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Abstract: From the Miocene onwards, the Alpine and South Alpine domains have been closely
coupled within the framework of fault kinematics and geodynamic processes related to the con-
tinuing indentation of the Adria plate against Europe. In this study, the post-Oligocene evolution
of a wide sector of the North Adriatic indenter border and nearby areas is re-examined in an exten-
sive regional context by means of structural, geochronological and seismotectonic data. The Adria
northern edge roughly corresponds to the Periadriatic lineament which is characterized in the
central—eastern Alps by an abrupt change of orientation from east—west to NNE-SSW at the
North Giudicarie line. Several strike-slip fault linkages have developed along the northern and
southern sections of this major fault since the Miocene. In the Alpine domain, fault connections
facilitated tectonic unroofing of the deeper nappes (Penninic units) in the Tauern window and a
westward crustal stretching of the upper nappes (Austroalpine units) in the Brenner detachment
hanging wall. In the Southern Alps, several fault linkages are observed, which are related to reac-
tivation of inherited faults by the indentation process. These processes began during the early
Miocene, were fully developed in the latest Miocene—early Pliocene, and are very probably
still continuing. The final result is a complex shear zone of 250 km length, that in the southern
part is considered as an incipient divide between the nearly stationary westernmost part of the

North Adriatic indenter and the still northward-pushing main body of the Adria plate.

The Alps are composed of a Europe-vergent colli-
sional wedge (Alpine domain sensu stricto) and a
south-propagating  fold-and-thrust belt (South
Alpine domain). The Alpine domain is the
product of a complex subduction—collisional history
between the lower European plate and the upper
Adria (Africa) plate, whereas the Southern Alps
developed during the last stages of the collision.
Interpretations of seismic reflection and refraction
data across the Alps indicate that a rigid wedge of
Adnatic lower crust, named the North Adriatic inden-
ter, was pushed into the Austroalpine—Penninic
wedge in Neogene time (Nicolas et al. 1990;
Fantoni et al. 1993; Pfiffner & Hitz 1997; Schmid
et al. 1997; Lammerer & Weger 1998). The aim of
this paper is to re-examine the strike-slip fault
system extending from the North Giudicarie line to
the Schio—Vicenza line in an extensive regional
context, partly corresponding to the boundary of the
North Adriatic indenter in the Italian Alps. This revi-
sionis based on structural, geochronological, geophy-
sical and seismological data provided by decades of
detailed studies in the Alps. The relationships
between the tectonic evolution of the Southern Alps
and the Austroalpine—Penninic collisional wedge
during the last stages of the Alpine orogenesis are
closely examined, as well as their interactions with

the accreting Apennine orogen. In addition, particular
emphasis is placed on the role of the inherited Meso-
zoic structures in creating tectonic linkages between
major strike-slip faults in the boundary zone of the
Adriatic indenter.

The Alpine orogenic wedge and the
South Alpine fold-and-thrust belt

The Alpine orogenic belt originated from the
Cretaceous—present convergence between the
Adriatic upper plate and the subducting European
lower plate, including the Mesozoic Tethyan
ocean (e.g. Dewey et al. 1989; Kurz et al. 1998,
Dal Piaz et al. 2003). It is composed of a Europe-
vergent collisional wedge (Alpine domain sensu
stricto) and a south-propagating fold-and-thrust
belt (South Alpine domain) separated by a major
fault system called the Periadriatic lineament
(Fig. D).

The collisional wedge of the eastern Alps is com-
posed of the Adria-derived Austroalpine continental
basement and cover system, and the Penninic unit
of the Tauern window, which includes the ophio-
lite-bearing Glockner nappe and the underlying
Europe-derived continental basement (Central
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Fig. 1. Structural map of central—eastern Southern Alps. Inset: northern part of Adriatic indenter and main
units. EF, European Foreland; J, Jura; HD, Helvetic—Dauphinois; PN, Penninic; AU, Austroalpine; SA, Southern
Alps; Po, Po Plain; AP, Apennines; D, Dinarides; PB, Pannonian Basin; P, Periadriatic lineament.

