the volcano-tectonic activity shifted
towards NW, culminating with the formation of the southern sector
of La Fossa Caldera. Between 24 and 13 ka intermediate to rhyolitic
magmas outpoured in the northern part of the island forming a series
of lava domes that formed the Lentia Complex. A large part of this
structure collapsed about 15 ka ago, leading to the formation of the

Peripheral vents can open also at low elevations (down to 300western sector of La Fossa Caldera, probably related to the largest
m a.s.l.), even outside the edge of the volcanic cover (Gravina diexplosive eruption occurring at Vulcano and which formed the Tufi
Catania, Mojo Alcantara). They mostly pour out lava flows, with di Grotte dei Rossi deposits.
tephra originating modest spatter ramparts to large cinder cones,  The composite tuff cone of La Fossa began its activity about 6
either isolated or associated along the feeding fractures. The Sumka within the caldera. The last 188890 eruption, which is the refer-
mer 2001 and Winter 2002 eruptions are to be ascribed to this lasence type of the vulcanian-type eruptions, produced a small blanket
type of fairly explosive events. This activity lasts from a few days to Of coarse ash and the famous bread crust bombs. A significant part of
several months, exceptionally for years (Table 1); flow volumes and the products fell back into the vent, leading to a 120 m accumulation
shapes depend on eruption duration and rate and also on flank topodf tephra inside the crater. Intermediate to evolved compositions
raphy. In the last 350 years, around 70 eruptions occurred, irregudomlnate among La Fossa rocks. Minor sh(.)shonltlc.and latitic prod-
larly distributed in time and space. A deep horse-shoe shaped valleycts occur. Vulcanello, whose latest eruption was in the 16th cen-
(Valle del Bove) carves the eastern flank of the volcano; it might tury, is the youngest (< 2 ka) structure of the island: it consists of a
have been formed by caldera collapses of ancient edifices, sliding ofMultiple, mostly shoshonitic, lava-flow platform and three ENE-
the seawards unbutressed volcanic mass, rapid erosion of steepSE nested tuff cones. o )
flanks. Large amounts of detrital materials derived from the Valle At present fumarolic activity occurs both on the flanks and in
the pericrateric area of La Fossa cone with a maximum
2002-2003 temperature of about 400°C. It is worth noting that
in 1992-1993 a temperature of about 700°C was reached.

The volcanic risk at La Fossa is mainly related to the high

Figure 2 Sketch map showing the distribution of the main units
of the Etnean volcano. 1) Sedimentary basal levels; 2) Tholeiites;
3) Ancient Na-basalts and hawaiites; 4) Trifoglietto Unit
(mugearites); 5) Ellittico volcano (Mongibello Unit; hawaiites to
trachytes); 6) Detrital alluvial fan from the Valle del Bove;
7) Recent Mongibello (hawaiites and mugearites); 8) Edge of the
Valle del Bove and main tectonic lineaments.

Table 1 Some data on Etna historic eruptions

Year Flank D(légamn vent - fronts Lengh Arei VOI(,umge concentration of the population, reaching 15,000 during the
ys) ma.sl. mas.l (km) (km?)  (10° m?) .

summer at Vulcano Porto village, at the foot of the cone. The
1634-38  South 1224 2050 450 95 12.6 105  prediction of the kind of future events has been derived through
1669 South 122 825 0 16 375 977 detailed stratigraphic studies. The volcanic history consists of
1792-93 South 370 1950 600 6.5 8 80 five “Eruptive Successions” separated by erosional unconfor-
1892 South 173 1913 970 7 10 111 mities. Each Succession includes (Figure 4) a series of Erup-
1911 North 13 2310 550 7.5 6.3 65 tive Units (up to a total of 15), distinguished by the lithological
1928 East 18 1900 25 8 54 0 features and dispersal pattern of products, related to dry surge,
1950-51  East 372 2530 800 10 10.5 68\vet surge, pyroclastic fall, lava flows and lahars. The erupted
ig;i Eg:tth g’é iggg 2?&()) g"g 2'11 volume decreases with time, the most voluminous being the
1979 East 4 2850 870 65 75 75 Punte Nere Succession, forming the main structure of La Fossa
1981 North 7 1883 600 75 6 30 cone. The quiescence period between Successions is variable
1983 South 131 2410 1020 7 6 70 With a maximum rest of about 800 years between 1st and 2nd
1991-93 East 473 2420 730 ) 7 250 Successions. The present 113 year rest represents a true quies-
1634-38 South 1224 2050 450 95 12.6 105cence period. The length of quiescence between eruptions does
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1{333-90 eruption unit
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opening
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Pyroclastic post 1739 unit — 3
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Figure 3 Sketch map of Vulcano Is. 1. Primordial Vulcano;
2. Piano Caldera infilling products; 3. Mastro Minico—Lentia
Complex: 3a. rhyolitic lavas, 3b. latitic and trachytic lavas; -
4. La Fossa Caldera and La Fossa cone products: Stromboli (M R)
4a. pyroclastics, 4b. lava flows; Vulcanello Cones: 5a. leucite-
bearing potassic lavas, 5b. trachytic lava flow; 6. Beach, alluvial -~ stromboli is the northernmost island of the Aelolian archipelago
and detritial deposits. located about 60 km off the coast of Calabria. The island is about
12.2 kn? in area and consists of an almost regular cone with steep
not influence the eruptive style and magnitude of eruption; this is slopes which rises from a depth of 1500-2000 m reaching an eleva-
probably related to the fact that the magmatic processeskaidsa tion of 924 m in the peak of Vancori. About 1.5 km off the northeast
occur in an open system where the magma continuously degassesf the main island there is a small rock, Strombolicchio, which rep-
therefore preventing magmatic gas accumulation. The dynamics of theesents the eroded neck of an older central volcano. The main struc-
eruption is mostly related tnagma-water interaction. tural feature of the island is a large horseshoe-shaped depression
The probable scenario of a future eruption could be the follow- (Sciara del Fuoco) bounded by cliffs several hundreds meters high
ing: 1) tectonic event brings the hot primitive magma from the deeperwhich occupy the NW flank of the cone. The active craters are
reservoir into contact with the more evolved shallower one; 2) the located at an elevation of about 700 m within the Sciara del Fuoco.
hydrothermal system is triggered and the upper volcanic system frac- Al the rocks of Stromboli are volcanic in origin and probably
tured, inducing craterization processes; 3) the effective contact of theormed within the last 100 ka. They consist of subaerial lava flows,
uprising magma with water produces a hydromagmatic eruption gen-pyroclastic materials and subordinate volcaniclastic sediments.
erating dry and wet surges whose deposits form a tuff cone. DuringDykes and sills are exposed on the eroded slopes of the volcano.
the eruption minor magmatic processes can occur, forming lapilli andproducts of Stromboli have been referred to cycles which are sepa-
bomb deposits (vulcanian phase) and, if the eruption rate is sufficientrated by important structural events. The products of the old activity
lava flow emission can close the eruption. In this scenario the mosiof the main island consists of lavas and pyroclastics with calc-alka-
dangerous phenomena are the surge events that represent the mgigle affinity and age of about 100 ka. The lava plug of Strombolic-
distructive potential. If we take into account the 15 Volcanic Units chio is also calc-alkaline with an even older 200 ka. The post-100 ka
emplaced during the whole history of La Fossa cone, the probabilityeyolution of the volcano has been subdivided into four periods
that the eruption will start with base surge events is 64%, 14% fOf(Figure 5): Paleostromboli (100-35 ka), Vancori (?25-13 ka),
strombolian and effusive activities and 7% for a vulcanian eruption. Neostromboli (13-5 ka), recent Stromboli (5.0 ka-present). Products of
Using the dry surge eruptions occurring after the Punte Nere Succesneostromboli consist of K-rich basalts often bearing small phenocrysts
sion as a reference, in 50% of the cases the surge clouds overrode thg |eucite (Lc-shoshonites). Lavas and pyroclastics of the Vancori
morphologic barrier of Caldera della Fossa, in 75% they reached theeriod are evolved andesites of the high potassium calc-alkaline suite.
walls of the caldera and Vulcanello. In 100% of the cases they The morphostructural evolution of Stromboli has been domi-
affected the area close to the foot of the cone where there is the Vilnated by caldera collapses and gravitational failure of its flanks.
lage of Vulcano Porto. On the basis of a sedimentological modelca|dera structures have been inferred for the period older than 13 ka.
based on the dry surge deposits from Palizzi Succession, in the area @ice then Stromboli has produced at least three major collapses of
Porto a dynamic pressure of about 4 kPa is expected. the northwest flank of the cone. The older one which affected the
Vancori edifice had an estimated volume of 2—3 Kfie following
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Figure 4 Composite columnar section of La Fossa cone.
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flows within the Sciara del Fuoco and more violent explosions. Mid
scale explosions consist of short-lived, cannon-like blasts that eject
meter-sized spatter and blocks within a distance of several hundreds of
meters from the craters. On average two or three explosions per year
occurred over the past 100 years. Less frequently much more violent
explosions occur. They produce showers of incandescent scoriae and
spatter within a distance of several kilometers from the craters some-
times affecting the two villages on the coast (Stromboli and Ginostra).

Volcanic hazards of Stromboli are fallout of heavy pyroclastics
(blocks and bombs) launched by cannon-like explosions, hot
avalanches and tsunami. Fallout of ballistics represent the main haz-
ard to people who climb the volcano to observe the persistent activ-
ity, at times (April 2003) reaching inhabited areas. As in December
2002 related to effusive fracturing, moderate tsunamis could be gen-
erated by subaqueous landlides of part of the Sciara del Fuoco slope.
They severely treated the main village of Stromboli situated on low
land along the northeastern coast of the island.

Somma-Vesuvio (R.S)

The Somma-Vesuvio volcanic complex consists of an older volcano
0 1 2 dissected by a summit caldera, Mt. Somma, and a recent cone, Vesu-
— vio, that grew within the caldera after the AD 79 “Pompeii” eruption.
Figure 5 Sketch of Stromboli Island showing the areas covered by The volcano is relatively young: the Somma stratocone most proba-
products of different periods of activity: 1. Paleo-stromboli bly postdates the 39-ka old Campanian Ignimbrite eruption of Campi
(100-35 ka); 2. Vancori (?25-13 ka); 3. Neostromboli (13-5 ka); Flegrei and stopped activity at about 20 ka. It consists of a pile of
4. recent Stromboli (5.0 ka—present); 5. flank collapses thin lava flows interbedded with spatter and cinder deposits (K-
basalt-trachybasalt to K-tephrite-phonotephrite). About 18 ka ago
collapse episode (volume 1-1.5 ¥nbeheaded a 900 m high cone the style of activity changed: after a long quiescence a large Plinian
whose summit was situated above the present crater area. After thieruption (“Pomici di Base”) ejected K-trachytic to K-latitic magmas.
event a cone of about 1,000 m high was formed (Pizzo Sopra la Fossa)n the following 16 ka three other Plinian eruptions occurred, each
The Pizzo Sopra la Fossa edifice was in turn largely dismantled bypreceded by long rest periods: “Mercato” (8 ka, K-phonolite),
another gravitational failure (The Sciara del Fuoco collapse) during“Avellino” (3.4 ka), and “Pompeii” (AD 79), both K-phonolite-teph-
which a volume of about 1.08 Rrof volcanic material slid into the sea.  riphonolite, while effusive activity was limited to a few lava flows
The typical activity of Stromboli consists of intermittent mild  from lateral vents (approx. 17 ka). In between the four major Plinian
explosions ejecting scoriaceous bombs, lapilli and ash from ventsevents, 8—-10 minor explosive eruptions occurred, Subplinian to Vul-
where glowing lava stands at high level in an open conduit. The canian in style. After AD 79, the recent cone began to form. It grew
explosions occur when large bubbles of compressed gas bursts at thgiscontinuously during periods of persistent Strombolian and effu-
surface of the magma column resulting in the formation of a jet of sive activity occurred in the Ist-llird, V=VIlith (after AD 472 “Pol-
hot gas and incandescent lava fragments. The explosions last a fedena” eruption), X—Xllth centuries and in 1631-1944. A dozen
seconds and take place at regular intervals, the most common timexplosive eruptions alternated with the open conduit activity, each
interval being 10-20 min. Although the volcanic activity of Strom- preceded by long (100-300 years) rest. The largest eruptions of this
boli has been known since the Classic Age, historical sources oldeilast period of activity occurred in AD 472 and 1631 and were Sub-
than 1000 A.D. are not accurate enough to assess if the activity waglinian in size and dynamics.
exactly the same as we see today. Explosive activity is associated = Mt. Somma is a nested, polyphased caldera related to the emp-
with continuous streaming of gas with an estimated output of tying of shallow reservoirs during large eruptions. Four caldera-
6,000-12,000 t/day and consisting mainly oftH3,200-6,300 t/day),  forming events have been recognized (Figure 6), occurred during
CO2(2,900-5,800 t/day), S@400-800 t/day) and minor HCland HF.  Plinian eruptions. The structural collapses constantly accompanied
The routine activity of the volcano is periodically interrupted by lava the final phreatomagmatic phases common to all four events. The

after Pompeii Plinian eru
Figure 6 Schematic reconstruction of the morphological evolution of SV caldera.
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car % z S marure : Campi Flegrei (G.O.)

% ; N : 400

7 E \ : ':'2 layered L *  The Campi Flegrei caldera (CFc) is a nested and resurgent structure
e *;E 2 R H

"';E_ ;;:4. E : iz i : ww  (Figure 8) resulting from two major collapses related to the Cam-
1| AR | W : e Panian Ignimbrite (CI; 39 ka) and Neapolitan Yellow Tuff (NYT; 15
ftE %‘m %E,‘“ : convective -; ka) eruptions (Figure 8a). Rocks older than CI are only exposed
L 153_.4‘::; e iy ; 1200

periodic  fresh magma _ supply lapse. The oldest detected age on these rocks is of about 60 ka. The
%mwm .Mymﬂw o conssiases [ (oo mcomerphi & Cl eruption, the largest of the Mediterranean area over the past 200
ka, extruded not less than 200 %of trachytic to phonolitic-tra-

. . . . . chytic magma. The caldera collapse affected the area which at pre-
Figure 7 Highly speculative sketch of the evolution of Vesuvio mag@, jnciudes the Campi Flegrei, Naples, the bay of Pozzuoli and part
chambers growing following the periodic arrival of periodic tephritigt ihe hay of Naples. A coincidence has been pointed out between
inputs (modified after Cioni et al., 1997). the eruption and the bio-cultural modifications in Old World prehis-

tory, including the Middle to Upper Palaeolithic cultural transition
geometry of the caldera did not suffer significant modifications and the supposed change from Neanderthal to “modhamio sapi-
related to the interplinian volcanic activity until the post AD 79 ensanatomy, a subject still debated in the literature. The subsequent
“reconstructing” period, whose products covered and mostly obliter- yolcanism was concentrated within the CI caldera. The NYT
ated the seaward lower rim of the caldera. The eruptive history ofphreatoplinian eruption, the second largest of the Campanian area,
Vesuvio reflects a plumbing system characterized by the constantextruded about 40 kfnof magma (alkali-trachyte to latite). The
presence of shallow magma chambers and alternating periods otaldera related to this eruption was nested within the Cl caldera, cen-
open and obstructed conduit conditions. The chambers were suptered on the present Campi Flegrei. Volcanism of the past 15 ka has
plied by deep, mafic magma batches investigated through melt inclu-concentrated in three “Epochs of Activity” separated by quiescence
sions in high-T crystals (mostly olivine and diopside). These (Figure 9). It has generated mostly explosive eruptions, variable in
revealed the not truly primitive nature of the melts entering the magnitude and generally characterised by alternating magmatic and
chamber, as well as a change from K-basalt to K-tephrite OCCurredphreatomagmatic explosions. During each Epoch, eruptions
between the Avellino and Pompeii eruptions. When the conduit is occurred at intervals of about 60 years, on average. During the |
open, the reservoir is continuously tapped through persistent Strom£poch (12.0-9.5 ka), out of 34 explosive eruptions, only the Pomici
bolian activity. The periodic arrival of fresh magma in the full Principali (10.3 ka) was a high-magnitude event. The Il Epoch (8.6—
plumbing system results in either quiet lava effusions and moderateg.2 ka) generated 6 low-magnitude explosive eruptions. The I
growth of the magma chamber (<3 km depth) or
in explosive-effusive polyphased erupti
whose dynamics induce the complete empt
of the reservoir. Aftershort quiescent perio
(reflecting the system recharge), Strombolian
ditions are restored, initiating a new cycle. W
the conduit is obstructed the magma char
grows until, after quiescent intervals of varic
length, a explosive eruption is initiated. T
increasing volume (Figure 7) is accompaniec
changes in the aspect ratio of the chamber a
as in the compositional layering: (1) initial ste
high aspect ratio chamber, moderate vol
(0.01-0.1 krd), almost homogeneous mafic m
(2) young stage, medium aspect ratio chan
medium volume (0.1-0.5 K#) almost continu
ous gradient from mildly evolved to felsic m
(3) mature stage, low aspect ratio chamber,
volume (0.5-5 ki#), two fold layering with steg
wise gradient separating a lower, convec
mildly evolved portion from an upper, statice

}1-1000 “‘"‘I 12w along sea cliffs and high-angle scarps related to the CI caldera col-

stratified, felsic portion. \1 >

The present 60-year long quiescence de — ¥ Fault o \\\ N
from the pattern of open conduit conditions ¢ Fumarole °q ~ % N
after 1944 eruption the conduit remail ~— LaStazamarine cliff .4 o _b- ¥’ Neapolitan Yellow Tuff (15 ka) caldera
obstructed. The volume of magma entered @ Monte Nuovo (1538 AD) © Vents active between 15 and 39 ka
chamber since then coud be in the orderdfiB ® \Vents active between 4.8 and 3.8 ka J¥ Campanian Ignimbrite (39 ka) caldera
m3. If totally ejected during a single explos ¢  Vents active between 8.6 and 8.2 ka o Vents active prior to Campanian
event, it could result into a Subplinian erupt m Vents active between 15 and 9.5 ka ignimbrite caldera collapse

similar to the last of this kind (AD 1631). Such
eruption has been therefore taken as refer |, b o0 KL
event for the presently Maximum Expected E| k L 2

tion whose scenario, from field and histor 0 m
data, was included in the Emergency Plan e B \/
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Jan. 1982

Figure 8 a) Structural map of the Campi Flegrei caldera; b) Vertical ground
movements at Serapis Roman market in Pozzuoli.
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Epoch (4.8 — 3.8 ka) produced 16 explosive and 4 effusive eruptionsand 4 cm, respectively. The deformation has been interpreted as the
During this Epoch the only high-magnitude event was the Agnano- result of ductile (expansion and deflation of the geothermal system)
Monte Spina eruption (4.1 ka). The first two periods of quiescenceand brittle (fracturing of the magma chamber roof rocks) compo-
lasted 1.0 and 3.5 ka, respectively, while the last, begun at the end ofients, both generated by increase in pressure and temperature within
the 1l Epoch, was interrupted in 1538 AD by the Monte Nuovo the magma reservoir due to arrival of small magma batches, less
eruption, the last. Volcanism and quiescence are strictly related toevolved and hotter than the resident. The area deformed during the
formation and deformation of the caldera. During the | and Il unrest episodes has a polygonal shape and its boundaries correspond
Epochs, magma erupted through the marginal faults of the NYT to the structures bordering the resurgent block, suggesting that long-
caldera. Between the Il and Ill Epochs, a change in the stress regiméerm deformation results from the summation of many short-term
occurred in the caldera. Before onset of the Ill Epoch, the La Starzadeformational events.

block, which had been uplifted at variable resurgence rates with ~ The magmatic system of the CFc includes a shallow, large-vol-
alternating periods of emersion and submersion, definitively Ume trachytic reservoir periodically refilled by new magma batches
emerged. During the Ill Epoch, magma was able to reach the surfacéising from a storage zone located between depths of 10 and 15 km.
almost only along the faults of teector of the resurgent block under ~ The shallow reservoir has been the site of differentiation processes.
tensional stress regime. The whole CFc is subsiding, while the centralrom 60 to 44 ka, the reservoir was growing due to input of new
part of the NYT caldera has been affected by resurgence since at lea§t@gma batches, while from 44 to 39 ka, it was an isotopically homo-
the second period of quiescence (PaleBsnlFigure9). Resurgence ~ 9€neous, large-volume, zoned system, whose evolution culminated in
occurs through a simple-shearing mechanism which has disjointectn® CI eruption. Arrival of new magma batches formed an apparently
the NYT caldera floor in blocks (long-term deformation). The most ndependent, large-volume reservoir which fed the NYT eruption. In
uplifted block includes the La Starza marine terrace and has beerfn® Past 15 ka, three isotopically and geochemically distinct mag-
displaced by about 90 m. Vertical ground movement has been wellMatic components were erupted as either homogeneous or mixed
documented for the past 2000 years (Figure 8b). In the past 40 yeardnagma batches. One component is similar to the CI trachytic magma,

unrest episodes have affected the caldera in 1969-72 1982—8§he second is similar to the NYT latitic-alkalitrachytic magma, the
1989, 1994 and 2000 and have generated uplifts of 170’ 180. 7 1third is a trachybasalt never erupted before. It has been hypothesized
' ' T that the Cl and NYT components represent residual por-

—WVolcano tectonism " Volcanism tions of older, large-volume magma reservoirs which
) Da_ have fed eruptions since about 60 and 15 ka, respec-
unrest episodes from 1969 H Monte Nuovo (1538 AD.) tively. The least-evolved component, erupted through
uplift before Mt. ) vents located on a NE-SW regional fault system, likely

Nuovo eruption represents the deeper seated magma tapped by regional

e
8 3
g = ol faults. The persistent state of activity of the caldera and
22 N o2 its intense urbanization make the volcanic risk ver
28 S 2z X . . . . y
g v (- high. To mitigate such high risk, an emergency plan is in
= 3 H preparation by the Department of Civil Defense.
2k Fossa Lupara Tephra . . . .
S 3 Astroni sequence Il Epoch Presently the area at highest risk, that is the one which
3 + 4 fa; Agnano-Mt Spina Tephta 21 magmatic to could be affected by pyroclastic currents (Red Zone),
2> apex of resurgence A\ B Pt Tebhra phreatomagmatic has been defined and evacuation of the population
©§ ofthelaStarza ! [|4:8"Mt St Angelo Tephra  EXplosive eruplions and (350,000 people) before the beginning of the eruption, is
B § block g - \\ggnanoﬁgephhra 5 lava flows planned.
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=% emersion episode of 8] . & magmaic to phreato- The island of Ischia is a volcanic field (Figure 10) com
8 the La Starza block K B.2-St. Martino Tephra magmatic explosive ppsed of \{olcanlc rocks, landslide depos[ts and subor-
25 + B.6-FondidiBaia Tephra  eruptions dinate terrigenous sediments. The volcanic rocks range
g8 o Hsaniamphﬁai’eomf A in composition from trachybasalt to latite, trachyte and
So gﬁ 9% Fisani 2 Tephra phonolite; the most abundant are trachyte and alkalitra-
e 5 90 N> 1o | Epoch chyte. The volcano is located at the intersection of NE-
] ° EE Siccave 4 Tephra 37 magmaticto SW and NW-SE regional fault systems. A caldera col-
o3 gzzgg;eﬂm phre atomag matic lapse accompanied the Mt. Epomeo Green Tuff
— PaleoPisani ?Teph[a explosive erupticns (MEGT) eruption and was later deformed by a simple-
+12 [ :Iepf’lsaym? Tln_a_prhrah shearing block resurgence, which has generated a net
\— Fomici Frincipali Tephra :
 Soccavo 1 Tephra uplift of the Mt. Epomeo block by about 900 m over the
Caldera 14 0 : past 30 ka. The beginning of volcanism on the island is
collapse t-14.9——Neapolitan Yellow Tuff iselv K ™ Id q ”
: not precisely known. The oldest exposed rocks, not
Nat less than 9 explosive A L
eruntions. Remnants of 7 dated, are the remnant of a complex volcanic edifice.
18 pt ) ! I p ! C
volcanic edifices in the Il Period | The volcanism which followed the construction of this
emerged part of the caldera volcano (150-74 ka, Figure 11) produced mainly tra-
y
cald and 3in ts submerged part chytic and phonolitic lava domes and subordinately
cglagg‘é 39——Campanian Ignimbrit alkalitrachytic pyroclastic deposits. A long quiescence
Mot less than 11 explosive followed, interrupted at about 55 ka by the caldera-
eruptions and 5 lava flows _ forming MEGT eruption. The volcanological and mag-
fromvents located in the I Period | matological history of Ischia in the past 55 ka has been
MNeapolitan-Phlegraean area. bdivided in th iods of e The fi iod
L 60 Remnants of 2 volcanic subdivided in three periods of activity. The first period,
edifices. initiated with the MEGT eruption, continued up to 33
ka with hydromagmatic and magmatic explosive erup-

Figure 9 Chronogram of volcanic and deformational history of the Campi Flegié@ns. An early trachytic magma was followed by tra-
caldera. chytic-to-alkalitrachytic magmas with increasing
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response to the extensional stress regime induced by
resurgence.

Lava effusions were followed by phreatomagmatic
and magmatic explosive eruptions. Reactivation of
regional faults, likely determined the reappraisal of vol-
canism also in the northwestern corner of the island, out-

Casamicciola\

aronti

della Signora

side the resurgent area, at about 6.0 ka. After a period of
quiescence, volcanism resumed again in the eastern por-
tion of the island at about 5.5 ka (Figure 11). The fol-
lowing repose was interrupted at about 2.9 ka by a very
intense phase of activity (35 eruptions) which ended in
1302 AD with the last eruption on the island. A decrease
in Sr isotope ratio of the magma erupted at the beginning
of this period suggests the arrival of a geochemically
distinct magma into the system. Mostly trachytic and
subordinately latitic magmas were erupted during this
period. Compositional variations, and isotopic and min-
eralogical disequilibria suggest mixing among composi-
tionally different magmas.

Although Ischia is still an active volcano and home
for 50,000 people, no risk mitigation action have been
planned as yet.

Ischia
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The eruption of Vesuvius of 79 AD caused extensive
destructions all over the Campanian area, engulfing the
cities of Pompeii, Herculaneum, Oplonti and Stabiae.
The eruption followed a long quiescence period and the
inhabitants of the area were surprised by the volcanic
events. The first part of the eruption was characterized
by a widespread dispersal of pumices from a high erup-
tive column. The second part of the eruption, character-
ized by pyroclastic flows emplacement, caused the major
damages with extensive life losses in most of the towns
surrounding the volcano. In Pompeii, the major casual-
ties during the first phase resulted from roof collapses;
during the second phase, people were killed either by

The eruptive cloud was directly observed from Misenum at a
distance of 21 km, so that they could fully appreciate its total extent
and behavior. (t resembled a pinfMediterranean pinehore than
any other tree. Like a very high tree, the cloud went high and
expanded in different branchddelieve, because it was first driven
by a sudden gust of air then, with its diminution or because of the
weight, the cloud expanded laterally, sometimes white, sometimes
dark and stained by the sustained sand and.ash

During the night of the first day of the eruption, and for most of
the morning of the next day, the houses of Misenum were shaken by
earthquakes that caused much panic.

In the morning of the second day of eruption, Pliny the Younger
observed the development of pyroclastic flows descending down the
flanks of Vesuvius and flowing on the se&rdm the other side,
black and horrible clouds, broken by sinuous shapes of flaming
winds, were opening with long tongues of fire ... . After a little while
descended onto the land, opened the sea, covered Capri and pre-

physical trauma due to the kinetic energy of the flow or
by suffucation because of the ash-rich atmosphere.

The sequence of eventsduring the 79 AD
eruption of Vesuvius

1

Vesuvius is one of the most studied volcanoes in the world, because
of its long time interval with historic eruptions (2000 years), its easy 2
accessibility, and the first well-documented historic explosive erup-
tion: that of 79 AD. The eruption destroyed Pompeii, Herculaneum,
Oplonti and Stabiae and caused the death of Pliny the Elder among
many other people.

Before the eruption, earthquakes occurred for some time, but
were disregarded by local inhabitants because of their familiarity
with the phenomenon. As the younger Pliny testified, “for several
days before (the eruption) the earth had been shaken, but this fact did
not cause fear because this was a feature commonly observed in
Campania”. The effects of these earthquakes are still visible in sev-¢
eral buildings in Pompeii, and Villa Regina, where hastened repair
works were underway in the days immediately preceeding the erup-
tion.

The main phases of the eruption have been described by Pliny®
the Younger, who observed the eruption from a distance of more
than 25 km, basing also on contemporary testimonies and closer
view accounts, especially for what regards the death of the uncle,
Pliny the Elder, gone to the rescue of the inhabitants of the area.

The beginning of the eruption is uncertain: the two Plinys ®
observed the cloud at the seventh hour of the day (1 PM). We must
presume that the eruption began sometime earlier to allow the
arrival, at about the same hour, of a messenger sent from the Vesu-
vian area.
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vented the sight of Misenum ...”

The sequence of events described by the Younger Pliny fits well

the geologic record of the eruption (Lirer et al., 1973; Sigurdsson et
al.,

1985).
We can summaryze the temporal evolution of the eruption into

major phases which are typical of most large scale explosive erup-
tions.

The first phase, after minor phreatic explosions, is characterized
by the development of an high, sustained column where the
erupted mixture of juvenile gases and pyroclasts, mixing turbu-
lently with atmospheric air, rises convectively into the stratos-
phere reaching an estimated maximum height of 32 km.

The second phase is characterized by the collapse of the eruptive
column with the emplacement of pyroclastic flows and surges
which destroyed every settlement within a radius of 10-15 km
from the volcano.

3 Collapse of the magma chamber, ingression of water into the

feeding system, magma water interaction and final phreato-mag-
matic activity.

4 Post-eruption remobilization of ashes and pumice by rain water

during the following years.

The four phases are identified by their typical deposits (Figure 1).
The first phase produced a fall deposits consisting of a lower part
of well-sorted white pumice and an upper part of gray pumice
dispersed to the southeast of the volcano and traced on land to a
distance of more than 70 km (Lirer et al., 1973).

The deposits of the second phase consist of surge deposits made
of layers of thin, poorly-sorted ash with cross bedding, and dune
structures alternated with pyroclastic flow deposits made by thick
and massive layers partly indurated and poorly sorted (Sigurds-
son et al., 1985).

Silty sands beds with abundant accretionary lapilli form the
deposit of the third phase. In proximal areas a debris flow deposit
consisting of angular lava and carbonate blocks supported by an
ash matrix with minor pumices is correlated with this phase (Sig-
urdsson et al., 1985, Sheridan et al., 1981).
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& State of the buildings and

- B

I distribution of victims inside
the city of Pompeii

Oglanl The city of Pompeii was destroyed and many of
its inhabitants were killed during the 79 AD erup-
tion. Several authors have reconstructed the suc-
ils Regina ey cession of products emplaced during the eruption
(e.g. Lirer et al., 1973; Sigurdsson et al., 1985;
§ Carey and Sigurdsson, 1987) but the stratigraphic
framework used here largely follows that of

¢ Luongo et al. (2002a, 2002b) which specifically

studied the impact of this eruption on Pompeii. In

the following paragraphs we summarise the dam-
age suffered by population and buildings during
the first two phases of the eruption and report the
stratigraphic height at which were recovered
human bodies and crumbled walls. The main sed-
imentological characteristics of the 79 AD
deposit are reported in Figure 2. On the basis of
these characteristics the deposit has been subdiv-
ided in 8 units named A to H from base upwards;

a soil at the top of the sequence (unit 1) is also

reported.

The state of the buildings all over the city is
summarised in the following observations:

a) the amount of destruction is not the same
throughout the city, some buildings were more
affected than others;

b) the northern (relatively proximal) and southern
(relatively distal) sectors in the city were gen-
erally affected in the same way;

c) the ground floor is partly intact in most of the

Figure 1 General stratigraphic section of the 79 AD eruption deposits based on the buildings, whereas the upper floor is almost

reconstruction of Sigurdsson et al. (1985) in the main outcrops surrounding the completely demolished;
Vesuvian area. d) the E-W oriented walls are by far more dam-

aged than those striking N-S;
e) in many cases, the northern vent-facing part of
. . the buildings was more damaged than the
® The deposits of the fourth phase are a succession of lahars made ¢4 thern one:
up of a conglomerate composed of coarse pebbles with a matrix) most of the destruction is stratigraphically related to unit E.
composed of small pebbles and coarse sand (Lirer et al., 2001). As shown in Table 1, 394 corpses were found in the pumice
Carey and Sigurdsson (1987) estimated the height of the erup<all deposit and 650 in the pyroclastic density currents (PDCs)
tion column during the development of the Plinian phase basing ondeposit. So a total of 1044 victims were recovered inside 2/3 of the
the isopleth distribution of maximum diameters of pumice and lithic city of Pompeii (the excavated part). Other 100 victims are esti-
fragments. They estimated that the eruption column rose from anmated on the basis of many groups of scattered bones. Finally, con-
height of 14 km to 26 km during the emission of white pumice and sidering the regions partially excavated (I, lll, IV, V, IX) an esti-
then to 32 km during the emission of grey pumice immediately Mmate of 464 corpses still buried is obtained. Furthermore, it is mean-

before the deposition of pyroclastic flows. The estimates of the col- INgful to document the amount of victims with respect to their loca-

umn heights permitted the evaluation of the corresponding magmalion (€.9. inside or outside the buildings). Most of the corpses within

discharge rates the pumice fall deposit were found inside buildings (80% as shown
: in Table 1), whereas of the 650 corpses recovered in the PDCs

S(_:andone and Giacomelli (2001) used the esﬂmate; of Careydeposit 334 were found inside buildings and 316 outdoor (Table 1).
and Sigurdsson (1987) to evaluate the temporal evolution of theLuongo et al. (2002b), on the basis of recent excavation, state that

eruption fed by a 7-12 km deep magma chamber. The progressive,| ,yman casts in the PDCs deposit lie over the well-recognisable
removal of magma in the course of the eruption caused a slow boiljjthic-rich unit D, enclosed within unit E (Figure 2). These corpses
ing Of magma W|th|n the Chamber because Of deCOmpreSSiOn. ThIS irhre most'y intact and 0n|y feW Corpses are par“a”y or fu”y dis_
turn produced a faster and faster emission rate until the final collapseanembered. In the still preserved outcrops of Pompeii and in the
of the wall surrounding the reservoir. Scandone and Giacomelli photographs of the Pompeii Archive, most of the casts lay prone in
(2001) evaluated the duration of the first phase at approximately 22the attempt to shelter their face; it is noteworthy that in some places
hours (several hours longer than previously estimated basing on(e.g. garden of fugitives, Regio I, Insula 21; Stabian house, Regio |
average effusion rates). During this phase there was a steadynsula 22) human casts show the head and the bust supported by
increase in magma discharge rate. The second and most destructi@ms, with this raised part of the body at higher stratigraphic level
phase with the massive emplacement of the major pyroclastic flowswithin E1.

and surges lasted only about 5-6 hours.
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Tablel Total of corpses found in the pumice fall deposit and in the The effects of the 79 AD eruption on

stratified ash and pumice PDCs deposit (into buildings and outdoor pompe“
places) at Pompeii.