Gneiss) and cover units (Fig. 2). During the subduc-
tion—collisional wedge development, the Periadria-
tic lineament was the active tectonic boundary
between the Alpine exhuming wedge and the
South Alpine rigid lithosphere, of which the
frontal part (Austroalpine) was involved in the col-
lisional wedge. The nappe stack was affected by
subduction-related eclogite- to blueschist-facies
metamorphism (scattered relics) of Eocene age
(Penninic zone, Zimmermann et al. 1994) and a
pervasive Barrovian (amphibolite- to greenschist-
facies) overprint of Oligocene age (Tauern crystal-
lization of Sander 1912; Christensen et al. 1994). In
Oligocene time, during the continuing Adria—
Europe convergence, rapid uplift took place
together with magmatism along or near the Peria-
driatic lineament (von Blackenburg & Davies
1995; Dal Piaz 1999; Rosenberg 2004). Only the
post-Oligocene evolution of the Alpine domain is
of paramount importance for our purpose. From
this time onward, the rigid Southern Alpine litho-
sphere indented the inner sector of the orogenic
wedge, causing the rapid tectonic extrusion and
cooling of the Penninic nappes previously softened

by the Barrovian metamorphism. Consequently, the
continuing north—south shortening caused the verti-
cal exhumation of the Penninic units at the Tauern
window (facilitated by erosion), tectonic unroofing
along the Brenner detachment, and orogen-parallel
escape of the Brenner footwall toward the opening
Pannonian basin (Selverstone 1988; Ratschbacher
et al. 1991a,b; Frisch er al. 2000). In the mean
time, the upper part of the indenter, detached
from the underlying lithosphere, was involved in
the antithetic South Alpine fold-and-thrust belt pro-
pagating towards the Po Plain. From the Miocene
onward, the tectonic histories of the Alpine colli-
sional nappe stack and the Southern Alps may be
considered together because both are concurrently
deformed under the same regional stress field.