Vichmsinthe Fall T Vichmsinthe PDC The process of Pom_peii’s dt_estructi_o_n and t_)urial started with Fhe
: : accumulation of a thick pumice lapilli deposit (layers A and B in
deposit deposit ; . T
g outd g outd Figure 1) resulting from the column fallout. The rate of deposition in
arneaoso(ra) l;ceg(z{)) arrlzaoso(ra) I;ceg?tr) Total | the city ranged from 15 cm per hour in open areas to 25/30 cm per
P P hour in places accumulating additional pyroclasts rolling from the
External areas steeper roofs. Within six hours from the beginning of the eruption
i 17 17 49 70 153 | the roofs and part of the walls of the buildings had collapsed under
Regio | 66 9 86 41 202 | the pumice load. By the morning of 25 August most structures were
Regio Il 12 7 26 73 118 | seriously damaged; the pumice fall deposit, generally 3 m thick,
Regio Il 9 4 13 totally buried the lower part of the buildings. The percentage of vic-
Regio IV 1 1 5 tims (38%) found in this deposit at Pompeii is anomalously high
Redio V 40 11 16 67 with respect to a mean of 4% of deaths caused by tephra fallout in the
g. last four centuries during explosive eruptions (Blong, 1984; Tanguy
Regio VI 41 2 39 35 117 | et al., 1999). This high percentage of deaths is possibly due to the
Regio VII 59 5 33 14 111 | attempt of some people to take shelter into buildings where roofs and
Regio VIII 21 5 43 51 120 | walls collapsed under the load of the pyroclastic material. The small
Regio IX 69 1 43 7 120 | percentage of people found dead outdoor within the pumice fall
Unknown locatio 10 5 4 5 21 deposit was probably killed _by the _crl_mellng roof tiles or by the
> > S > largest lithic fragments following ballistic paths.
Subtotal 345(88%) 49(12%) |334(51%) 316(49%) The first PDC flowed through the city depositing the basal ash
Total 394(38%) 650(62%) 1044 | |ayer C and causing irrelevant damages. Based on the evidence that

all of the human remains lie above this deposit, it can be deduced
that people were not killed by the earlier PDC (units S4 and S5 of
Sigurdsson et al., 1985). The inhabitants survived also to the succes-
sive fallout phase that emplaced the lithic-rich layer D and some
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ash deposit
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accretionary
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Twao lithic rich
layers with an
intercalated
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Well stratified ash
deposilt with
accretionary lapilli

Alternating layers of coarse and fine ash
forming progressive dunes,

They are locally confined between
L the crests of the lower dune system

2 __84-5_ Stratified deposit formed by plane parallel
ash and pumice lapilli beds,

= In some places this deposit is made up by
large dunes with symmetrie profile

Massive, well-sorted fine lapilli pumice layer. 3
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Stratified layer made up by ash and fine,
sub-rounded pumice clasts
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Pumice and lithic blocks are present.
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minor angular lithic clasts,
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Figure2 Stratigraphic section of the 79 AD deposits at Pompeii with lithofacies characteristics and emplacement mechanisms
reported for each layer. The maximum thickness for each unit is represented. On the right, a human cast near the casa del
Criptoportico (photo from the Archives of the Soprintendenza Archeologica di Pompeii) stays above a well-exposed stratigraphic
sequence (unit B to E1). Above: Campanian Plain with Somma-Vesuvius volcanic complex and the city of Pompeii. Pompeii map
and location of regions (roman numbers). Unornamented areas represent unexcavated regions.
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were able to walk outdoor during the emplacement of the basal part Lisetta Giacomelli, geologist, is &
of the unit E. In fact, we found the victims several centimetres above associated with Gruppo Nazionale
the base of this unit. Possibly, the parental pyroclastic current ran di Vulcanologia; the main field of
over the city with a low-temperature, dilute frontal part settling pro- interest is in general volcanology,
gressively few centimetres of ash. The rear part of the current had aand currently is involved in the cre- &
non-uniform behaviour in terms of concentration, possibly due to the ation and maintanance of didactic
canalization of the basal part of the current along the longitudinal web pages on earth sciences.
walls of the buildings. Inside these areas the current showed a greatel
destructive power, flattening most of the (especially transversal)
walls, standing out of the pumice fallout deposit, in its north-south
path. In the areas outside the channels the current had essentially
depositional behaviour engulfing the city and suffocating the inhab-
itants. These opposed behaviour of the PDC in very close areas tes:
tify to the different kinetic conditions undergone by the Pompeii
inhabitants and hence the different physical integrity of their
corpses. Observations on objects, cloths, frescoes and skeletons rul
out the possibility that burn injuries contributed to kill Pompeii
inhabitants, as recently proposed for Herculaneum inhabitants
(Capasso et al., 2000; Mastrolorenzo et al., 2001). Furthermore, the
proposed non-uniform behaviour of PDCs, due to the interaction
with the urban structures, justifies the described different state of
destruction of the buildings throughout the city.

A final phreatomagmatic phase, punctuated by two minor lithic
fall episodes, emplaced the upper part of the succession (F to H
units). Field features, such as the presence of accretionary lapilli in
the upper part of the ash and pumice deposit and the lack of high
temperature evidences in the buildings, support the idea of low
emplacement temperature for the pyroclastic currents during the
final phase of the eruption.

Annamaria Perrotta, geologist, is

associated with Dipartimento di
Geofisica e Vulcanologia, Univer-
sita’ “Federico 1I” of Naples; the

main field of interest is related with
the depositional mechanisms of the
products of explosive eruptions.
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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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— — e —_— o=
T2 rewu
E.: MARINE ——— . ...O8Ba — B . "
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[ E e Z
u 1 —_— — —. ot
= My My e S S T
FLUVID- — e
g LACUSTRINE __'..i -
SUCCESSION |~ —
7 7,
SUBSTRATU

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
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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}, 3: 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).
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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).

MRU3

sl Verrucano
(Middle-Lipper Trias) —
Formation A

(Middle Carboniferous)

| Formation B
| (7 Devonian)

Formaticn A

{Midlle Carboniferous)
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).

1% Permian Fusulinids

MONTICIANO-ROCCASTRADAUNIT

| Formation C
(Permian)

“7200 m

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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Earthquakes in Italy: past, present and future
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Italy has a long-standing tradition of earthquake investi- earthquakes of 1456, which devastated a large portion of the peninsula

; i i etween Abrutii and Basilicata. Giannozzo Manefii&s terraemotu
gations. S.elsmOIOQIStS Can rely on Or.]e o.f Fhe longest an(ﬂbri tres, published in 1457, is the first known systematic study of Ital-
most detailed records of historical seismicity, 20 years ofjan seismicity after Antiquity (see Guidoboni, 2000 for a review).

homogeneous and reliable instrumental data, systematic  For over two centuries the cataloguing efforts continued,
and widespread active stress data and a comprehensivé'though the compilers often emphasised more the “portentous”

: : : ature of earthquakes rather than the associated risk. Marcello
database of potential seismogenic sources. Here w onito’s Terra Tremantewritten after the catastrophic 1688 Ben-

describe these datasets and discuss how they may help ¥sento earthquake (Campania, southern ltaly), is the principal

anticipate the large earthquakes of the future. expression of seismology of that time and the herald of modern

earthquake catalogues. Around the middle of the XVIII century,

- however, these efforts were somewhat frustrated by the popular the-

1. Introduction ory of electricity that effectively detached earthquakes from geology
and landscape to make them totally random.

. The XIX century marked the onset of modern catalogues,
According to UNESCO, densely populated Italy hosts about 50% of \y hich had by then become a real scientific tool. Earthquakes were
the known cultural heritages of the entire globe. Italian cities are thus

. again seen as systematicand recurrentphenomenon stemming
especially vulnerable to earthquakes that would not be as dangerougg .\ «seismic centers”, just as volcanic eruptions were known to
in other earthquake-prone countries. Damage to the frescoed vault

e > e ; ake place always at the same spots. Modern catalogues thus
the San Francesco basilica in Assisi during the 1997 Umbria-Marcheye .ame the basis for demonstrating the regularity of earthquakes,
earthquake (M 6.0) exemplifies Italy’s special vulnerability.

N - > ot . the main pillar of modern earthquake forecasts. Towards the end of
Saving lives and protecting Italy’s immense cultural patrimony

. A ; . - the century, Italian seismologists Michele Stefano de Rossi and
are important responsibilities of ltalian seismologists. But can the loca-,se e Mercalli devised the first systematic scales of earthquake
tion and size of future large Italian earthquakes be anticipated with

some confidence? Seismologists certainly know Sir Charles LyeII’s'ntenS'ty' By allowing objective assessment of earthquake effects

famous motto “the present is the key to the past’. They also know byat many localities, this step favored the transition from descriptive

X . ._.7to modern parametric catalogues. It also allowed different events to
everyday experience that the corollary to that statement, ‘the pastis th§, 4 e through their epicentral location and severity
key to the_ present”, is just as true. But, most |mportant!y for those con- The great catalogue by Mario Baratta (1901), a compilétion of
cerned with the future of our planet, they are also learning that “the pashearly 1,400 Italian earthquakes between Antiq’uity and 1898. is
and the present are the key to the future”. The seismological translatith e X '

of this motto is that “successful forecasting means projecting into the en Om?;g smﬁsgig;rfgnz?? EOféZii? e?jel\;v ttrﬁir;dvsv. ofke;hn%pfhgufofwocgr
future what we learned from the past and witness in the present”. X . pr y X
ent rise of instrumental seismology, not much happened until

There are few countries where the earthquake record can b . !
exploited at time scales from 10,000 years to seconds, but Italy i§1935 when Alfonso Cavasino (1935) published an update of

one of them. This record, properly organized into a knowledge Ccm_Baratta s catalogue. Ironically, his 35-year update had to account

tinuum, allows several facets of the earthquake process to be invesf-Or four of the mast dreadtul earthquakes of Italian history: 1905,

tigated simultaneously. This paper describes how seismologicalfer.“r""_I Cl,‘larllab(ia; ,&E(;BO l\ée?sina”St;aitsi) 1915, ,tAr:/ezzan?; 19t.30'
information (instrumental and historical) and field evidence at dif- rpinia: all having . Data collection became then systematic,

ferent scales can be integrated to make realistic long-term earth-Ieadlng to the first computerized catalogue in 1973. In the booming

quake forecasts in Italy. In the last section of this paper we propose705 and early ‘80s, also as a result of catastrophic earthquakes

a viable approach to this problem by introducing the concept of (1976, Friuli; 1980, Irpinia), research into historical seismicity had

; i ; ; ; ; become a national priority. It is hence not surprising that a “con-
potential seismogenic sourf¢alensise and Pantosti, 2001a) a sim- - h . !
plified three-dimensional scheme of a physical fault system. sensus’ catalogue published in 1985 contained almost 42,000
events (Postpischl, 1985).

The 1990s brought about yet another revolution in the task of
retrieving, analyzing and storing historical earthquake data. In
2. The past: Italy, the cradle of 1995, INGYV released the first version of atalogue of Strong

Earthquakesn lItaly, a “new-generation” compilation that summa-
earthquake catalogues rizes research conducted by ENEL (Italy’s national electricity com-
pany) and the former ING (Istituto Nazionale di Geofisica) (Boschi
Italian seismicity today does not appear as frightful as it did a few et al., 2000). In addition to the standard source parameters, for each
centuries ago, at least in comparison with much larger earthquakegarthquake this catalogue supplied a set of specifically prepared
that take place in other parts of the globe. Nevertheless, Italian earthsummaries, details on the effects suffered in each locality involved,
quakes have left a strong imprint on the country’s landscape, her-and a list of references. Two years later, this work was paralleled by
itage and traditions, and even place names and the distribution ofhe Internet-based compilation prepared within Italy’s CNR
dialects often reflect a large earthquake. Italians also learned earlyNational Research Council) (Monachesi and Stucchi, 1997). Both
that to fight earthquakes you ought to know them: where they occurcompilations served as a basis for tbatalogo Parametrico dei
repeatedly, what damage they cause, what to expect after the maifierremoti Italiani (CPTI Working Group, 1999), an updated ver-
shock has struck. Major advancements in understanding earthquakesion of the work completed by Postpischl in 1985. Individual data-
were spurred by catastrophic events that attracted the interest of corpoints allowed earthquake source parameters to be determined
temporary scholars. Such is the case of the central-southern Italthrough an analytical technique which gave a statistical basis to
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subjective historical data (Gasperini et al., 1999). For the best
umented earthquakes this technique also returns an estima
source orientation and length, thus allowing the determination
“virtual fault” for earthquakes that occurred centuries ago.
After investigating surface ruptures produced by the 1¢
Irpinia earthquake (M6.9; e.g. Pantosti and Valensise, 1990), s
entists started looking at historical earthquakes from the poir
view of their impact on the environment (see Valensise |
Guidoboni, 2000 for a review). Identifying major historical ear!
quake ruptures thus became a challenging but promising activit go ;= 8
many Quaternary geologists. SHLE e
A further revolution in investigating Italy’s past earthquakes ) e
the onset of paleoseismological studies in the late ‘80s. Trenchir s
the fault responsible for the 1980 earthquake supplied evidenc : L .}
at least four of its predecessors occurring every 2,000 yr on ave = o
(Pantosti et al., 1993). Subsequent trenching of a number of | <
faults confirmed these findings and returned fundamental constr £ Ak |-
on the frequency of large Apennines earthquakes (see Valensis A )
Pantosti, 2001b for a review). 1 e
A recent attempt to extend the historical record back in tim b
the development of Archeoseismology, a discipline that explc J
evidence for destructive earthquakes emerging from the archec
cal record. For instance, a thorough reappraisal of the history of

tlements and land-use in the Messina Straits during Antiquity ¢ crustal seismicity

plied evidence for a large event of social and territorial disruptio | C deep seismicity

the IV century (Guidoboni et al., 2000). This event was interpre Me = 7.5 ol ;
as a predecessor of the devastating 1908 earthquake, agreein Me = 7.0 G ¢ i : haris. ® 0
geological estimates of 700-1,500 yr for the average repeat tin Me =6.0 el R e | ™
1908-like events (Valensise and Pantosti, 1992). Additional prot Me 24.0 sy, dia gy

ing work is progressing at different sites throughout the peninsu
Combining paleoseismological and archeoseismological
dence suggests that (1) the typical repeat time for individual m
Italian earthquake sources is 1,000-3,000 yr, and (2) appar
shorter recurrence intervals result from multiplicity of sources
stress triggering of events on adjacent sources. These findings argery promising (e.g., Pino et al., 2000) under SISMOS, a major proj-
supported by missing “twins” of the very same earthquake through- et that started recently at INGV.
out history. Although the infrequency of Italian quakes is clearly All magnitude 5.5 earthquakes of the past 30 years have been
favorable, the mismatch between typical repeat times and the lengthnyestigated by combining sparse data from “historical” Italian obser-
of the reliable historical record (~700 yr) implies that several impor- yatories and global networks that became operational in the early
tant potential earthquake sources are not represented in current his7os (see Gasparini et al., 1985; Anderson and Jackson, 1987; INGV
torical catalpgu.e.s. One of them could go off in the next large earth-RCMT, 2003; among many others). Further details on seismic rup-
quake, turning it into yet another “unexpected event”. ture, such as source duration, directivity and complexity, have also
Should we then suspect historical catalogues? Of course notheen retrieved thanks to the strong motion instruments formerly oper-
We will see later how this condition may be handled by carefully ated by ENEL and presently by Servizio Sismico Nazionale (SSN).
combining all available historical, geological, instrumental evi- Systematic collection of short-period earthquake data began
dence. Meanwhile, Italian seismologists, planners, civil defenseafter the 1980 Irpinia earthquake, when the centralized Italian
authorities and ordinary people are learning from the historical National Seismic Network began. Since then, the network has been
record. The earthquake distribution revealed by the CPTI (Figure 1)steadily extended and improved in instrumentation and data reliabil-
is surprising, because seismicity is widespread and moderate shockisy. Tens of thousands of earthquakes having magnitudes between
seem to occur nearly everywhere; but unsurprising also, because-1.5 (the detection threshold in the best instrumented parts of the
most large earthquakes occur where they would be expected, giveountry) and 6.0 (M of the 1997 Umbria-Marche event) were
the current understanding of Italy’s geodynamics. recorded. Several regional and local networks also contributed to
highlight details of Italy’s “earthquake structure”. After twenty
years of uninterrupted surveying, the Italian dataset of instrumental
seismicity indeed represents a powerful tool for investigating the

3. The present: understanding Italy’s region’s active tectonics (Figure 1). The resolution offered by this

stress strain and seismicity dataset, however, is insufficient to illuminate details of the seismic
! process in fault zones. Most information on Italian seismogenic

o _ _ _ _ faults at depth comes from dense, state-of-the-art portable networks
Present seismicity is the most direct evidence for ongoing tectonictemporarily deployed for aftershock studies. Important details on the
activity. Unlike the causative faults of historical earthquakes, for geometry, kinematics and complexity of fault systems were identi-
which we normally recover only an approximate estimate of size andfied with this tool. For example, detailed analyses of the 1997
location, modern seismological instrumentation allows the most sig- Umbria-Marche sequence show that the fault zone changes within a
nificant parameters to be assessed confidently. These include theery short distance from a simple linear, low-angle rupture plane to
hypocentral location and depth, source size, coseismic displacement complex flat-ramp geometry (Chiaraluce et al., 2003). Overall, the
faulting mechanism and details of the rupture process. data highlighted the role of shallow structural complexities, both
In Italy, instrumental seismology started more than a century parallel and perpendicular to the main fault, in determining rupture
ago, and all large earthquakes of the XX century have been recordetbehavior (Chiarabba and Amato, 2003).
by several seismic observatories. Recovering early historical seis- Besides aftershock studies, advancements in the understanding
mograms and investigating these earthquakes have already provedf active tectonics and fault zones were spurred by field experiments

Figure 1 Historical seismicity from CPTI catalogue (CPTI Working
Group, 1999) and instrumental seismicity from INGV bulletin
(1983-2002, M>2.8), both scaled by magnitude. Location of large
earthquakes cited in text is also shown.
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based on modern seismological arrays and large mass storage capabtained based on IGM95 (a network established and maintained by
bilities. The first experiment (2001-2002) was a six-month cam- Istituto Geografico Militare) (D’Agostino et al., 2001), periodic
paign that shed light on the geometry and kinematics of major activeresurveys of regional networks (Anzidei et al., 2001; Calais et al.,
fault systems in northern Umbria (central Apennines). The results 2002), and GPS resurveying of the national triangulation network set
confirmed that these experiments are extremely promising, providedup by IGM in 1869-1881 (Hunstad et al., 2003). Owing to the excep-
that the array is well designed and the earthquake rate is significantionally long time-span in comparison with the estimated uncertain-
in comparison with the detection threshold (the largest recordedties, this latter technique recently revealed that (a) peninsular Italy
guake was only 3.0). extends at 2.5-5.0 mmly, (b) deformation is concentrated in a region
A recent but valuable source of information on Italy’s active a few tens of km wide straddling the crest of the Apennines, and (c)
tectonics is the systematic analysis of in-situ stress data, essentially 0—80% of this strain has not been released by earthquakes and must
borehole breakouts in deep wells. It is now widely accepted thatoccur aseismically.
computing their average azimuthal distribution yields the local ori- By comparing recent and historical seismicity, the stress and strain
entation of the horizontal stress field (Bell and Gough, 1983; fields gathered from all available data and the deep structure recovered
Zoback et al., 1985). In the early nineties INGV started systematic from seismic tomography, seismologists were able to set firm con-
activity in this field by cooperating with ENI-AGIP and other oil ~Straints on Italy’s active tectonics (refer to Figures 1, 2 together):
and geothermal companies in Italy. Over 300 wells have been anas Most of Italy is seismically active, except for a few stable areas
lyzed so far (Montone et al., 1999). Along with earthquake fault ~ Such as Sardinia, southern Apulia and limited parts of northern
plane solutions and fault slip data, breakout analyses yielded an !taly and Sicily; o _ _
image of present-day stress orientation in Italy (Figure 2) which this aIm_os_t continuous seismic belt foIIows_ the buried margin of
now contains over 500 minimum horizontal stress directionsi{s the Adriatic microplate ben_eath_ the Apennines and the Al_ps; the
(Montone et al., 2003, and references therein). Stress directions Poundary between the lonian lithosphere and the Calabrian arc;
obtained from different data have been found mutually consistent, the boundary between the “African” foreland and the Sicilian
despite the fact that they often refer to different depth intervals (0—7  "aPPpes in Sicily; , o
km for breakouts, 0—20 km for crustal earthquakes) and different® €arthquakes are sparse along the Alpine arc, from the Ligurian
tectonic units. The inferred pattern confirms that the stress field in ~ S¢@ t0 Friuli, with a lesser density in the central Alps. Alpine
ltaly’s brittle crust is due to the interaction of "large scale” pro- ~ €arthquakes directly testify to the ~N-S push of the Adriatic
cesses with "local sources”. Stress data can be used to understand Microplate, as shown by the thrust faulting mechanism of the
active tectonic processes, assess seismic hazard, and anticipate the 1976 Friuli events;

behavior of seismogenic faults. Such data also represent a bench* widespread seismicity charac_terizes the northern Ape_nnines arc,
mark for geodynamic modeling of the central Mediterranean. from northern Tuscany to Latium. Spots of low-magnitude seis-

Information on the present strain field is commonly obtained mg:'itzn%l#n%ﬂ?;ﬁ gcutit:g]::ry.r\ﬁ:c;cgﬁgsl aggfogm;hegn;ﬁlgﬁgj: d?
from geodetic observations spanning at least a decade of ongoing from the iFr)mer Apennines basins wherye seismicig/ results from
eclonic S, plonate s st it 15 S, P20 . st extension perpendcr fo e bely(Sorerted NE-

: ge SW), to the most external arcs buried beneath the Po Plain and the
work, and (2) the low ratio between strain rates and accuracy of the

measurements. Nevertheless, first order estimates have already been Adriatic offshore, where earthquakes reveal ongoing convergence
) ’ y (Shmin oriented NW-SE). Although the mechanism driving this

Pl L z o3 T arc evolution is still debated, the presence of earthquakes down to
5/ Y 90 km depth (Selvaggi and Amato, 1992) and a strong high-veloc-
5 A i ity anomaly in the upper mantle beneath the northern Apennines

j ' = A (e.g. Lucente et al., 1999) support an actively retreating slab. This

view is challenged by investigators who explain the same evi-
dence in a context of prevailingly passive intra-continental rift
(e.g., Lavecchia et al., 2003). In the northern Apennines, seismo-
logical evidence for extension and compression consistently
agrees with the Neogene evolution of the region, although some
investigators contend that compression died out before the end of
Middle Pleistocene (Di Bucci and Mazzoli, 2002).

. a relatively narrow belt of seismicity characterizes the southern
Apennines, where earthquakes are larger (M~7) than in the north-
ern arc and individual faults are up to 30-50 km long. Earthquake
and active stress data consistently reflect dominant ongoing NE-

SW extension. Conversely, the role of E-W right-lateral strike-

\ slip faults revealed by recent moderate-size earthquakes (e.g.

Potenza, 1990; Molise, 2002) and affecting the Apulian foreland
is still unclear. Such quakes may result from lateral complexities,

)\
4 5\1” accommodate different rates of extension, or represent the reacti-
lonian Sea

* '.'l'

N
"thgun'an s,
Sea \

) -

o\
LN

Q/jt?, Tyrrhenian Sea

i

STRESS DATA - S, direction

"o, from borehole breakout

vation of pre-existing major faults dating back to the construction
of the Apennines edifice;
: . contrary to what is revealed by seismic tomography in the northern
Prm—— J— . 4/*) ¢ Apennines, the deep structure of the southern Apennines is domi-
' mechanism  regime Rl - o nated by a detached (or pdgiless dense)ithosphericslab,
s o " ‘fa{m‘_ 3 which could be the engine of uplift and extension of the orogen;
g from focal sirike-slip mkéfugk\\ R . a narrow Wadati-Benioff zone is beautifully imaged in the Cal-
il T o : a’\_} abrian arc. Shallow earthquakes are recorded inland, whereas
’ intermediate and deep events are recorded beneath the southern
- X - — - Tyrrhenian. The subduction zone is only 200 km wide but
Figure 2  Active stress map of Italy with minimum horizontal extends much more down-dip, reaching and possibly penetrating
stress orientations (from Montone et al. , 1999, slightly modified the 660 km discontinuity (Lucente et al., 1999; Amato and
and updated), and location of selected significant recent  Cimini, 2001; Piromallo and Morelli, 2003). Intriguing features
earthquakes. of this deep activity are the geometry of the lonian slab, which

4 from surlace extensional o
faill reqime
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appears to sink passively in the mantle, and the slab’s interiorinferred from more indirect observations. Each source is assumed to
earthquake mechanism, a consistently down-dip compression; represent a discrete segment of a longer seismogenic zone. In its
. seismicity of Sicily results from processes interacting at very shortturn, each segment is assumed to generate its largest allowed or
distance and giving rise to an especially complex setting: roughly “characteristic’ earthquake, not necessarily periodic. Although
E-W extension in the Messina Straits, consistent with what is seens€emingly crude, these assumptions are being proved realistic in
in the adjacent Calabrian arc; dense spots of largely extensional€gions dominated by dip-slip faulting away from the main active
earthquakes around Mt. Etna; strike-slip earthquakes along eastPlaté boundaries, such as ltaly. . . .
ern Sicily at the boundary between the lonian lithosphere and the . 1he current release of the segmentation model (Figure 3) lists
Sicilian foreland; a transverse structure bounding the Calabrian@P0ut 250 potential earthquake sources grouped according to their
subduction to the west (Tindari-Letoianni lineament auct.); N-S identification criteria and parameter assessment. New sources were
compressional earthquakes in northern (2001 Palerraos.4) added or improved durlng the GNDT project, particularly in poorly
and central-western Sicily (1968 Belicew8.6). documented and strategic areas of the country. Most sources align
along well-established tectonic trends coincident with those identi-
fied by instrumental and historical seismicity (see § 2, 3). Overall the
Italian peninsula can be seen as a segmented belt of discrete seismo-
genic faults, at least to a first approximation. The best-identified seg-
ments are often neatly juxtaposed; their boundaries often coincide
with “transverse lineaments” inherited from past tectonic phases and
currently imprinted in the highly heterogeneous Italian crust.
In 1999, the Italian Dipartimento per la Protezione Civile (Civil Careful inspection of Italy’s seismogenic sources reveals that
Defense) launched a plan for seismic retrofitting of the country’s his- SOMe ségments or longer sections of the seismogenic belt are not
torical centers and sought help from the scientific community to associated with known historical events. Can they be simply
establish intervention priorities. This was not a standard or easy scif€darded as “seismic gaps"? Should we assume these areas have
entific problem for Italy, where seismic hazard is traditionally been accumulating stress for several centuries or millennia, and
assessed based on the statistical distribution of historical and instrutherefore are much more likely to rupture in the near future than any
mental earthquakes with subordinate geologic and tectonic con-Other ltalian seismogenic area? Probably, but we must be very cau-
straints (e.g. Albarello et al., 1999). This approach rather accuratelytious. These faults certainly accommodate part of the deformation
determines rates of non-destructive earthquakes, constrains the maaccumulated by ongoing tectonic activity. In the long-ter-(1C°
imum credible magnitude over extended regions (~100 km) and sup?) the process of recharge and sudden release of tectonic stress is rel-
plies reasonable probabilistic estimatefs the expected ground  atively periodic, but in the short-term @Q0®y) it is certainly mod-
shaking. However, little information on the physical properties of ulated by such effects as stress transfer after large earthquakes (e.g.
major seismogenic sources can be directly deduced from his
catalogues, and the contribution of instrumental data is clearl & g
ited to earthquakes that occurred after the inception of moder:
mological networks. Identifying large active faults geological o e
normally a viable alternative, but Italy’s complex tectonic his ' : it
makes this approach quite problematical. In summary, no . i
these basic contributions (historical and instrumental seisn - W
geodesy, geologic and tectonic data) may be used alone ei & g
anticipate the location and size of future large earthquakes ;
assess the characteristics of the associated ground shaking. Pl

In 2000, a team of INGV scientists gathered to submit a )
research project within the 2001-2003 Framework Progra
GNDT (Gruppo Nazionale per la Difesa dai Terremoti, funde .
the Italian Civile Defenseéhttp://gndt.ingv.itj. The project, entitle 5
“Probable earthquakes in Italy 2000—-2030: guidelines for detel .
ing priorities in seismic risk mitigatidnwas intended as a dire
response to the government request for identifying priority are
seismic risk mitigation. This project was to blend several rt
developments in Italian seismology and earthquake geology.
include fault identification and characterization with different tc
evaluation of seismic and geodetic strain to constrain hazar
mates; studies of regional seismic wave propagation and atten
studies of local site response; and development of time-dep
hazard evaluation tools incorporating innovative informatior
fault behavior and earthquake recurrence.

The starting point of the project’s strategy is a fault segm
tion model of Italy that was developed by INGV scientists starti | —= from historical data
1996. The model rests on the assumption that seismicity m ek masaned
approximated by a finite numbermdtential seismogenic sourcet O poorliEeaRatralned
was based on available good historical data (see § 2), importal T —
ings arising from instrumental seismicity (see § 3) and the awal Yo )
of the specificity of active faulting in Italy, and was eventually s
tured as a GIS-supported database (“Database of Potential £

4. The future: long-term earthquake
forecast Italian-style

f10 12° 14 16°% 18
o . f

SEISMOGENIC SOURCES

S

from geological/geophysical
data

Figure 3  Segmentation model of Italy, showing main trends of

for Earthquakes Larger than Magnitude 5.5 in Italy”: Valensise
Pantosti, 2001a).

A potential seismogenic souritethe surface projection of
inferred fault which is likely to experience a significant earthq
in the future. Not all potential sources will have earthquakes, ai
all earthquakes will necessarily occur on identified potential sol
but in general the list of seismic sources should serve well as i
for hazard estimation. Some potential sources have been ide
from faulting or shaking in past earthquakes, while others have

identified seismogenic sources (derived from Valensise and Pantosti,
2001a). Areas outlined by a dashed line contain at least one silent
seismogenic source and are the object of investigation by the GNDT
project “Probable earthquakes in Italy 2000—-2030” (from north to
south: Garfagnana, northern Tuscany; northern Mrche coastal
belt; northern Umbria; Agri-Melandro, southern Apennines;
Basilicata-Calabria border). See project’s reports and Valensise and
Pantosti (2001a) for further details.
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King and Cocco, 2000), lateral heterogeneities inducing creepingKing, G.C.P., and Cocco, M. 2000, Fault interaction by elastic stress changes: new
behavior of sections of the belt, or others yet to be explored. clues from earthquake sequences: Advances in Geophysics, v. 44, pp.1-38.

Some potential gap areas (highlighted in Figure 3 and listed in NGV RCMT, 2003, Catalogue of European-Mediterranean Regional Centroid
caption) are currently being investigated by several of the GNDT Lav’;”&';‘;”gegz%réba‘l’:a"acbrfaftriol\rl“ Z%/mg&%'Uzggg(é,gﬂfgﬂéts of the
project participants. Understanding the nature and role of structural o e ¥ ” ’ P

g . . Italian geology not fitting with a subduction scenario: Journal of the Virtual
complexities, the rate of tectonic stress accumulation vs. stress gypiorer, submitted.

release in individual earthquakes, the ratio of seismic vs. non-seis ycente, F.P., Chiarabba, C., Cimini, G.B., and Giardini, D., 1999, Tomographic
mic strain, the variations of stress and faulting style with depth are  constraints on the geodynamic evolution of the ltalian Region: Journal of Geo-
some of the challenges faced by Italy’s modern seismology and physical Research, v. 104, pp. 20307-20327.

earthquake geology. Nevertheless, positive identification and char-Montone, P., Amato, A., and Pondrelli, S., 1999, Active stress map of Italy: Jour-
acterization of these the potential gaps and the hypothesized struc- nal of Geophysical Research, v. 104, pp. 25595-25610. _

tural control have obvious implications for seismic hazard. Several Montone, P., Mariucci, M.T., Pondrelli, S., and Amato, A., 2003, An improved

forecasts concerning the locus of rupture initiation/termination and ~ Swess map for ltaly and surrounding regions (Central Mediterranean): Earth
and Planetary Science Letters, submitted.

the approximate size of forthcoming large earthquakes will be IssuedMonachesi, G., and Stucchi, M., 1997, DOM4.1, un database di osservazioni

at the end of the project. Success of even one would prove that mod- yacrosismiche di terremoti di area italiana al di sopra della soglia del danno:

ern seismology is ready to win against the apparently random nature  GNDT Internal Report, (available at http:/emidius.mi.ingv.it/ DOM).

of earthquakes, and that Sir Charles Lyell was right once again. Pantosti, D., and Valensise G., 1990, Faulting mechanism and complexity of the
23 November 1980 , Campania-Lucania earthquake, inferred from surface
observations: Journal of Geophysical Research, v. 95, pp. 15319-15341.

Pantosti, D., Schwartz, D. P., and Valensise, G., 1993, Paleoseismology along the
1980 surface rupture of the Irpinia fault: implications for earthquake recur-
rence in the southern Apennines, ltaly: Journal of Geophysical Research, v.
98, pp. 6561-6577.

Pino, N.A., Giardini, D. and Boschi, E., 2000, The December 28, 1908, Messina
Straits, southern Italy, earthquake: waveform modeling of regional seismo-
grams: Journal of Geophysical Research, v. 105, pp. 25473-25492.
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Two very important historical areas have been consid- more diversified aspect. The facades of the latter generally reached
ered in this work. Piazza della Signoria with the Palazzo the third floor, were symmetrical and concentrated on a single

vecchi d th tstandi buildi . tVDi entrance, leading to the inside; their covering was stone carved such
cchio and many other outstanding bulldings, 1S a typl- 55 ashiar or plaster; these two types of styles were often used

cal example of the use of sandstone materials charactertogether to point out the differences between the storeys of the build-
istic of the Florentine area; Piazza del Duomo with the ing. These mansions stood along the narrow streets of the medieval

Cathedral of Santa Maria del Fiore standing in the mid- town and almost none of them faced the already existing squares.
At the beginning of the 16th century, the concentration of build-

dle_ IS, O_n the other hand, an exar_nple of other equa”yings in some streets had increased to the point of changing the mor-
typical lithotypes such as the “white” marble and the phology of the quarter.
“red” and “green” “marbles” that decorate the Cathe- From the 12th century the main stone materials used in Floren-

dral. A detailed study as well as the relief and the map-tine architecture were two sandstorféistraforteandpietra Serea;
while various types of marbles, serpentinites, bricks and plasters

ping of the historical buildings in P_iazza d_e”a Signoria yere also used to reach special chromatic effSiséra Serenavas
and of the Cathedral of Santa Maria del Fiore, have led mainly used for decorative purposes, wiiietrafortewas mostly

to the description of the materials that make them up ag/sed during the Middle Ages in the construction of the bearing struc-

; ; tures of buildings and as a sheathing during the Renaissance (AA.
well as to the establishment of their quarry provenance. VV.. 1993, Bargellini et al., 1970).

Historical introduction to the Florentine

Piazza della Signoria
centre

Piazza della Signorisone of the most beautiful squares in Florence,

Buildings in the centre of Florence range in time from the Middle hosts thePalazzo Vecchicghe seat of the present City Hall. The area
Ages to the Renaissance up to the nineteenth century and record theovered by the square has very ancient roots, in fact excavations
history of this town. made in 1974 and more recently, when the square was repaved

Florence started expanding and increasing in importance at thepetween 1982 and 1989, have even revealed important original
end of the 12th century with the construction of new city walls, remains of the former imperial Roman city that lay in its place. The
reaching the level of other large European cities in the 13th century original square was modified during the medieval period and later
As its population increased, the Florentines began more and more t§etween the 11th and 14th centuries, when many towers and houses
inhabit larger public buildings which were often built leaning one \ere demolished after the Guelf victory against the Ghibelline fac-
against the other due to a lack of space. The wealthy higher sociajion: at the end of the 13th century, @alazzo dei Priori(now the
classes exhibited their economic power by having tall towers built paj5770 VVecchjowas built by Arnoifo di Cambio. In 1342, the Duke
where they could seek protection from the violence of private ot Athens gave a new arrangement to the square ordering the demo-
revenges and from the struggle between factions. Churches wergyi,n of some buildings to create an open space in front of the
generally bu'l,t n isolated place_s.. ., Palazzo VecchioDuring the florentine republic, tidarzoccoand

In Dante’s times a new political order led to other changes: first the Giuditta sculptures were introduced by Donatello andDiagid

of all, towers were demolished and new public buildings were built by Michelangiolo (Allegri and Cecchi, 1980). During the Medici
worthy of a own centre that had become one of the largest and rICh'd nasty, important decorative changes were made to the square such
est in Europe. ThPalazzo Vecchiwas built as well as thieoggia ynasty, imp 9 d

dei Priori (today known as theoggia dei Laniand many other as theFonte di Nettundy Bartolommeo Ammannati and tM®nu-

mansions belonging to the emerging artisan middle class. On Sep_mento Equestre a Cosiméy Giambologna.

tember 8, 1296, the first stone was set forGaghedral of Santa . . Lo

Maria del Fiorewhich was not dedicated and structurally completed Materials making up the buildings and the

until 1436. TheOrsanmichelgose (entirely built in stone) destined  pavement of Piazza della Signoria

to the wheat market became one of the most beautiful churches in the

historical centre after 1350. The materials mainly used in Florentine architecture are those
Although in the late 14th century many buildings had bestowed that can most easily be found in the surroundings of the city such as

a rather uniform, anonymous appearance on the city with their flatthe Pietra Serena sandstone, cropping out in the hills near Fiesole,

even facades. During the 15th century, the construction of privatelynorth of the city and Pietraforte which are found in abundance in the

owned buildings and original mansions started to give the town ahills south of the city.
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Figure 1 Prospect of the Piazza Signoria: view of the materials making up the buildings.