The Southern Alps and the Austroalpine domain
preserve the original Mesozoic northwestern
passive margin of the Adria plate (e.g. Bertotti
et al. 1993). During the first stages of the Alpine
orogeny (Late Cretaceous—Early Paleocene), the
central and western Southern Alps constituted the
slightty deformed hinterland of the Europe-
vergent Austroalpine—Penninic collisional wedge.
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Fig. 2. Geological map of Innsbruck—Verona transect, showing Neogene fault kinematics and focal mechanisms. Fission-
track dating shows the Early Miocene onset of the Brenner detachment (from Grundman & Morteani 1985; Fiigenschuh ef al.
1997, 2000). Fault kinematics: 1, Early Miocene to Pliocene (at least until 3 Ma) Brenner detachment kinematics (Behrmann
1988; Selverstone 1988, 1993; Fiigenschuh ez al. 1997; Bistacchi et al. 2003); 2, Mid-Miocene (c. 17 Ma) to Pliocene Passiria
fault kinematics (Miiller et al. 2001; Spiess ef al. 2001; Viola er al. 2001); 3, Mid-Miocene to Pliocene kinematics of fault at
North Giudicarie hanging wall (Fellin ez al. 2002); 4, Mid-Miocene (c. 13 Ma) to Pliocene kinematics of North Giudicarie line
and faults near its hanging wall (Prosser 2000; Fellin et al. 2002; Viola et al. 2004); 5, Mid-Miocene (c. 13 Ma) to Pliocene
Trento—Cles system kinematics (Prosser 2000; Viola et al. 2004); 6, Mid-Miocene (c. 13 Ma) to Pliocene kinematics of
Tormeno—Gamonda fault arrays (Zampieri ef al. 2003); 7, Messinian (c. 8 Ma) to Pliocene Schio—Vicenza fault kinematics
(Castellarin & Cantelli 2000; Zampieri et al. 2003); 8, Presumed Mid-Miocene Schio—Vicenza fault kinematics. Focal
mechanisms: a, 2004.11,24, 45°54'N, 10°83'E, h = 18 km, Mi = 5.2, Saldo (www.ingv.it/seismoglo/RCMT/); b,
1975.01.11, 45°39'N, 10°36'E, & = 12 km, M = 4, Gardone (Slejko ef al. 1987); ¢, 1986.04.15, 45°46'N, 10°44'E,
h=15km, M = 3.2, Tremosine (Slejko ez al. 1987); d, 1976.12.13, 45°35'N, 10°50'E, A = 2 km, M = 4.5, Riva (Slejko
etal. 1987); e, 1968.06.22, 45°48'N, 11°13'E, h = 24 km, M = 4.5 Pasubio (Slejko et al. 1987); f, 1968.06.22, 45°45'N,
11°14'E, h = 23 km, M = 4.1 Pasubio (Slejko ez al. 1987); g, 2001.07.17,46°39N, 11°08'E, h = 1.6 km, M = 5.1 Merano
(Pondrelli ef al. 2004; Caporali et al. 2005); h, 1982.05.01, 47°17'N, 47°16'E, h = 7 km, M = 3.8 Innsbruck (Slejko et al.
1987); i, 1965.07.08, 47°18'N, 11°24’E, h = 5 km, M = 3.3 Mittenwald (Slejko et al. 1987).
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In detail, pre-Mid-Eocene south-vergent structures
cut by the Adamello intrusion are recorded only
in the central sector of the Southern Alps (Brack
1981). In the Eocene—Early Oligocene phase, the
easternmost sector was deformed by Dinaric SW-
vergent thrusts. Later, from the Miocene onward
(Neoalpine phase), the whole of the Southern Alps
was shortened as a south-vergent fold-and-thrust
belt, which developed as a retro-wedge (Doglioni
& Bosellini 1987; Castellarin & Cantelli 2000).

The Southern Alps are subdivided into two main
sectors by the NNE—SSW-trending Giudicarie belt
(Fig. 1). The western sector exposes a complete
crustal section, from the classic Ivrea lower crust to
the post-Variscan Permian—Mesozoic cover. The
eastern sector exposes low-grade basement and
Permo-Mesozoic cover sequences, well represented
in the Dolomites (Bigi ef al. 1990). To the east, the
Southern Alps are bounded by NW-trending Dinaric
Palacogene thrust fronts (Idria and Cividale lines),
reactivated during the Neoalpine phase as dextral
strike-slip faults (Fig. 1). The main tectonic features
of the eastern Southern Alps are the Neogene south-
vergent thrusts, i.e. the Valsugana (Serravallian—
Tortonian), Belluno (Tortonian—Messinian?) and
Bassano (Messinian—Pliocene) thrusts (Venzo
1941, Castellarin et al. 1992; Selli 1998) and, to
the west, the NW-trending Schio—Vicenza and
north-trending Trento—Cles strike-slip faults (Figs 1
and 2).

Many pre-Alpine extensional structures have
been recognized from the analysis of syntectonic
sediments (e.g. Castellarin 1972; Bertotti et al.
1993) and structures that crop out (e.g. Doglioni
1992; Zampieri 19955b). These normal faults, trend-
ing north—south to NNE-SSW, are derived from
multiple tectonic phases, i.e. the early Permian and
Mid-Triassic tectonomagmatic events (Cassinis &
Perotti 1993; Dal Piaz & Martin 1998), Jurassic
extension of the passive margin of the Apulian
microplate (Bertotti et al. 1993), and Palaeogene
rifting coupled with magmatism (Zampieri [995a).
The major map-view undulations of the Neogene
SSE-vergent thrusts have been explained by inver-
sion of these inherited normal faults (Doglioni
1992). The Giudicarie belt itself is the main
example of a transpressive fault zone controlled by
pre-existing Jurassic normal faults (Castellarin
et al. 1993; Prosser 1998, and references therein).