The mansions standing in tRéazza della SignoriéBargellini covered with common plaster and artificial Pietra Serena; Pietraforte
and Guarnieri, 1985-87) and especially those of medieval age conis present along the balconies and windows and marble decorations
sist mainly of Pietraforte with portions decorated with Pietra Serena.are on the arch of the main door. Following is Bradazzo Lavison
The most deteriorated parts have either been replaced during the cerf1869-1871), the present seat of the Assicurazioni Generali, shops
turies or rebuilt using mortars that imitate the stone (artificial and coffee shops, built by the architect Giuseppe Landi, is entirely in
Pietraforte or artificial Pietra Serena) or using decorated plastersPietraforte with statuario marble decorations around the mullioned
The square also shows good examples of these types of operationsvindows. The building of thArte dei Mercant{14th—19th century),

The buildings of lesser importance in the square are covered insteadowadays hosting shops and offices, has undergone many adapta-
with common plasters. tions throughout the centuries. It was covered with common plaster

Starting from the eastern part of the square in a clockwise direc-in the higher part of its fagcade and with Pietraforte and Pietra Serena
tion, the first building one sees is tiRalazzo della Condotta  in the lower part; artificial Pietraforte and artificial Pietra Serena are
(13th—14th century), built in Pietraforte, painted Pietraforte in the present in the decorative elemeftalazzo Bombicdil8th century),
upper part, with common plaster all over the left side and brick on nowadays hosting the Cassa di Risparmio di Firenze and the Alberto
the roof and in the coats of arms. Close to it isRazzo del Tri- della Ragione Art Collection as well as a café, attributed to Bernardo
bunale di Mercatanziédating from the second half of 14th century), Fallani, shows common plaster and Pietraforte on the facade, artifi-
built exactly as the former one in Pietraforte, painted Pietraforte, cial Pietraforte, artificial Pietra Serena, Pietra Serena and statuario
common plaster and brick. Next, tRalazzo Vecchigl3th—14th marble in its decorative elements. T@asa Guidaccibuilt in the
century) (Cecchi, 1995) present City Hall and the seat d?dferzo 13th century and later remodelled) nowadays hosts the seat of the
VecchioMuseum and a laboratory for the restoration of tapestries of Banca Toscana and private homes. It has common plaster on the
the Opificio delle Pietre Durelt was built by Arnolfo di Cambio facade and artificial Pietraforte as well as parts in Pietra Serena and
with a fagade consisting almost entirely of Pietraforte. Then one seesrtificial Pietra Serena. THealazzo Guidacc{13th—19th century),
the Loggia dei Lanz{14th century), an open air gallery completed nowadays the location of the Banco Ambrosiano Veneto and private

_ by the architects Benci  homes, has common plaster and Pietraforte, with elements in artifi-
di Cioni, Simone Tal- cial Pietra Serena and artificial Pietraforte. The buildiagto dei
enti and Taddeo Ris- Giugni, now used for dwellings and restaurants, consists of common
tori and entirely built plaster in the upper part of the facade and Pietraforte in the lower
in Pietraforte, except  part, with ornamental elements in Pietra Serena and Pietra Bigia.
for the balustrade on  Palazzo Uguccion{16th century), attributed to Mariotto di Zanobi
the roof made of Folfi, was built entirely in Pietraforte with Pietra Serena and com-
Pietra Serena and the mon plaster part€Casa del Garbd12th—19th century), at present
coats of arms which used as homes and restaurants, shows a facade covered with com-
are in glazed earthen-  mon plaster with decorations in Pietra Serena and plaster (Bellucci,
ware and marble. The  2001; Jacorossi, 1972; Profeti, 1999) (Figures 1, 2).
houses standing in a The pavement of the square has consisted of different materials
row (14th century) and colours throughout the centuries, starting from the original
presently used as earthen soil to brickwork, to the Pietraforte and Pietra Serena of the
restaurants, dwellings  18th century, to slabs in great part replaced with Pietra di Firenzuola
or offices are mostly in the eighties (20th century).

particular of a building decoration in
Pietra Serena and ashlars in Pietraforte.
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Palazzo Vecchio etc.). These quarries were later incorporated by the urban expansion
and new ones were opened further south (Monteripaldi, Florence).
The building planned by Arnolfo di Cambio was built in 1299 Nowadays the stone is quarried in the surroundings of Greve
as a new seat for tHeriori delle Arti of the Florentine Republic  and in the quarry of Riscaggio, east of Florence.
(Bargellini, 1968). Pietra Serena belongs to the sandstones of the Macigno For-

The building stands on the remains of the preceding structuresmation. It consists of beds of turbiditic sandstones separated by
dating back to the Roman age (theatre whose cellars were used gselitic levels which are the finest components of single turbidity
prisons) as well as to medieval times: the houses of the Uberti fam-current. The Macigno which constitutes the upper part of the Tus-
ily, defeated in 1258, used to stand here. The original core, in thecan Nappe, can be dated to the late Oligocene and stratigraphi-
shape of a cube, was initially completed in 1302 and fully accom- cally overlies the Scisti Policromi. It has the greatest thickness
plished in 1315. The building was constructed as a fortress to resistlong the alignment of Mt. Orsaro-Chianti Mts. where it can reach
and repel enemie assaults as casdam by the thick ashlar walls and 3,000 m.
the high ironed windows of the ground floors. The building was Petrographically, this sandstone can be defined as a medium-
divided into three storeys by thin frames. It presents a double row ofcoarse-grained greywacke made by quartz, feldspars, micas, frag-
mullioned round arched windows in gothic style. The crowning has a ments of metamorphic and magmatic rocks. The matrix is quite abun-
jutting-out gallery with covered and uncovered communicating corri- dant and is made by illite, kaolinite and chlorite-vermiculite (present
dors protected by strong merlons and held by brackets linked to rounanly in some outcropping areas) (Cipriani and Malesani, 1963).
arches. The polychrome coats of arms of the Florentine Republic The grain size of the material used in architecture varies from
were painted under small arches. On the right stands the 94 metresiedium fine to medium, with values around 250—-360 It shows
high tower, built on top of the pre-existing Foraboschi or della Vacca a porosity varying from 4 to 6%. It has a very high imbibition capac-
tower, where Cosimo il Vecchio and Girolamo Savonarola were ity and its saturation index can reach 80%.
imprisoned. In the 15th century, it became the seat of the Signoria. In ~ The mechanical parameters are relatively poor, the maximum
1540, it was the mansion of the dukes until Cosimo | moved his courtstress in the best qualities, determined perpendicularly to bedding, is
to thePalazzo Pittiand the building was given the namePaflazzo of about 70 MPa.

Vecchio From 1865 to 1871, it housed the lItalian Parliament when Pietra Serena has a bluish-grey colour in fresh cut, while under
Florence became the capital of the newly united Italian Kingdom. strong alteration, owing to the iron oxidation, it takes on an ochra-
Now it is the seat of the City Hall. ceous colour different however from that of Pietraforte.

The main fagade of the western side of the palace is mostly built Pietra Serena seldom shows sedimentary structures such as par-
in Pietraforte carved as little ashlars with elements in common plas-allel laminations. In addition, the veins of spathic calcite, due to the
ter and corbels in Pietra Serena. The covered communicating corrifilling of pre-existing fractures, making up preferential detachment
dor of the gallery is made of decorated plaster, the mullioned win- surfaces, are rather rare. It is owing to the rarity of these sedimentary
dows are of white statuario marble, and the decorating elementsstructures and to the high workability that this stone is one of the mate-
above the main entrance door are of glazed earthenware. The fagcad#ls most widely useth Florentine architecture for decoration pur-
on the northern side standing on Via dei Gondi is mainly built in poses.

Pietraforte with elements in common and decorated plaster; the mul- The most ancient quarries of Pietra Serena were probably located
lioned windows are in some cases in statuario marble or in plastereven in Roman-Etruscan times in the Fiesole ridge. Periods of greater
which imitates marble. The battlement placed below is built in a development ofjuarrying of this stone can be dated between the

mixed material consisting of limestone, earthenware, Pietraforte and13th—15th centuries, both bound to the urban growth of the city. In the
Pietra Serena. 13th century, the quarrying activity was carried out in areas around

Pietraforte is a sandstone belonging to the turbiditic formation Fiesole (Valle del Mugnone, Monte Ceceri, Vincigliata, Settignano);
present in the allocthonous complex of the External Liguridi super- While in the 15th century new quarries were opened, for example, to
posed on the Tuscan Series. The formation dates back to the Uppdhe west (Gonfolina and Carmignano) and to the south of Florence
Cretaceous (Abbate and Bruni, 1987; Bortolotti, 1962). Between Flo- (Tavarnuzze), to meet the great demand for this material during the
rence and Civitavecchia, it crops out in three areas (Florence, AmiatRenaissance. Nowadays the quarrying of this stone around Florence
and Tolfa mountains), presenting different thicknesses. In the neigh-has almost ceased, except for the quarry at Caprolo near Greve, 25 km
bourhood of Florence, Pietraforte consists of great lenses of turbiditicsouth of Florence and at Ponte di Mezzo near Lastra a Signa, about 20
materials mostly at the base of the Sillano Formation. Thickness variekm west of Florence (Banchelli et al., 1997).
from 100 m to about 800 m. From a lithological point of view it is a
regular alternation of grey sandstone layers and argillites
(hemipelagites) with rare intercalations of marls and marly Iimestones.HiStorica| introduction to the Cathedral

Petrographically, Pietraforte is a fine-grained 150 lithic . .
sandstone made in the same proportion by silicatic grains (quartzOf Santa Maria del Fiore
feldspars and magmatic fragments) and carbonatic grains (dolo-

stones). The grains are bounded by a mainly calcitic matrix thatFrom the laying of the first stone of the CathedraSahta Maria

makes @he rock particularly_ strong. Its porosity is 4-6%. The del Fioreon September 8, 1296 to its dedication and structural com-
mechanical parameters are higher than those of Pietra Serena thana@

. ! etion in 1436, famous architects such as Arnolfo di Cambio,
to the greater compactness established in the stone by the recrystagoiio, Francesco Talenti and Filippo Brunelleschi, just to mention

Iizatiqn caused by Qiagenesis; the maximum s.,trgss.determined PEra few, were involved in its construction one after another leaving
pendicular to bedding is of about 140 MPa (Cipriani and Malesani, enduring marks of their architectural expressions. The external dec-
1966; Bruni et al., 1994). _ _oration of the Cathedral was entrusted to Arnolfo di Cambio, who
In fresh cut the sandstone has a grey colour, but is easily oXi-created the first project. Arnolfo carried out a decoration with a
dised acquiring an ochre brown colour on bUI'dlngS Such Change intrichromy obtained using “White”’ “red” and “green” Tuscan “mar-
colour, due to the oxidation of iron, proceeds very quickly from the ples”, which recalled on one side the mosaics of the Roman cloisters
surface to the inside, without cohesion decrease. of San Paolo in Lateranand on the other the Florentine tradition
Pietraforte is often characterized by laminations of a convolute that had significant examples in the Battistero and in the facade of
type and by the presence of calcite veins which may stand for pref-San Miniato al MonteWhen Arnolfo died (March, 1301), all the
erential areas of block detachment. walls had already been put up and the marble decoration, so well
The most ancient quarries of this material were on the left side ofappreciated by those who carried on his work, was started and
the Arno river (e.g. Piazza Santa Felicita, Costa San Giorgio, Boboli,extended to the whole building. The setting up of the marble faces
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went on with the construc-
tion of the walls. This

aspect is indirectly con-
firmed by the resolution of
November 19, 1367 in
which the setting up of the
marble faces was to be
postponed to give priority
2% to the building of the walls

! (Figure 3).

The dedication of the
Cathedral, completed in its
structure, took place in
1436 when many parts
were still unfinished, such
as the lantern, completed in
1470, after Brunelleschi's
death. The facade planned
' by Emilio De Fabris was
inaugurated in 1887 while
the sheathing of the tam-
bour of the Dome was still
unfinished.

Florence Cathedral.

Materials used in the original construction and for
the facade

Information on the materials used in the originally setting up of

253

(Sartori, 1996; Vannucci et al., 1997; Fazzuoli et al., 1998; Sartori,
1998) have led to an exact lithological identification. The “reds”
have been therefore attributed to the Marls Formation of Sugame of
the Tuscan Series cropping out at S. Giusto a Monterantoli (Cintoia
in Chianti mountain) and to the Marls Formation of Sugame crop-
ping out at Monsummano (Pistoia). Research carried out both on the
“reds” present in the side facadesSzfnta Maria del Fioreand on
Santa Maria Novellaas well as on the columns of ti&rotta
Grandein the Boboli Gardens, have led to the determination of a
series of mineralogical and geochemical parameters able to identify
the lithotype employed and, in some cases, the sites of supplying.

It must be also specified that the main lithotypes of the Marls
Formation of Sugame, cropping out at Cintoia, consist of violet-red-
dish, liver-red, greyish pink, light olive grey marly limestones, some-
times not stratified, with a scaly fracturing. The same litofacies of the
Marls Formation of Sugame cropping aitMonsummano, having a
higher thickness than that of Cintoia, is almost entirely non-stratified.

Moreover, the “reds” from Monsummano show two different
lithologies. The first consists of liver-reddish marly calcilutites with
frequent bioturbations and fractures filled with calcite. Their appear-
ance is very close to that of the marly limestones from Cintoia and is
in agreement with Agostino Del Riccio’s description (Del Riccio,
1597). In the second case, they look like nodular limestones as they
have more or less amygdaloid forms made by lighter micritic lime-
stone surrounded by a redder marly limestone. This has a conse-
guence of boundinage phenomena due to plastic imperfections in the
originary deposit (Fazzuoli and Maestrelli Manetti, 1973).

These lithotypes are characterized by a content in calcite that goes

the Cathedral can be drawn from many archive documents kept affom 79 to 87% and a content in quartz from 6 to 13% often prevailing

the Library ofOpera del Duomdn Florence.
Cesare Guasti (1887) in hisSédnta Maria del Fiore—La

on the phyllosilicates; the feldspars are represented only by plagioclases.
Among geochemical parameters the content in barium appears,

costruzione della Chiesa e del Campanile secondo i documenti trattiat 1€ast in most of the samples, quite discriminating according to the

dall’archivio del'Opera Secolare e da quelli di Statelates the

resolution of the Opera dated January 5, 1350 confirming the litho-

types making up the trichromy of the Cathedral.
The entire bibliography leads to the conclusion that the “red”,
marly limestones of San Giusto di Monterantoli (Cintoia in Chianti

mountain) were used for the original construction of the Cathedral,

as well as marly limestones from Monsummano in Valdinievole
(Pistoia), Carrara marbles for the “white”, and serpentinite from
Figline di Prato (Prato) for the “green”.

provenance. At Cintoia the average content is around 1100 ppm
against an average content of about 140 ppm in Monsummano.

The association of clay minerals that characterize the two litho-
types (both at Cintoia and at Monsummano) consists, in order of
abundance, of illite, kaolinite, chlorite and chlorite-vermiculite.

As concerns physical characteristics, porosity ranges between 2
and 3.5%. The absorption in water is low with a saturation index
generally lower than 35%.

As to the facade several types of “reds” have been noticed:

There is a difference in the case of the facade which was puiltnodular limestones rich in ammonites coming from several Tuscan
later: the “green” of serpentinites coming from Figline di Prato was &réas (Gerfalco, near Grosseto and Monsummano near Pistoia) and
used along with the “red” coming from several quarries, above all in marly micritic limestones coming from Montieri (Grosseto), Villa
the Grosseto area, at Villa Collemandina (Garfagnana-Lucca), atCollémandina (Garfagnana-Lucca) and Monte Malbe-Perugia (Red
Monsummano and in the Perugia area; while for the “white” after sev- Scaglia Formation in the Umbria Series). .
eral visits to Carrara and Serravezza an agreement was reached with ' n€ nodular limestone, rich in ammonites, appears as micrite
G.B. Sancholle Henraux who provided the marble from his quarries atWhose nodules are delimited by the presence of discontinuities of

Serravezza (Lucca) at cost price (AA.VV., 1987) (Figures 4a, b).

The “red”

irregular course filled by iron oxides. Micritic limestones turn out to
be rich in calcite veins characterized by a greater content in oxides
present both in the mass and concentrated in thin levels.

A preliminary microscopic exam of the “red” used in the side The “white”
faces of the original construction of the Cathedral showed the pres-

ence of two different typologies. In the literature and archive docu-

The white of the original construction of the cathedral sides is

ments, there wasn’t unanimous agreement on the provenance of thB1arble coming mostly from the Apuan Alps as well as the Montag-

material, but several works of research carried out in recent yearé“OIa Senese.

Figures 4a,b A detail of the trichromy of "marbles” in the fagade.

Episodes, Vol. 26, no. 3

Apuan marbles formed during the Oligocene-
lower Miocene (27-10 m.y.) at temperatures of
350°—450°C and pressures of 5-6 kbar (Di Pisa et
al., 1985; Schultz, 1996; Franceschelli et al., 1997).
Several varieties have been identified among the
marbles, some deriving directly from the original
sedimentary lithologies preserving some of their
texture patterns (common white marble used in the
Cathedral’s faces), others originating through pli-
able interdigitation between two different litholo-
gies, such as Arabescato and Nuvolato varieties.

Common white marble can present several
typologies; from white (statuary type) to more or
less veined. Compositionally it csists of 99% cal-
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cite and traces of quartz, albite, muscovite and pyrite. Common mar-out to be better preserved. Replacements on the “red” were fewer
ble can also show microstructures varying from polygonal granoblas-and still fewer on the “green”.

tic with rectilinear contacts between grains, to xenoblastic with sutu- It can reasonably be inferred that the quarries furnishing the
rated contacts between grains (Coli, 1989; Molli et al., 1997; Meccheriwhite marble, the red marly limestones and the serpentinite, when
and Molli, 1996). The size of the grains generally ranges between 20ecessary, have remained the same for economical and practical rea-
and 500 um, while their porosity varies from a minimum of about 1% sons, at least up to the first years of the twentieth century: the marble
for the xenoblastic structure to a maximum of 2.5% for the polygonal quarries were in the Apuan Alps, those of marly limestones at San
granoblastic structure (Barsottelli et al., 1998). Giusto a Monterantoli and Monsummano and that of serpentinite at

Marbles from the Montagnola Senese have colours that go fromFigline di Prato. In recent years, except for the Apuan marble, the
white at the base of the sequence (the variety present in the Cathé¥red” and the “green” quarries were closed both to safeguard and
dral) to greyish, while at the roof they take over a pink to yellow protect the environment and to avoid depletion of the materials;
shade (Giannini and Lazzarotto, 1970; Micheluccini et al., 1981). other quarries were identified: the “red” has changed with the
These marbles formed in the same period as the Apuan marbles, bumnicritic limestone of Villa Collemandina and the “green” comes
under much lower temperature conditions. The recrystallization pro-from the Alpine area (Val Malenco) (Bianchini, 1999). The “Alp
cesses were milder and the average size of the grains turns out to kgreen” of Val Malenco is a serpentinite where the high pressure
smaller than that of Apuan marbles (50-150 pm ). metamorphism changed the chrysotile and lizardite in antigorite.

The marbles of the fagade, even if coming from the same quar- ~ The use of marble from the Montagnola Senese has no longer
ries as those of the side faces, show a mainly granoblastic structuréeen reported from information gathered at@pera del Duomo.
characterized by the presence of rectilinear contacts between the
grains. This has caused a greater decay in time that leads to the need B
of many replacements. Conclusions

Instead the marbles of the sides show structural characteristics
mostly referable to a xenoblastic microstructure, characterized by
contacts between calcite granules, lobated or suturated that can giv
the blocks a considerable durability.

In this paper geolithology and provenance of the materials of some
fiistorical buildings oPiazza della Signoriand of the monuments

of Piazza del Duombave been considered.

3} ., In Piazza della Signorigawo sandstones are mostly used:
The green Pietraforte, as building material and Pietra Serena in the architec-
tonic elements. Moreover, the use of other materials such as marbles,
decorated plasters, glazed earthenware can be seen in the decorative
elements. As to provenance of the sandstones, the ancient quarries of
Pietraforte were on the left side of the Arno river (south of the city),
while the ancient quarries of Pietra Serena were in the Fiesole ridge

The “green” used in the original construction of the Cathedral is
a serpentinite, a lithotype originated from oceanic metamorphism of
peridotite (composed of olivine and pyroxenes) with a consequent
formation of serpentine (Wick and Wittaker, 1997). These rocks are
present, even if in outcroppings of limited extensions, mostly in the (north of Florence).