The Giudicarie boundary of the Adriatic
indenter and related fault systems in

the South Alpine and Alpine domains

The western edge of the corner of the Adriatic
indenter is marked by the North Giudicarie fault

and a complex network of faults with dominant
transcurrent kinematics, at a high angle to the

M. MASSIRONI ET AL.

east—west general trend of the chain (Figs | and
2). This crustal-scale shear zone includes the
major strike-slip faults of the Southern Alps and
the main faults of the Alpine domain sensu stricto
involved in differential exhumation of nappes
during the last stage of Alpine orogenesis.

The Schio—Vicenza line and its tectonic
linkage with the Trento—Cles system

Within the Southem Alps fold-and-thrust belt, the
Lombardian and Veneto—Friuli sectors and related
forelands (i.e. the Po and Veneto—Friuli Plains) are
separated by the Euganeo—Berico—Lessinian wedge,
which is a morphological and structural divide. This
high (‘Adige embayment’ of Laubscher 1996) is
bounded to the east by the NW-trending Schio—
Vicenza line and to the west by the frontal sector of
the Giudicarie belt. The Schio - Vicenza fault probably
originated as a Palacogene extensional structure on
the Dinaric foreland bulge (Doglioni & Bosellini
1987). South of Schio this fault shows a southward-
decreasing top down-to-the-east throw connected to
the development of the eastern Southern Alps foredeep
(Finetti 1972; Pellegrini 1988). Many researchers have
suggested that the post-Tortonian kinematics of the
Schio—Vicenza line was sinistral (Semenza 1974;
Zanferrari et al. 1982; De Vecchi et al. 1986; Castel-
larin & Cantelli 2000; Zampieri et al. 2003). On the
other side of the Adige embayment, the Giudicarie
belt is composed of a series of late Miocene ESE-
vergent thrust sheets and NNE—SSW to north—south
strike-slip faults, involving a large area between the
Trento—Cles strike-slip systems and the South Giudi-
carie line (Fig. 2). All these structures are totally or
partly the result of strike-slip reactivation on inherited
Permian—Mesozoic normal faults (e.g. Picotti et al.
1995; Prosser 1998).

It is well established that faults are commonly
composed of numerous discrete segments overlap-
ping in en echelon geometry. Their mechanical
linkage occurred by ductile strain structures (soft
linkage), which may evolve into breaking faults
connecting the initial segments (hard linkage)
(e.g. Peacock & Sanderson 1991). In the area
between Schio and Trento (Fig. 2), the processes
of strike-slip reactivation and linkage of various
fault segments are clearcut. A north—south-trending
fault zone connects the Schio—Vicenza line with
the Trento—Cles line via the Calisio line. These
fault segments formed during earlier extensional
events (Permian for the Calisio fault; Jurassic for
the others), but they also were reactivated as
normal faults in the Palacogene. Finally, they
were reactivated as sinistral strike-slip faults in
the Neogene, when the eastern Southern Alps shor-
tened (Zampieri et al. 2003). Pre-existing structures
are an important mechanical anisotropy, which may
be responsible for strain partitioning into strike-slip
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and dip-slip displacements along different struc-
tures (e.g. Tikoff & Teyssier 1994). Consequently,
the inherited normal faults, oblique to the direction
of shortening, played a key role in adsorbing the
strike-slip component of the transpression. In the
stepovers between fault segments, restraining and
releasing structures developed at various scales.
At the kilometre scale, the most impressive evi-
dence of soft linkage between fault segments is

(a)

observed at the right step between the two conjugate
Gamonda and Tormeno faults (Figs 2 and 3). In the
overlap zone, Jurassic to Early Cretaceous sedi-
ments, filling a narrow graben, were shortened in
a direction nearly parallel to the strike of the
normal faults. The shortening has been accommo-
dated by the development of an array of east- to
ENE-trending folds associated with thrusts and
reverse faults (Fig. 3).

Fig. 3. Contractional stepover between Tormeno and Gamonda faults (location of the stepover structure is shown

in Fig. 1). (a) Digital terrain model (DTM) perspective view looking NW. (b) Detail of fold-and-thrust structures inside
stepover area (looking W). HW, hanging wall of the west-dipping Tormeno fault; FW, footwall of the west-dipping
Tormeno fault. (¢) Core of a major anticline (axis trending east—west), showing space accommodation structures
(location shown in (b)). (d) Line drawing of contractional structures in core of the major box fold (location shown in (b))

(after Zampieri et al. 2003).
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At a regional scale, the Schio—Vicenza line may
be directly connected with the north-trending
Trento—Cles line along the Adige valley, as
suggested by Semenza (1974). If this hypothesis is
correct, then the Trento—Cles—Schio—Vicenza
fault system is a regional structure displaying a pro-
minent right bend (Figs 1 and 2). Alternatively, the
linkage between the Trento—Cles and the Schio—
Vicenza strike-slip faults has been accomplished
through the development of a restraining stepover
limited to the east by the Calisio—Tormeno—
Gamonda fault array (Monte Cornetto di Folgaria
pop-up) (Zampieri et al. 2003) (Figs 1 and 2).

The North Giudicarie line and the related
Sfoorwall and hanging-wall fault systems

The North Giudicarie fault is the moderately (45°)
WNW-dipping tectonic boundary between the Aus-
troalpine nappe-stack and the Southern Alps (low-
grade pre-Alpine basement, Permian~-Mesozoic
sedimentary cover and scattered Oligocene intru-
sions). The North Giudicarie line had two distinct
northern sections (Fig. 2) of different ages: (1) the
NE-trending Merano—Mules fault, which is the kin-
ematic linkage with the east—west Pusteria line, still
the tectonic boundary between the Austroalpine
nappe stack and the Southern Alps (Oligocene;
Miiller et al. 2001); (2) the NNE-trending Passiria
fault, dissecting the Austroalpine units and connect-
ing the Giudicarie line to the Brenner detachment
through the NE-trending Giovo line (Miocene to
present, Viola et al. 2001; Caporali et al. 2005).
Several Alpine faults, dismembering the high-
grade pre-Alpine basement of the Austroalpine
nappes, are present in the hanging wall of the
North Giudicarie fault and show the same average
trend (e.g. the Pejo and Rumo faults). In the North
Giudicarie footwall, a major north—south-trending
fault system (the Trento—Cles fault system) is
present. All these faults, together with some minor
ones, constitute the North Giudicarie system,
which underwent three main post-nappe deforma-
tional phases. The first was Late Cretaceous—
Early Paleocene extension, recorded only in some
faults (Pejo and Rumo mylonitic horizons)
(Martin et al. 1991, 1998; Miiller et al. 2001;
Viola et al. 2003). The second involved Oligocene
dextral activity along the North Giudicarie and
Merano Mules faults, and is well constrained by
radiometric ages on mylonites, pseodotachylytes
and cross-cutting relationships with the Oligocene
intrusive rocks (Prosser 1998; Miiller ez al. 2001).
Only since the Early Miocene, during the third
deformational phase, has the North Giudicarie
system kinematics been closely related to the
Southern Alpine strike-slip systems on one side
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and to the Brenner detachment on the other. In
this period, NNW compression reactivated the
North Giudicarie fault as an ESE-vergent thrust
(Martin ef al. 1991), and the sinistral strike-slip
component was accommodated in its footwall by
the inherited Mesozoic Trento—Cles fault system
(Figs 2 and 4c,d) (Prosser 1998; Viola et al.
2004). An Early Miocene (21—-17 Ma) nucleation
and sinistral strike-slip kinematics has been demon-
strated for the Passiria fault by fission-track dating
and by the 20 km displacement of the older Giovo
deformation belt and minor Oligocene intrusive
bodies (Miiller et al. 2001; Spiess et al. 2001;
Viola et al. 2001). Similarly, the north to NNE
faults in the North Giudicarie hanging wall also
underwent sinistral kinematics in the same period,
as demonstrated by ductile to brittle kinematic indi-
cators (Fellin et al. 2002). Therefore, during the
Miocene, the connection between the Giudicarie
and Brenner faults was accomplished through the
Passiria and Giovo faults (Fig. 2).