Northern Apennine and make up the so called Ofiolitic Complex in ™ cqnceming the Cathedral 8&nta Maria del Fioret is necessary
which gabbros and basalts are always found associated. Serpentinitg, gistinguish the lithotypes of the original construction and the more
is characterized by a considerable mineralogical homogeneity, butecent facade. The original setting up is constituted by a trichromy: a
the rocks show varieties with very different colours and macro and req jimestone, a white marble and a green serpentinite. The “red” is a
microscopical structures. Many shades of green can be found on the, 51y limestone quarried at San Giusto di Monterantoli (Cintoia in Chi-
Cathedral, from light to dark till almost black, sometimes with bluish 54 mountain) and at Monsummano in Valdinievole (Pistoia), the

reflections often spotted with stains. - __“white” is a common Carrara marble quarried in the Apuan Alps and
The macroscopical structure of serpentinite can be relatively o “green” is a serpentinite from Figline di Prato (Prato).

uniform, interrupted by small whitish veins of fibrous serpentine The same colours are present in the facade, but the “red” is a

(chrysotile) or characterized by a thick interlacement of light veins 41y limestone coming from several quarries, above all in the Gros-

as in the “ranocchiaia” variety. _ _ seto area, at Villa Collemandina (Garfagnana-Lucca), at Monsum-
Two varieties are distinguished at a microscopical level: the nano (Pistoia) and in the Perugia area; the “white” is a common

first is characterized by the presence of variable percentages Oarple coming from Serravezza (Lucca); while the “green” of ser-
bastitic texture, mesh texture and hourglass texture. Bastites are thgentinites is the same as the original construction.
relics of the serpentinization of amphiboles and pyroxenes, whereas
mesh texture and hourglass texture are the relics of the serpentiniza-
tion of olivine. All these textures are constituted by lizardite type ser- References
pentine; while the rare veins are made of chrysotile type serpentine.
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Materials employed in replacements
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With regard to the number of mineral species first dis- Australia, China, France, and Japan. This classification certainly

covered in a particular country, Italy ranks fourth, being reflects well the activity, both past and present, of these particular
! ! countries in the search for new mineral species (sometimes, as ama-

preceded only by USA, Russia and Germany. Importanteyr rather than a professional activity) than those countries’ geo-
rock-forming minerals like analcime, anorthite, anortho- chemical potentiality. It should be noted that in recent years well

clase, antigorite, celadonite, diopside, dolomite crystallized (or just rare) samples of minerals have became a good

f ite. humite. | ite_ Ii lizardi iochl business and the leading countries are well known for hosting
orsterite, humite, leucite, lime, lizardite, magnesiochlo- tmoys international fairs and trading mineral samples. Of course,

ritoid, magnesite, nepheline, and sepiolite are among thethe long established participation of a country in the science research
240 species first discovered in ltaly. Other significant is also important. Thus ltaly boasts one species (sal ammoniac)

. . . . . . described by Agricola in 1546, five other species (analcime,
first Italian flndlngs are some Important index minerals chabazite-Ca, dolomite, leucite, and vesuvianite) described in the

of the UHP metamorphism (ellenbergerite, phosphoel-xviil century, and 74 in the XIX century. This group includes
lenbergerite, magnesiodumortierite, and magnesiostau-mainly species found by Scacchi (cf. Mottana, 2001) in the Vesuvius

(P ; ; : _area. The group of the volcanic species has been further increased by
rolite; second occurrence of coesite) which were discov Zambonini (1935). The historical record of Italy could certainly be

ered in the well-known and first reported UHP outcrop of improved if Plinius had quoted localities for the mineral species he
the Dora-Maira massif. Italy is also the native land of mentioned. About 120 species have been described or redefined in

about 30 zeolites and of the two most abundant moderri"® CNMMN era. -
Guinness' records have always a touch of parochialism, conse-

species: balangeroite and carlosturanite, which are guently let us arrange the mineral species first discovered in Italy

rock-forming asbestos-like minerals of serpentinites inaccording to the Italian historical (now also administrative) regions.

the western AlpS. Of course, the regions are listed below with their Italian name,
according to the number of species first discovered in each region.
To give their Guinness' classification its proper scientific value, the
chemical nature of minerals is shown as follogiicates in heavy

d . type; oxIDES IN SMALL CAPITALS; sulfides and sulfosalts underlined

Introduction organic compounds in italjccarbonates in heavy italic; other

groups in normal type.

About 4500 reasonably well described geological chemical com- . . . o . )
pounds and were recognized as species by the scientific communityc@mpania (71): Anorthite, aphthitalite, avogadrite, bassanite, cal-
It should be noted that in the mineralogical literature, thousands of ~ Ciobetafite, carobbiiteshabazite-K, chlorothionite chalcocyan-
"mineral names" cannot be related to well-defined compounds, but & chloraluminite, chlormanganokalite, chlorocalcite, chloro-

are just synonyms or refer to varieties (de Fourestier, 1999). These gaggﬁ\f;?é(:lg‘u%h‘ijémge' ch;%réﬂfgj[(%\flr:'te gi%gtrouﬁgt?’
names should not be used according to the rules established by the P ! P » CY .davyné CImorphite J,

Commission on New Minerals and Mineral Names (CNMMN) of dimorphite 1| dolerophanite, eriochalcite, erythrosiderite, euchlo-

. . . " . rine, ferrohexahydrite, ferruccitdorsterite, hatiyne, humite,
the International Mineralogical Association (IMA) [cf. Nickel and 5jigphilite kremyersiteleucitehigh, leuciteow, L)(ME, litidion-
Grice (1998) and the web site of the CNMMMp://www.geo.vu.nl/ ite, MAGNESIOFERRITE malladrite, manganolangbeinitearialite,
users/ima-cnmmp/At the same time, an undefined number (not less mascagnite, matteucciteneionite, melanothallite, mercallite,

than 10007?) of geological chemical compounds are sufficiently  mjcrosommite, misenite, mitscherlichite, molysitejontesom-
described in literature, but they have not been assigned a name; con- maite, monticellite, nahcolite, nepheline palmierite panunzite,
sequently they do not have the status of species. More than 50% (i.e. pericLasE picromerite, potassic-fluorrichterite, pseudocotun-
about 2500) of the mineral species have been officially accepted by nite, quadridavyne, sal ammoniacsarcolite, scacchite, sylvite,
the CNMMN since its establishment in 1962 (cf. the quoted web  TtenoRITE Vvesuvianitg voltaite, ziRcoNoLITE-30, zZIRCONOLITE-
site). 3T.
Toscana (54): Ammonioborite, apuaNITE, biringuccite, bonattite,
- - BOTTINOITE, boussingaultiteprizziTe, campigliaite, carraraite,
National and reg|ona| records cetineite cLINOCERVANTITE, coquandite, dachiardite-Ca,
pessaulte(Y), dinite, elbaite, fiedlerite-1, franzinite, garavel

. - ) ) _ lite, ginorite, grattarolaite, grumiplucitelvaite-M, ilvaite-O,
If countries are classified according to the number of mineral species  |arderellite liottite, meneghinite minguzzite, moéloitemohrite,
first discovered in their territory, Italy, with its 240 species (at the nasinite, onoratoite, pellouxit@eretaite, pillaitepitiglianoite,
end of 2002), ranks fourth with about 5.5% of species being pre-  pollucite, riomarinaite, rodolicoite, rosenbergitesiaiTe, rubi-
ceded by USA (- 15%), Russia (-~ 14%), and Germany cline, santabarbaraite, santite, sassolite, sborgite, scainiite
(~ 7%). Limiting the list to the countries with at least 100 first dis- simonellite, sTiBivanITE-20, tuscanite, URANOPOLYCRASE VER-
covered species, ltaly is followed by Canada (~ 4%), Sweden, UK, siLAITE, zaccagnaite, zincalstibite.
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Piemonte (29): Antigorite, balangeroite, bavenite, bazzite cal-
cioancylite-(Nd), canavesite;zarlosturanite, cascandite, cervan-
donite-(Ce), diopside, ellenbergeritereTiasiTE, gasparite-(Ce),
GrAmaccioulte-(Y), jervisite, magnesiodumortierite, magne-
siostaurolite, magnesite, monazite-(Nd) paracelsian paraniite-
(Y), phosphoellenbergeriteroggianite, scandiobabingtonite,
sepiolite, sTRUVERITE, taramellite, vicezziTe, wenkite.

Sicilia (19): Analcime-1C, analcime-M, analcime-10, analcime-
1Q, anorthoclasehigh, anorthoclasetow, barberiite,_canniz
zarite chabazite-Na, fluoro-edenite hieratite, magnesio-auber-
tite, MELANOPHLOGITE-C, MELANOPHLOGITE-Q, millosevichite,
mozgovaitephillipsite-Na, siderazot, sulfups.

Lazio (18): Alunite, cesanitegiprianiite, gismondine-Ca, giusep-
pettite, hellandite-(Ce), katoite, latiumite merlinoite, mot-
tanaite-(Ce), peprossiite-(Ce)perrierite-(Ce), phillipsite-K,
sacrofanite, spadaite, stoppaniite, vertumnite, vicanite-(Ce)

Liguria (14): Brewsterite-Ba, caoxite cavoite, cerchiaraite,
GRAVEGLIAITE, heulandite-Sr, medaite, mozartite palenzon-
aite, reppiaite,saneroite, strontiopiemontite, tiragalloite,
vanadomalayaite

Veneto (9): Celadonite, cerussite, gmelinite-Ca, gmelinite-K,
gmelinite-Na, heulandite-K, johannsenite, lizardite-®1, pec-
tolite.

Sardegna (6):Barrerite, MONTEPONITE, ORLANDIITE, rosasite, sabel-
liite, stilbite-Na.

Trentino-Alto Adige (5): Chabazite-Ca, dachiardite-Na,
dolomite, gehlenite, pectolite.

Emilia-Romagna (4): Aliettite, jamborite lizardite-2H>, troilite.

Lombardia (4): Artinite, brugnatellite, chiavennite sigismundite.

Val d'Aosta (4): Magnesiochloritoid, piemontite ROMEITE, STRON
TIOMELANE.

Abruzzi (1): Refikite.

Friuli-Venezia Giulia (1): Bianchite.

Puglia (1): Francoanellite.

Umbria (1): Willhendersonite.

From anorthite to vesuvianite
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Index minerals of the UHP metamorphism

Most of, if not all, the evidence for the attainment of UHP conditions
by metamorphic rocks is a mineralogical one (cf. Chopin and Fer-
raris, 2003). In fact, some minerals by their nature, composition, tex-
ture or reactions, may be specific of such conditions. The coesite
reported by Chopin (1984) from an outcrop of the Dora-Maira mas-
sif (western Alps) was already the second occurrence in the world
but, correctly interpreted, opened a new era for modern Petrology
and Earth Sciences in general. In fact, the presence of relics of a sil-
ica phase which is stable only at a pressure higher than about 3 GPa
showed that Dora-Maira outcrop had been uplifted from a depth of
about 100 km.

Coesite is not the only mineral which has contribution to telling
yet unknown geological history of what is now among the most
famous outcrops in the world. The first discovery of ellenbergerite,
phosphoellenbergerite, magnesiodumortierite, and magnesiostauro-
lite; the occurrence of an almost Mg-pure magnesiochloritoid, the
most OH-rich wagnerite, and giant practically pure pyrope crystals;
the second occurrence of bearthite, together with that of coesite. All
these facts represent a proud record for the Italian Mineralogical Sci-
ences, in general, and for the Dora-Maira massif in particular.

Abundant minerals

With very few exceptions, all new mineral species are found in small
to very small quantities and they can be characterized only because
powerful microanalytical methods are available to modern mineral-
ogy. The adjective “abundant” can only be applied to four of the
approximate total of 2500 modern species without risk of an overly
subjective evaluation. Two of them are Italian minerals: carlosturan-
ite and balangeroite (the other two are minrecordite and defernite,
both from Namibia). These species were originally found in locali-
ties about 80 km apart in Piemonte. Both minerals are fibrous and
always mistaken for chrysotile (Compagnoni et al., 1983, 1985).

In addition to the type locality of the Auriol asbestos mine, Sam-
peyre, Val Varaita, carlosturanite has been found in Taberg, Sweden,

To mention both anorthite and vesuvianite in the title of this article and abundanﬂy in several fractured serpentinite Outcrops in the west-
seems to involve both a journalistic touch (geological relevance of anor-gry Alps. It is certainly the most abundant mineral approved by the
thite ... ;nearly first and last Italian species in a_IphabeticaI ordgr ...‘) CNMMN. Balangeroite has been found at the type locality of the
and a recognition of Somma-Vesuvius volcanic complex, which is gajangero ashestos mine (the largest one in western Europe) and in a

the most prolific Italian area for mineral species. It is unnecessary, off
course, at this point to restate the role of plagioclases, including anor-
thite, in Earth Sciences, not to mention the difficulties students and
researchers meet in characterising them exactly for the presence
twinning, exsolutions, etc. Presumably, the etymology of anorthite

(from the Greek word for “oblique”) applies not only to its morphology
but also to its possibility of slanting from a correct interpretation.

Geological records

All mineral species have a scientific meaning in the sense that the
occurrence, often in very limited amounts and in very restricted areas
is related to specific genetic and geochemical situations. Clearly,
however, only a few of the mineral species reported above (but thi

S

ew other localities in the same Lanzo Valley. The mineral occurs as
tufts of brown xyloid fibers, more or less rigid, up to several cm in
length. It was known as “metaxite” or “xilotile” by the miners from
Fhe Balangero mine. Neither massive serpentinites (where
balangeroite is formed during the metamorphism of the ultramafic
body) nor schistose serpentinites with short-fibre ashestos veins, were
industrially exploited. They generally constituted the gangue material
normally utilized for the mine constructions, and as granulates for
road- and rail-beds, with the surplus dumped as waste. On the base of
old miners’ stories and data from the Amiantifera di Balangero S.p.A.
irhistorical archives, and considering the localisation in the deposit as
well as the ubiquitous mingling with long-fibre chrysotile (50%), it is
probable that thousands of tons of balangeroite have been exploited
together with chrysotile.

can be extended to all known species) have wide prominence, not

necessarily economic but at least relevant to the Earth Sciences.

Dolomite—A mountain-forming mineral

Scandium minerals

Baveno (Piemonte) is a well-known mineralogical locality of REE
and rare mineral species such as: gadolinite-(Ce), gadolinite-(Y),

Thanks also to an earlier geological exploration of its territory, Italy hingganite-(Y), gugiaite, kaynosite-(Y), and calcioancylite-(Nd). In

is recognised as the motherland of some important rock-forming particular, Baveno is the type locality of bazzite the first discovered
minerals like analcime, anorthite, anorthoclase, antigorite, scandium mineral (Artini, 1915). Recently three other scandium min-

celadonite, diopside, dolomite, forsterite, humite, leucite, lime,

erals (jervisite, cascandite and scandiobabingtonite) were first

lizardite, magnesiochloritoid, magnesite, nepheline, and sepiolite. Inreported from Baveno (Mellini et al., 1982; Orlandi et al., 1998).

particular, dolomite is a mountain-forming mineral!

Episodes, Vol. 26, no. 3

Thus, this locality accounts for 4 of the 14 known scandium minerals.
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Mineral species and modern technology Giovanni Ferraris has been profes-

. . . sor of Crystallography at the Fac-
Zeolites are important minerals for modern technology because of ulty of Sciences of Torino University

their microporous activity (molecular sieves; cf. Gottardi and Galli, gjnce 1975. Currently he is Vice-

1985). 30 (analcimed, analcime-M, analcime-D, analcime-0, President of the Commission on Nev

barrerite, brewsterite-Ba, brewsterite-Ca, chabazite-Ca, chabazite-p\jinerals and Mineral Names of IMA

K, chabazite-Na, chiavennite, dachiardite-Ca, gismondine-Ca, gndq President of the Commission or

gmelinite-Ca, gmelinite-K, gmelinite-Na, heulandite-Ca, heulan- Inorganic and Mineral Structures of

dite-K, heulandite-Sr, leuciteigh, leucitelow, montesommaite, IUCr. Born (1937) in Prarolo
merlinoite, pectolite, phillipsite-K, phillipsite-Na, roggianite, stil- (Italy), he graduated in Physics
bite-Na, wenkite, and willhendersonite) out of about 90 known zeo- (Torin’o University, 1960) and |
lites (Coombs et al., 1998) have their type locality in Italy. received the Libera Docenza in
Elbaite (tourmaline group) is worth mentioning for the Crystallography (1969). Author of
exploitation of its piezoelectric effect. The sulfate palmierite gives ¢ - 190 scientific pap.ers and con- -
its name to a structure-type module which alternates with per- tributions to books. collaborated in
ovskite-type modules in synthetic compounds with important physi- the description of ’29 new mineral
cal properties, like superconductivity. Cotunnite is a type structure species Pﬁnius medallist of the Ital-
which is very popular in high-pressure solid-state research; recently irfn Miﬁeralo ical and Petrologic

a TiO2 phase with cotunnite-type structure and hardness comparableS et d gical t of the A 9 d

with that of diamond has been synthesized at about 60 GPa and 1000 k C.)C'cej y E‘.n r?_f_'p'e? o the Accade-

Palmierite and cotunnite (both from Vesuvius), are not the only mia dei Lincel Tartufari prize.

cases which demonstrate the precursor role of Mineralogical Crys-

tallography in solid state science. Practically all type crystalline L .

structures refer to a mineral species: from perovskite and spinel toMarco Ciriotti is an amateur miner-

diamond, rutile, and corundum, ... . alogist, a “grouper”, and a system-
atic collector. Born in Calosso (ltaly,
1945), he graduated in Natural Sci
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The Geologic Time Scale and the [talian
stratigraphic record
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The construction of the Geologic Time Scale (GTS) is astill is fraught with many obstacles, which include the limits of the

titanic scientific challenge that has been under way forstratigraphic data base; the accuracy, precision and reliability of cor-
. . . . . relation and dating tools; and, last but not least, problems of nomen-
two centuries and will require much dedicated effort in cjature, procedures and stratigraphic philosophy. However, the GTS

the future. Italy preserves a paramount stratigraphic is an ongoing enterprise because our need of accuracy and precision
record of Mesozoic and Cenozoic marine sediments thai” dating and correlation is ever-increasing and, because, even the

C g . apparently easily achievable goal of an internationally agreed upon
have been significant in the development of the moderggfof Sta,)]/dard é/:US has not y%t been accomplished. yag P

GTS. The ltalian stratigraphic record has been histori- In retrospect, the development of the modern GTS is punctu-

cally important in introducing and defining the standard ated by five majer bfeaktgrougr‘s that resulted in quantum improve-
. : : ments in our ability to read geologic time:

ChronOStratlgraphl_C Units (C_US) of the Neogene and The origins: the Paleontologic Time Scdlethe first half of the

Quaternary. Pelagic successions from Northern Apen-19th century, the application of two simple paradigms, the principles of

nines and Southern Alps have been used in the seventiggperposition of Steno and of faunal succession of Smith, led to con-

: : _ _struction of the first GTS, establishing the large-scale basic chronos-
for integrating the late Cretaceous-Paleogene Geomag tratigraphic subdivisions of the GTS that are still in use. Finer subdivi-

ne_tic POI?‘rit_y Tim_e Scale (GPTS) with plan|_<t0nic sions (what we now call “stages”), based on megafossil biostratig-
microfossil biostratigraphy and standard CUs. This was raphy, were added in the second half of the 19th century, although
a major contribution to the construction of a new gener- within a much confused conceptual and terminological framework.