The Brenner low-angle detachment and
tectonic exhumation in the Tauern window

At the mountain-belt scale, detachment activity at
the Brenner line is due to the tectonic unroofing
and eastward escape of the Tauern window units
toward the extensional Pannonian basin (Fig. 1)
(Ratschbacher et al. 1991a,b). Therefore, under-
standing the Brenner fault kinematics is of para-
mount importance in constraining the onset of
differential tectonic denudation in the Eastern
Alps and the activity of Alpine sensu stricto and
South Alpine faults.

The Brenner west-dipping low-angle detachment
(Fig. 4a and b) is the western tectonic boundary of
the Tauern window and brings the Austrolpine base-
ment and cover nappes (hanging wall), characterized
by Cretaceous Alpine metamorphism, into contact
with deeper Penninic units of the window (footwall),
which record a dominant greenschist- to amphibolite-
facies Alpine metamorphic imprint of Oligocene age.
Its extensional activity is therefore consistent with a
considerable gap in radiometric age: mica ages in
the Austroalpine hanging wall go back to the Late
Cretaceous (Frank er al. 1987, and references
therein), whereas Oligocene to Miocene Rb/Sr ages
in phengite and garnet are recorded inside the
Tauern window (Frank er al. 1987; von Blackenburg
et al. 1989; Christensen et al. 1994). Similarly, the
Late Cretaceous—Early Miocene zircon and apatite
fission-track ages in the Austroalpine nappe contrast
with the Mid- to Late Miocene ages at the Brenner
detachment footwall (Fig. 2) (Grundman &
Morteani 1985; Fiigenschuh er al. 1997, 2000). In
addition, numerous ductile to brittle kinematic
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Fig. 4. Fault examples from Brenner area to Adige valley (locations shown in Fig. 1). (a) Panoramic view of
Brenner detachment area (looking north). (b) Brenner detachment SC’ structures in the Penninic calcschists showing
top-to-the-west movement. (¢) NNE-trending strike-slip fault zone in Jurassic carbonates of Doss di Dalum (Brenta
group, South Giudicarie system). Cliff face is c. 300 m high. (d) Panoramic view of Colme di Vignola positive flower
structure (a few kilometres south of Ala) related to a NNE strike-slip fault of the Giudicarie Belt.

indicators constrain the top-to-the-west sense of shear
of the Brenner detachment (Fig. 4b) (Behrmann 1988;
Selverstone 1988, 1993; Fiigenschuh et al. 2000;
Bistacchi er al. 2003). All these data indicate that
denudation of the Tauern window along the Brenner
low-angle detachment began in the Early Miocene
(Behrmann 1988; Selverstone 1988, 1993; von Black-
enburg et al. 1989). The onset of lateral escape is
further constrained by the dextral strike-slip defor-
mations along the Pustertal fault system, which are
coeval with or postdate the Late Oligocene intrusive
bodies (Mancktelow er al. 2001). Nevertheless, in
the light of the amount of displacement and regional
tectonic influence, some workers believe that this
process became important only after the Mid-
Miocene (von Blackenburg er al. 1989; Fiigenschuh
et al. 1997; Frisch et al. 2000).