. . . Radiometry: the Geochronologic Time Scaléth the discov-
ation of GTS based on integrated magnetobiochronol-gy of radioactivity at the end of the 19th century, the way was open

ogy. The middle Miocene to early Pleistocene marineto the dating game of the traditional CUs and the foundation of the
record from Sicily and southern lItaly has been funda- modem GTS (Holmes, 1960).

L Magnetobiochronology: the Geomagnetic Polarity Time Scale
mental for establishing the recently developed AStro'(GPTS).Up to the early 1970s, the chronology of the GTS was based

nomical Time Scale (ATS). In prospect, there are manybnly on sparse radiometric dates of CUs. In the 1960s, a major break-
potentials still to be exploited in the Italian marine through was represented by the integration of the GTS with the his-

. . . . . tory of polarity reversals of the geomagnetic field (GPTS), initially
stratigraphic record for implementing the GTS by defin based on lava flows and marine magnetic anomalies. The drilling of

ing GSSPs of various CUs, improving magneto- oceanic sediments, development of detailed multiple biostratigra-
biochronology and extending downwards the ATS. phies based on planktonic microfossils, and technologic advances in
measuring magnetic properties of sediments led to a new generation
of GTS with improved chronology based on the calibration of bios-
| ntroduction tratigraphic events via magnetostratigraphy (magnetobiochronology)
(e.g. Harland et al., 1982; Snelling, 1985; Berggren et al., 1995).
o ) Cyclostratigraphy: the Astronomical Time Scale (ATS}the
The Central. role of time |n.Earth SClenCQS can hardly be OVerStatedeaﬂy 1990s, advancements made it possible to accomplish a century-
We need time as a relative age vernier (Chronostratigraphy) forold dream of geologists: to utilize the pervasive cyclicity of the
unravellng and chronicling the Earth’s and life’s evolution. We need stratigraphic record for deriving a chronology. In particular, in the
absolute time (Geochronology) if we want to understand and modelmost recent part of the GTS (the icehouse world of the Pleistocene),
processes like rates of tectonic deformation or organic evolution orjt has been proved beyond any reasonable doubt that sedimentary,
the loops of the global climatic system. Indeed, geoscientists havegeochemical and paleontologic cycles are related to Milankovich cli-
been confronting with the problem of time since the foundations of mate change from variations of Earth’s orbital parameters, the
the discipline, and we like to think that the achievement of the con- chronology of which is well established in the most recent geologic
cept of deep geologic time, well beyond the biblical chronology, is a past. An unprecedented tool for dating events in the geologic record
major contribution to the modemveltanschaungGould, 1990). became available with the construction of an Astronomical Time
Actually, the “discovery” of deep geologic time, although badly Scale (ATS; Shackleton et al., 1990; Hilgen, 1991). The chronology
needed and perceived by geologists and paleobiologists like Darwinpf the ATS is independent of radiometry (Hilgen et al., 1997).
has been definitively achieved only in the 20th century with the dis- The GSSP concepprocedures, nomenclature and philosophi-
cover of radioactivity. The birth of Geology in the first half of the cal approach to the GTS have always been contradictory and con-
19th century and successive developments are strictly interwoverfused. The need of a uniform terminology and philosophical
with the construction of a Geologic Time Scale (GTS), which repre- approach was felt early on and first attempted at the International
sents the standard and common language for Earth scientists foGeological Congress of Bologna in 1881. However, it has not been
achieving most of their goals. The modern GTS in essence is com-until the early 1970s that, thanks to the dedicated effort of Hollis
posed of two distinct scales: the relative time scale (Chronostrati-Hedberg, an international agreement has been achieved, although
graphic Units, CUs) and a chronometrical or so-called absolute timenot universally accepted, with the publication of the “stratigraphic
scale (Geochronologic Units, GUs). Its construction has been andguide” (Hedberg, 1976). With reference to the GTS, of utmost
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importance has been the introduction to the practice of defining eactdiverse tectonic arcs. The disruption of the connection with the Indo-
CUs in the rock record by a boundary stratototype section, laterPacific Ocean during the Miocene and the severe progressive restric-
refined as Global Stratotype Section and Point (GSSP; Cowie et al.tion of the connection with the Atlantic Ocean since late Miocene,
1986). The GSSP concept is intended to provide a formal andresulted in a semi-enclosed marginal basin that acts as an amplifier
unequivocal definition in the rock stratigraphic record of the CUs of of the climatic system. The Mediterranean marine stratigraphic
the GTS by means of an international agreement. record has thus become an unique archive of the evolution of the
Our aim here is to review the role of the Italian stratigraphic Earth climatic system. As far as Italy is concerned, its tectonic shap-
record in various accomplishments outlined above and comment oring is strongly related to the opening of the Algero-Balearic basin
ongoing work and prospects for the future. during the early Miocene and, overall, to the opening of the Tyrrhen-
ian Sea from the late Miocene to the Pleistocene. Most of the Italian
peninsula and Sicily have been uplifted during the Pleistocene pro-

The ltalian stratigr aphlc record viding incredible exposures of late Neogene and Quaternary marine

sediments of varied facies that are richly fossiliferous and often
d _cyclically organized (Figures 2 and 3). The Italian late Neogene
giarine record has been important in introducing and defining CUs of
the GTS and the construction of the ATS.

Italy, in spite of its small size, is characterized by a varied, geo
namically very active geological landscape that has been the cradle
many geologic concepts from stratigraphy to geodynamics (Krijgs-
man, 2002). In particular, two marine stratigraphic records in Italy
have been of cardinal importance for the GTS: the Mesozoic Tethy:
pelagic record and the Neogene-Quaternary Mediterranean record.

The Tethys pelagic record

of Pangea resulted in the opening of a large ocean known as Tethy.
that separated Eurasia from Africa and the southern continentss
Tethyan sediments deposited on the margins of southern Europe a
northern Africa make up the bulk of the Alps and the Apennine oro- ~ =&
genic belts. A large part of these sediments have been disrupted b
tectonic processes but the pelagic record of the African margin = :
(Adria promontory) is well preserved in the Apennines and Southern_#
Alps. In particular, an almost complete pelagic record that span
from the early Jurassic to the early Miocene is preserved in the north
ern Apennines of central Italy (Marche and Umbria regions; Figure
1). This record, containing plenty of various marker fossils, good
magnetic properties, widespread volcanic material and lithologic
cyclicity, has been critical in fostering the development of magneto-
biochronology (Alvarez et al., 1977; Lowrie et al., 1980), and it is
suitable for defining GSSPs.

Figure 2  Orbitally-driven cyclicity in the Trubi Formation
(Lower-Middle Pliocene) in Calabria (above) and Southern Sicily.
(below).

The Origins

The first GTS (the Paleontological Time Scale) was established basi-
cally in England and in France. However, it has been mainly in Italy,
during the Renaissance and the 17th and 18th centuries, that the true
nature of fossils was strongly debated and understood by several
-,% H\ﬁ”" ; L scholars, such as Leonardo da Vinci (1452-1519), Agostino Scilla

# o = — (1629-1700), Antonio Vallisneri (1661-1730), and many others. It
Figure 1 The Tethys pelagic record of Northern Apennines in the was in Italy that the Danish scholar Niels Steensen (Steno) formu-
Vispi Quarry in the Contessa Gorge, near Gubbio. The prominent lated in 1669 his principle of superposition of strata. Actually, the
dark organic-rich Bonarelli Level corresponds to the latest first rudimentary Geologic Time Scale might be considered to be that
Cenomanian Oceanic Anoxic Event 2. In the nearby classical ©f Giovanni Arduino (1760), who subdivided the geologic record

- PR ) into the Primary, Secondary and Tertiary taking as reference the
ilégg';)izzzcuon iridum anomaly at the K/T boundary was first geology of northeastern and central Italy. In addition, Lyell (1833)

and subsequent stratigraphers, in subdividing the Tertiary and Qua-
) ternary, made explicit reference to Italian localities as typical of their
The Mediterranean record units. In most published GTSs, the subdivision of the Pleistocene
. . . . . into stages is entirely based on the Italian record (e.g. Calabrian,
The Mediterranean Sea is a relatively recent geologic vestige OfSiciIian, Tyrrhenian for quoting only the best known). In fact, most
the collision of Europe and Africa-Arabia plates, which led to the ot gtandard stages of the Neogene, except those of the early Mio-
consumption of most of the Tethys oceanic crust and to a progreszene were also introduced with reference to the Italian record

sively more severe connection with the global ocean. The Africa- (| anghian, Serravallian, Tortonian, Messinian, Zanclean, Piacenz-
Europe collision resulted in thrust-belts, large extensional basms,ian, and the now obsolete Astian and Tabianian).
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Astrochronology

The detailed paleoclimatic record of the Mediterranean has allowed
the establishment of an accurate late Neogene ATS that has been
based largely on the Italian marine records. Specifically, in the early
1990s, a composite reference section for the Pliocene-early Pleisto-
cene ATS was established by splicing together the Rossello section
in southern Sicily (Figure 2) and the Singa and Vrica (Figure 3) sec-
tions in Calabria (Hilgen et al., 1997). The derived astrochronology
led to significant adjustments to the radiometry-based chronology of
the most recent part of the GPTS (Cande and Kent, 1995). Today, the
Mediterranean ATS has been extended to ca. 13 Ma (Krijgsman,
2002). The main feature utilized for astronomical tuning is the
cyclicity of distinctive dark, organic-rich, often laminated layers
known as sapropels (Figure 3). Mediterranean sapropels occur in
clusters, which correspond to eccentricity maxima where individual
sapropels correspond to insolation maxima associated with preces-
sion minima.

GSSPs

The formal definition of CUs by GSSPs has been a slow process,
even if it has apparently accelerated in the last years. Even higher
rank CUs are still undefined and, hence, often contradictorily used in
the literature. According to Remane (in press) only one third of the
Phanerozoic stages have been formally defined by GSSPs. It is worth
mentioning that out of the 38 GSSPs so far defined, 7 are located in
Italy, specifically the bases of the Oligocene, Miocene, Pliocene and
Pleistocene Series and the three Stages of the Pliocene (Figure 4).
All these GSSPs, except for the base of the Miocene, are located in
] ] ] ] o sections calibrated with astrochronology thus providing unprece-
Figure 3 "Sapropels” in the Punta Piccola section, Sicily  dented precision in definition. We refrain here to further comment on
(Piacenzian GSSP, above) and in the Vrica section, Calabria the defined Italian GSSPs since exhaustive information is available

(Pleistocene GSSP, below). at the web site of the International Commission on Stratigraphy
(ICS; www.micropress.org/stratigraphHy/Me only comment below
M agnetobiochronol ogy on work in progress for defining other GSSPs in the lItalian strati-

graphic record.

The globally synchronous reversals of geomagnetic field polarity
were first revealed in dated basaltic lavas a few million years old. T he pr ospect

Volcanic events, however, occur irregularly and radiometric dates

on discrete lavas becomes insufficiently prf_ecise to delineate polarity\yie are sure that the Italian stratigraphic record preserves other
structure beyond ~5 Ma; moreover, volcanic sequences can not €agmportant clues for implementing the GTS in terms of formal defin-

ily be tied into the paleontologic scale. Therefore, major advancesitions of CUs (GSSPs), improving magnetobiochronology and
were achieved after the discovery in the 1960s that marine biogenicextending downwards the ATS.

oozes and indurated pelagic sediments yield reliable magnetic sig-

nals. Combined investigations of paleomagnetic signals and calcareQuater nary GSSPs

ous plankton content from the same continuous pelagic successions

allowed the construction of a magnetostratigraphy directly calibrated Much work is in progress in southern Italy, where thick sections
to multiple paleontologic scales. In this respect, Italian sections of early to middle Pleistocene marine sediments occur that can be
played a key role. The pelagic succession from the Umbria-Marchefirmly constrained in time with biomagnetostratigraphy (Rio et al.,
region provided in the 1970s—early 1980s an almost complete mag-1996) and stable oxygen isotope stratigraphy. In addition, these sec-
netobiochronology based on calcareous plankton for the entire Cretions are characterized often by rich pollen contents, thus allowing a
taceous up to the Paleogene/Neogene boundary. In particular, thdirect link between marine and continental stratigraphies and cli-
Gubbio section in Umbria was proposed as the magnetostratigraphianates (Capraro et al., 2003). Some of these sections might prove
type section for the Campanian to Upper Eocene interval (Alvarez etuseful for proposing GSSPs for the formal subdivision of the Qua-
al., 1977). More recently, Cretaceous and Paleogene magnetoternary (ltalian Commission on Stratigraphy, 2002). The formal sub-
biochronology has been improved and updated based on successiomhvision of the Quaternary is badly needed because the existing prac-
from both the Umbria-Marche region and the Southern Alps (Pre- tice and informal proposals are so contradictory that the most recent
moli Silva et al., 1988). In the last few years the Italian stratigraphic GTS omits any subdivision (see the web site of ICS). There has been
record has proved important also for the magnetobiochronology ofsome discussion of defining Quaternary CUs in deep-sea sediment
the Triassic System. By calibrating biohorizons based on conodontscores. We strongly oppose these proposals (except perhaps for the
and ammonites with magnetostratigraphy in Southern Alps and inbase of the Holocene) since there are so many impressive, well
Sicily, it has been possible to link the classical continental Newark exposed and high quality marine records available on land in Italy,
succession with the marine-based GTS (Muttoni et al., 2001). New Zealand, Japan and California. Others propose we should aban-
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don attempts to subdivide the Quaternary into stages. Again we|
strongly disagree and concur with Hedberg (1976, p. 82) that “
basic principles to be used in dividing the Quaternary into chronos-
tratigraphic units should be the same as for the other Phanerozoic
strata (...).

Other potential GSSPs

In a recent overview by James Ogg (in Gradstein & Ogg, 2002)
some ltalian sections are reported as candidates for the GSSPs ¢
various CUs. Specifically, candidates GSSPs for the Chattian anc
Aptian have been indicated in the Umbria-Marche region, a candi-
date section for the Norian has been proposed in the Sicani Moun-
tains of Sicily and candidate sections for the Carnian and Ladinian
have been proposed in Southern Alps (Figure 4). Not reported in this
compilation is the recent proposal of the Tortonian GSSP in Monte b C
dei Corvi section (central Italy) made by Hilgen and coworkers. Our |
ongoing work in the Veneto region indicates potentially useful sec- ! ) A
tions for defining the Bartonian and Priabonian. ) ) y -

M agnetobiochronology and extending ATS =1 ‘I“\\

J \

Much work is going on in ODP and expected to continue in A * C
IODP for better resolving various microfossil biostratigraphic scales £ (
and their calibration to the GPTS, and for extending downwards the G —
ATS. The latter task is particularly difficult because below ca. 25 Ma { Y
we lack detailed knowledge of the correct astronomical solutions "L-*
and new tuning strategies are needed (Pélike et al., 2001). Howevel a *
we deem that the Italian stratigraphic record will continue to provide b
precious data. The marine Triassic of the Dolomites, Southern Alps
and Sicily is being intensively studied (biomagnetostratigraphy and

cyclostratigraphy) for a better definition of this geologic time inter- Figure 4 Location map of approved and candidate GSSPs in
val unavailable in the deep sea. Work is continuing for improving gy

magnetobiochronology and deciphering cyclostratigraphy in the 5_Capo Rossello Composite Section (Sicily): Pliocene Series

Cretaceous and Paleogene records of Umbria-Marche regions. Ou  and zanclean and Piacenzian Stages GSSPs;

group has recently undertaken a systematic study of the Paleogen p—Monte S. Nicola (Sicily): Gelasian Stage GSSP;

record of the Veneto region, where a continuous pelagic successior c—Vrica (Calabria): Pleistocene Series GSSP;

from the basal Paleocene to the late Priabonian is present with ¢d—Massignano (Marche): Oligocene Series and Rupelian

spectacular cyclicity (Figure 5) that has been largely unexplored. Stage GSSP;

The integration of the Italian records with others in the world will e—Lemme-Carrosio Section (Piedmont): Miocene Series and

certainly contribute to our goal of better founding and better resolv-  Aquitanian Stage GSSP;

ing the Geologic Time Scale. f-Bagolino (Central Southern Alps): candidate for the
Ladinian GSSP;

g—Prati di Stuores (Dolomites): candidate for the Carnian GSSP.

i
(
\
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The paper deals with the geological setting, history andsion of the major tributaries into the sea was started in 1400 AD and

subsidence of the Venetian Plain. Major attention is paid concluded in 1600 AD. They avoided making the lagoon a marsh-
land, but also induced an abrupt reversal in its natural evolution.

to the PIeiStocene_‘HOI_ocene _stratig-raph?c_ sequence Nty the passing of time, sea properties began to prevail, enhanced
the Lagoon of Venice, in relation to its origin that dates further by human interventions. In fact, since 1800 man has newly

back to 67 kyr BP. Geological land subsidence, whichaltered the lagoon setting very intensely. He dug new deep canals

: : . - and modified the sea openings, both in the number and the setting, to
played an important role in the origin and the evolution serve the industrial harbour; occupied intertidal flats to provide the

of the lagoon, and anthropogenic subsidence, that hasecessary areas for new industrial and urban centers, and perma-
recently assumed a major importance for the Venetiannently closed areas for fish farms. These changes were decisive in

environment, are discussed. Considering also the Se%)urring the lagoon hydrodynamics, accelerating erosion and modi-

| L ri 23 | in land el ion h di ing the flora and fauna habitat. Furthermore, in the last decades the
evel rise, cm loss In land elevation has occurred INjqstrial water supply was provided by rash exploitation of artesian

the last century, leading to increased flooding eventsaquifers causing a serious land subsidence. An induced consequence
and environmental problems that require protective is @ weakening of the littoral system (Brambati, 1987) with a deep-
works ening of the sea bottom that also contributes to the instability of the

’ lagoon itself (Carbognin et. al., 1995).