Present tectonic activity from the Brenner
detachment to the Schio—Vicenza system

The South Alpine front between Schio and Gemona
(Fig. 1) is the site of active thrusting related to the
Neogene collisional convergence between Adria
and Europe. The northeastern part of the Adriatic
plate moved approximately toward the NNW, bor-
dered to the NE by NW-trending dextral strike-
slip faults (Idria and Cividale lines) and to the SW
by the NW-trending sinistral Schio—Vicenza line
(Figs 1 and 2).

In the eastern Alps the present regional velocity
and strain fields, derived from global positioning
system (GPS) data, in situ stress measurements
(borehole break-outs) and seismotectonic data, indi-
cate the maintenance of a compression running
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10°

Fig. 5. Horizontal velocities of permanent GPS stations computed in ITRF2000 reference system (Altamimi er al.
2002), as interpreted by Caporali et al. (2003, 2005). Error ellipses are 1o. Velocities are defined with respect
to values predicted by Nuvel 1 A NNR (De Mets et al. 1994) Eulerian pole for Eurasia and, in this sense, are relative

to a rigid Eurasian plate.

approximately NW-SE to NNW-SSE as in the
Miocene (Miiller er al. 1992; Zoback 1992;
Bressan ef al. 1998; Caporali et al. 2002, 2003;
Oldow et al. 2002; Pondrelli et al. 2002, 2004; Bat-
taglia et al. 2004) (http://www.ingv.it/seismoglo/
RCMT/). The velocities reported by Caporali et al.
(2002) have been improved with additional data up
to November 2004 and are shown in Figure 5 with
respect to a stable Eurasian plate. The velocities of
permanent GPS stations east of the Schio—Vicenza
fault and near the Adriatic Sea coastline, i.e. within
the eastern sector of the North Adriatic indenter,
are directed northwards. The velocities of the perma-
nent stations north of the Pusteria line, i.e. within the
stable Eurasian plate, are much lower. This decrease
in horizontal velocity north of the Pusteria line is
clear evidence of continuing compressional strain
in the Friuli area, and sinistral shear strain along
the Giudicarie and Schio—Vicenza fault systems.
The eastward pattern of a few permanent GPS
stations between longitudes of 8°E and 10.5°E in
Figure 5 needs further investigation, as it may indi-
cate a new scenario for the present-day tectonic
flow in the Po Plain. This structural setting is

consistent with the concept of an active northward
indentation of the Adria plate against Europe
(Renner & Slejko 1994; Regenauver-Lieb & Petit
1997; Bressan et al. 1998), whereas its westernmost
partis nearly stationary (Oldow et a/. 2002; Battaglia
et al. 2004) or migrating eastward (Fig. 5).
According to the historical catalogue of the
Istituto Nazionale di Geofisica e Vulcanologia
(Valensise & Pantosti 2001; http://80.117.141.2/
cft/ and http://emidius.mi.ingv.it/CPTI/), an
carthquake of estimated magnitude 4.9 was
recorded near Vipiteno in 1924. Based on the his-
torical data of Schorn (1902), Lenhardt (2002)
reported large earthquakes (up to M ¢. 7) in
the Innsbruck area, related to the active Inntal line
(Fig. 2, Reiter et al. 2002). Toward the Giudicarie
system, the seismicity tends to be mostly at instru-
mental level except for the 2001 Merano earthquake
(M = 4.8), and becomes stronger further south,
between Verona and Vicenza (e.g. Verona 1117,
M c. 6.4; Vicenza 1303, M c. 5; Lake Garda 2004,
M = 5.5). Here it is associated with north—south
strike-slip splays of the Giudicarie line, thrusts
of the Giudicarie belt and the Schio-Vicenza
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strike-slip system (Slejko et al. 1989; Valensise
& Pantosti  2001; (http://80.117.141.2/cft/
and http://www.ingv.it/seismoglo/RCMT/). The
Schio—Vicenza line itself has been classified
as a potential source for earthquakes exceeding
M 5.5 (Valensise & Pantosti 2001; Galadini et al.
2002).