I ntroduction : : , :
Geological and sedimentological setting

The lagoon of Venice is the largest lagoon in ltaly, and the most of the Gulf of VVenice
important survivor of the system of lagoons which in Roman times

characterized the upper Adriatic coast from Ravenna to Trieste. i . ) ) )

Bounded by the Sile River to the North and the Brenta River to the Referring to the whole Venetian Plain, the geological setting down
South, the Venice Lagoon is oblong and arched in shape. It covers afP about 5,000 m consists of Prepliocene, Pliocene and Quaternary
area of about 550 knbeing 50 km long and 8—14 km wide. Its mor- deposits (Figure 2). The pre-Quaternary substratum southwards is
phology consists of shallows, tidal flats, salt marshes, islands and a netharacterized by fold and faulted overfolds, which are parallel to the
of channels. The lagoon boundaries also include fish ponds, reclaime¢hain tectonic trend of the Apennines and include several gas-bear-
areas and the coast that is presently interrupted by three inlets, nameliyng traps at depths on the order of 2,000 m. Quaternary sediments
Lido, Malamocco and Chioggia, which permit water exchange with range between 3,000 m (southern zone) and hundreds of meters
the Adriatic Sea (Figure 1). The present setting of the Venice Lagoon(northern zone). They mostly consist of sandy and silty-clayey lay-
is mainly the result of a number of human interventions. ers of alluvial and marine origin. The bottom follows the structure of
the substratum showing a little tectonic disturbance only in the
. . northern sector where the lagoon of Venice is found. The thickness
Origin and evolution of the Lagoon of the Neozoic formations and, consequently, the subsidence rate

exhibits a non-uniform space distribution.

It has been demonstrated (Gatto and Carbognin, 1981) that the The area of Venice is Iocated_ in a complex fore'.and setting near
lagoon of Venice originated nearly 67 kyr BP during the Flandrian th€ Pinchout of both the Southalpine and the Apenninic wedges, that
transgression, when the rising sea flooded the Upper Adriatic War-developed during Serravallian-Messinian and early Pliocene-
mian paleoplain and outlined the coast in approximately the presenf’!€iStocene times, respectively. The post-Messinian depositional
position. The early lagoon was smaller than the present one and thé®duence is represented by deep-sea hemipelagic deposits that drape
exchange of its waters with the sea occurred through eight inletsthe eroded Messinian surface: tanterno Clay¢Figure 3). This
against the three it has now. Originally, two main factors affecting formation comprises Pliocene to middle Plelsyocene sequences that
the |agoon basin: |) the continuous sediment Supply from Ad|ge, CrO.p out along the northern edge of the Apennlnes and is I’epresent.ed
Bacchiglione, Brenta, Sile and Piave rivers flowing into the lagoon, by isolated outcrops on the Alpine edge of the Po Valley. Its deposi-
so that the filling was greater than the natural subsidence and thdional environment is quite deep, from outer neritic to bathyal. The
eustatic sea level rising; ii) the noticeable coastal nourishment, alsoSanterno Formation is confined between the Messinian unconfor-
coming from the Po river to the South, that led to a gradual silting-up mity and the overlying Pleistocerti SandsThe Asti Formation
of the tidal inlets. displays an overall shallowing trend from turbiditic to deltaic/shal-
These two processes steered unavoidably to the disappearing dbw-marine and finally continental settings. The present-day Venet-
the lagoon basin. Venetians, considering the lagoon a source of secuan area was reached by the north-Adriatic turbidite system during
rity against enemies and power with its channels and port, began tdhe early to middle Pleistocene, due to the north-eastward shifting of
carry out several hydraulic works to preserve it. Mostly, the diver- the Apenninic foredeep. Thasti Sanddurbiditic sequences show
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Figure 2 Schematic geological section across the eastern Po
Plain (modified after AGIP Mineraria, 1969).
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Figure 3 Sedimentological model of the post-Messinian basin
across the Lagoon of Venice area and the northwestern Adriatic
Sea (modified after AGIP Mineraria, 1999, unpublished report).

large amounts of quartz and metamorphic rock fragments (from
Alps/Northern Apennine). This change is indicative of a significant
middle-Pleistocene tectonic movement of the region related to the
dynamic of the Apennine foredeep. From about —438 to —19 m in
depth, the sand composition is a mixture of the two types of sedi-
ments, reflecting the simultaneous activity of the two sources (Ste-
fani, 2002). The uppermost part of the succession contains numerous

. eat layers indicative of floodplain to marsh environmental settings;
flat parallel surfaces that onlap against the clayey substratum of th‘% this part of the core a chronology was established on the basis of
Santerno ClaysPeat-rich deposits close to the top of lsti Sands

oo . . . . radiocarbon data.
indicate a floodplain environment. The thickness of the Asti forma- Kent et al. (2002) distinguished six prominent sea-level trans-

tion is_fairl)_/ uniforn_1 and averages 1,000 m. Close to the Po River gressiongrl throughoutrs, that occur at depths 10.5, 79, 136, 152,
delta, its thickness increases to up to 2,000 m. 202 and 262 m respectively, where continental sediments are over-
lain by shoreface and shelf marine deposits.

A good correlation with these transgressions results from recent
analyses performed on thousands of cores. As exanw@ies)dtr3
may correspond to the top of regional aquifers 5 and 2 (Figure 4) and
trl reflects the base of the Flandrian transgression (Figure 5). The
limit Holocene-Pleistocene is marked by a clay layer ca#dnto
Knowledge on geological and lithostratigraphical settings of the (Figure 6) which overcompacted because of the dry climate during
Venice area results from thousands of different analyses based off'€ |2t phase of the low stand sea level. In spite of its discontinuity,

. " & ‘;: ) A
Figure 1 ASTER image of the Venice Lagoon and its
surrounding mainland. Main localities are indicated.

Geological and palaeogeogr aphical
feature of the Venice area

hundreds of cores drilled on purpose.

Main information sources about the Plio-Pleistocene subsolil
are two boreholes: the VE-1 CNR, that extends down to 947 m with
continuous coring, and the VE-2 CNR, down to 400 m, drilled with
discontinuous coring. Recently, using an integrated magneto-
bio-cyclo-stratigraphy of lithofacies and palynofloral analyses in the
VE-1 core, Kent at al. (2002) could infer the following history: in the
late Pliocene the depositional area was a strongly subsiding shel
which shoaled to near sea level; following a hiatus of at least 0.2 Myr

it is an optimum marker horizon that ends the alluvial Pleistocene
sequence (Gatto and Carbognin, 1981; Bortolami et. al, 1985). The
carantotends to emerge on the mainland, and varying between -5
and —23 m, gradually deepens towards the littoral (see Figure 5). A
hiatus covering a period between 7 and 10 kyr from the last Pleisto-
cene to the first Holocene deposition has been found (Bortolami et
al., 1985; Tosi, 1994). The following marine Flandrian transgression

rogressively submerged the Wirmian paleoplain andahenta

he first presence of marine-lagoonal Holocene deposits founded in
layers underlying the present southern littoral (Figure 7) have been

the shelf rapidly drovv_ned to bat_hyal depths over the early Pleis_to-dated 10-11 kyr BP (Bortolami et al., 1985). The early Holocene
cene, and hemipelagic muds with sapropel layers were depositedgediments are represented by a discontinuous level of silt and sand
these are f0||OWEd by a th|Ck paCkage Of baSInal turb|d|tes, fed from often in chaotic structure mixed W|th she”y marine_|agoon Sands_
the eastern Southern Alps, then, in the middle part of Brunhes, PO-The maximum ﬂooding position was reached at 6—7 kyr BP when the
related deltaic sedimentation led to the progressive infill of the baSin;primeva| lagoon established. The middle-upper part of the series is a
this episode ended with the first appearance of continental depositsiypical alternation of marine-lagoon and flood-plain sediments. Dur-
the upper part of the succession shows a cyclothemic organizationing the following high-stand sea level, alluvial sedimentation
with submergence of Venice area during glacio-eustatic highstandsre-established at the southern and northern outermost belts corre-
and emergence during glacial lowstands. sponding to the fluvial mouths. Moreover, some areas have been

From the bottom of the borehole up to about 513 m in depth, theaffected by episodes of emersion and submersion related to changes
sands are characterized by a high amount of carbonate rock fragin climate, sediment source, subsidence rate and, finally, human
ments (eastern South Alpine provenance). Going up to about 438 nintervention (Tosi, 1994; Bonardi et al., 1998; Carbognin and Tosi,
in depth the composition abruptly changes into quartzolithic with 2002).
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Figure 4 Maps of the top (m a.s.l.) of: a) aquifer 5 and b) aquifer 2, which may correspond to tr6 and tr3, respectigelybheit by
Kent et al. (2002). Straight lines (f) are drawn in correspondence to regional faults.

is rather lower than that occurring in the late Pleistocene-Holocene
period (average rate of 1.3 mm/yr) which likely reflects the consoli-
dation of sediments, and it is decidedly lower than the recent man-
induced one (= 2.5 mml/yr). The average rate of 1.3 mm/yr dropped
over recent centuries, reaching the current figure of 0-0.5 mm/yr
(Gatto and Carbognin, 1981; Carbognin et al., 1995, 2003). Evi-
dence of past tectonic influence could be the anomalous shape of the
tr3 andtr6 contour dips close to the faults (see Figure 4).

Land subsidence due to natural consolidation played a major
role during initial evolutionary phases of the modern lagoon. Later,
the increased salt concentration in the clayey sediments of the sub-
stratum, inducing an electrochemical compaction process, caused a
further lowering of the lagoon floor (Gatto and Carbognin, 1981).

Eroded _ _
sea bottom Anthropogenic subsidence

Subsidence induced by groundwater withdrawals became a problem
with the industrial boom after the 2nd World War. This process has
been deeply studied, the cause-and-effect relationship quantified,
and a 2-D and a 3-D simulation models were developed.

The exploited aquifer-aquitard system is located in the upper
350 m of the 1000 m thick unconsolidated Quaternary formation.
Groundwater withdrawal, which progressively led to a noticeable
drawdown of aquifer pressure, began in the 1930s reaching a peak
between 1950-1970 together with the subsidence it caused (the max-
imum rate of 17 mm/yr was recorded between 1968-69 over the
industrial zone). After this critical 20-year phase, a general improve-
ment occurred quickly because of the closure of artesian wells and
the diversification of water supply. The 1973 levelling clearly
; ; showed a reversed trend of subsidence and a slight but significant
Geol ogl cal Subsidence rebound was measured in 1975, with a maximum of 2 cm in the his-
torical city, as predicted by simulation models (i.e. Gambolati et al.,
%974)' The 1993 and 2000 regional surveys confirmed the arrest of
anthropogenic subsidence as a widespread phenomenon. Subsidence
maps for the lagoon territory and the hinterland (Figure 8) show an

Figure 5 Depth of Pleistocene-Holocene boundary (m a.s.l.)
drawn on the basis of cores analyses and high-resolution seismic
survey (courtesy of Aliotta, Carbognin, Stefanon). This surface
agrees with the trl by Kent et al. (2002). Dashed line delimits the
marine area where Holocene deposition has been eroding.

Estimates of natural subsidence rates result from both analysis on th
VE 1-core, and from radiocarbon dating of latest Pleistocene and

Holocene sediments collected in the lagoon and littorals (Bortolami ideal line of demarcatiobetween the ground stability zones in the

etal., 1985). mainland, Venice and its surroundings, and the subsiding zones at

According to Kent et al. (2002) the average long-term subsi- e northern and southern extremities of the lagoon edge and along
dence rate (less than 0.5 mm/yr) reflects mainly tectonic processes; 'tﬂ:e littoral. This fact may be related to the greater thickness of the
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Figure 6 Holocene-Pleistocene stratigraphical sequence across
the central Lagoon of Venice (after Gatto and Previatello, 1974).

sandy layers present along the Mestre-Lido axis with respect to thos:
found in north and south lagoon areas where compressible claye
layers predominate. On the other hand, this of demarcation Figure 7 Schematic model of the Venetian littoral evolution
could be correlated with maximum Flandrian transgression of about qyring the Flandrian transgression. Arrows indicate the shoreline
6 kyr BP (see Figure 7). Concerning the subsidence recorded alon: 3qyancement during the high-stand sea level because of the

the coastline (1-3 mmiyr), and at the furthermost northern and progradation of the river mouths (modified after Tosi, 1994).
southern boundaries (2—4 mml/yr), it can be attributed to the greate

natural consolidation of more recent formation in these areas, and t . :

different local situations. Finally, both the uplift and the highest sub-OII-he overall relative land subsidence

sidence rate found in the central-southern lagoon edges may partly

reflect tectonic activity. Integrated researches, still in progress, based he relative land subsidence of the city is associated with sea level

on hydrogeological, geomorphological, geophysical and geoelectri-rise. During the last century the elevation loss of 23 cm, consisting of

cal investigations, indicate the presence of the two faults (Figures 4about 12 cm of land subsidence, both natural (3 cm) and anthro-

and 8). Satellite Radar Interferometry (INSAR) maps confirm this pogenic (9 cm), and 11 cm of sea level rise, has occurred. Referring

regional subsidence behaviour (Figure 8) and supply useful detailsto the latter issue, the most reliable estimate of the sea level rise in

of urban areas (Tosi et al., 2002). the Upper Adriatic over the last 100 years is given by Carbognin and
Taroni (1996): excluding subsidence, a rising rate of 1.13 mm/yr was
computed. The extent of the period is sufficient to average alternating

HST shoreline a Yanéement

Mestre s .o - «
a? #4

1973-1993 + | 1993-2000

Figure 8 Maps of annual vertical displacement (mm/yr) occurred in the periods 1973—-1993 and 1993-2000 (after Carbogn20&33l.
For the latter period, inserted smaller InSar deformation maps (after Strozzi et al., 2003) show in detail the two difféwatibss of land
stability at Mestre and subsidence at the northern littoral (Jesolo). Red lines correspond to regional faults.
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trends, corresponding to alternating climate changes. This rate is con€arbognin, L. and Tosi, L., 2002, Interaction between Climate Changes,
sistent with the data provided by others tide gauges in the Mediter-  Eustasy and Land Subsidence in the North Adriatic R_egion, Italy: Marine

ranean Sea. Worth mentioning is that in the last decades the rise of sea Ecology, v. 23, Supplement 1, Blackwell Verlag, Berlin, pp. 38-50.

level is slowing down slightly both in the Mediterranean Sea and in Carbognin, L., Marabini F., and Tosi, L., 1995, Land subsidence and degrada-

. . . . tion of the Venice littoral zone, Italjn Land Subsidence, Barends, J.F.,
the Indian Ocean (Tsimplis and Baker, 2000; Morner etal., 2003).  god o™ o8 For S £ R R B 3, pp, 301402,

The relative 23 cm rise in the sea level in the Lagoon has cre-caeognin, L., Teatini, P., and Tosi, L., 2003, Eustasy and land subsidence in
ated a great concern since it has contributed to the increasing of:  the venice Lagoon at the beginning of the new millennium, Journal of
i) the flooding phenomenon, both in frequency and degree, with  Marine Systems, in press.
immediate and indirect damages to population and monumental patGambolati, G., Gatto, P., and Freeze, R.A., 1974, Mathematical simulation of
rimony; ii) the hydrodynamics inside the lagoon, leading to erosion  the subsidence of Venice.2: Results, Water Resources Research, v. 10,
of its floor, channel silting up, and changes in the internal eco-mor- _ no. 3, pp. 563-577.

phology; and i) the fragilty of lttorals, enhancing the risk of ~Gatlo, . and Carbognin, L 1961, The Lagoon of Venice: Natural environ-
destructive sea storms and flooding from overtopping. letin, 26/4/12, pp. 379-391.
Gatto, P. and Previatello, P., 1974, Significato stratigrafico, comportamento
. meccanico e distribuzione nella laguna di Venezia di un'argilla sovracon-
Conclusions solidata nota comearantg CNR ISDGM Technical Rep. 70, 68 pp.

Kent, V.D., Rio D., Massari, F., Kukla, G., and Lanci, L., 2002, Emergence of Venice

L . during the Pleistocene. Quaternary Science Review, v. 21, pp. 1719-1727.

The _Lagoon of Venice is the largest one of the Med'te”anean_Se%brner,?\l.-A., Tooley, M.Qand Pogsnert, G., 2003, New pgfspectives for the
and is located on a foreland between the Alps and the Apennines. future of the Maldives, in Global Climate Changes during the Late Qua-
The lagoon originated 6—7 kyr BP, establishing its domain over the  ternary, Brambati, A. and Quaia, T., eds, Global and Planetary Change,
Wirmian paleoplain, which has influenced its original morphology. Elsevier, in press.
Subsequent evolution of the basin has occurred through differentStefani, C., 2002, Variation in terrigenous supplies in the Upper Pliocene to
phases. Initially, during the high-stand sea level, a significant role _ recent deposits of the Venice area: Sedimentary Geol., v. 153, pp. 43-55.
was played by the alluvial yield, which was not counterbalanced by Strozzi, T., Carbognin, L., Rosselli, R., Teatini, P., Tosi, L., Wegmidiller, U., 2003,

; ; ; S ; Ground vertical movements in urban areas of the Veneto region (ltaly)
both sea level rise and subsidence causing the filling in of the basin detected by DINSAR, 4th European Congress on Regional Geoscientific Car-

and progradation of the river mouths. In historical times, human 250y and Information Systems, 17-20 June 2003, Bologna, Italy (in press).
intervention, going from the diversion of tributaries to more recent Tosj ., 1994, L'evoluzione paleoambientale tardoquaternaria del litorale
rash groundwater exploitation, has reversed the natural evolutionary  veneziano nelle attuali conoscenze. Il Quaternario, v. 7, n. 2, pp. 589-596.
trend, favouring the deepening of the lagoon and seriously modifiedTosi, L., Carbognin, L., Teatini, P., Strozzi, T., and Wegmdiller, U., 2002,
the morphological setting of the environment. Evidence of the present relative land stability of Venice, Italy, from land,
Summarizing the results, it can be said that natural subsidence sea, and space observations, Geophysical Research Letters, v. 29, no. 12,
ranged between 0.5 and 1.3 mm/yr during the Quaternary, and that  10.1029/2001 GL 013211. . .
man-induced processes more than doubled the rate in the perioa—s"ggg?a'\:'m'dig?o'?z'f‘%régrfv;afgfgéﬁ?@ fxgltgﬂ?ﬁe'&tﬂree '\C"ﬁgr'fggsa;‘%ae”o_
1950-1970. The land survey of 2000 shows that subsidence is no physical Research Letters, v. 27, no. 12, pp. 1731-1734.
longer occurring in the central part of Venetian area, which includes
the city, the Mestre-industrial zone and surrounding territories, but it
is still going on at the northern and southern lagoon areas and bor Antonio Brambati is Head of the
dering lands. Anyway, since subsidence is mostly irreversible and aDepartment of Geological, Marine and
contribution to the land lowering with respect to mean sea level is Environmental Sciences at the Univer-
given by eustasy, 23 cm of relative elevation loss has occurred dur-sity of Trieste, and Full Professor of
ing the last century, inducing consequences that require restoratiorSedimentology since 1975. Former
and safeguarding measures. President of the CNR Oceanographic
Commission and of the Osservatoric
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