From the kinematic viewpoint, focal mechanisms
along the Inntal line show clear sinistral kinematics,
indicating the continuing eastward lateral escape of
the Tauern window block (Slejko et al. 1987, 1989),
whereas in the Southern Alps all focal mechanisms
point to regional NNW-SSE compression and
more complex fault kinematics (both compressional
and strike-slip) (Slejko et al. 1987, 1989; Pondrelli
et al. 2004; http://www.ingv.it/seismoglo/
RCMT) (Fig. 2). In addition, the recent event at
Merano (M = 4.8, 17 July 2001) fits the sinistral
strike-slip activity along the Passiria line (Pondrelli
et al. 2004; Caporali et al. 2005), clearly indicating
the northward indentation of the Adria plate into the
Eurasian plate (Renner & Slejko 1994; Regenauer-
Lieb & Petit 1997; Bressan et al. 1998). Hence, it is
conceivable that the seismicity follows fault arrays
connecting the Inn valley at Innsbruck to the Adige
valley across the Brenner Pass, continuing south
along the Passiria—Giudicarie system through Vipi-
teno and Merano, and to the Schio—Vicenza
system.

Discussion

Tectonic linkage from the Brenner
detachment to the Schio—Vicenza system

As previously emphasized, the North Giudicarie
system is closely related to the post-nappe evolution
of the orogenic wedge, whereas the block bounded
by the South Giudicarie and Schio—Vicenza—
Trento—Cles fault systems (‘Adige embayment’ of
Laubscher 1996) as a whole separates the
Veneto—Friuli from the Lombardian Southern Alps.

During the Serravallian—Tortonian NNW-SSE
contraction, the Giudicarie belt acted as an oblique
ramp for the south-vergent Lombardian thrusts
(Trevisan 1938; Castellarin et al. 1986; Picotti
et al. 1995). Therefore, the deformation was parti-
tioned inside the belt into sinistral north—south-
trending strike-slip faults and several SSE-vergent
thrusts. This kinematics completely fits the coeval
strike-slip activity of the North Giudicarie—Passiria
and Trento—Cles lines, which are in turn connected
to the Brenner extensional activity. In fact, on the
basis of the attitude and kinematics of the North
Giudicarie—Passiria fault system, it is very probable
that, from the Mid-Miocene onward, the lateral
extrusion of the Penninic nappe stack in the
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Fig. 6. Geodynamic sketch of evolution of the northern
Adriatic indenter.

Tauern window toward the Pannonian basin has
also been coupled with a shallower westward
crustal stretching of the Brenner fault hanging wall,
both developing under the same regional stress
pattern (NNW-SSE compression) (Fig. 6). This
hypothesis is strongly supported by the coeval
nucleation of the Brenner detachment and the onset
of the sinistral kinematics along the Giudicarie—
Passiria fault array. In addition, it is very unlikely
that during the lateral escape of the Penninic units
of the Tauern window toward the east, the hanging
wall of the Brenner detachment has remained static,
as it should has been affected by a westward move-
ment related to tectonic unroofing process. In this
framework, the deformation along the North
Giudicarie—Passiria faults has been kinematically
transferred to the Lombardian frontal thrusts
through the Giudicarie belt. Furthermore, the 30 km
of shortening in the Giudicarie belt and the eastern
side of the Lombardian thrusts during the Mid—Late
Miocene (balanced cross-sections by Picotti ez al.
1995) reflects comparable deformation further north
in the same period, as proven by recent studies on
the Giudicarie—Passiria and Trento—Cles systems
(Prosser 1998; Viola et. al. 2001). Therefore, the
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North Giudicarie—Passiria system represents the SE
boundary of a great estward crustal stretching block
at the Brenner detachment hanging wall. At the
same time, given its NW-SE trend, the Schio—
Vicenza line probably acted as a right-lateral strike-
slip fault (Fig. 6).

From the Messinian onward, the northern sector
of the Schio—Vicenza fault inverted its kinematics
and acted as a sinistral transfer fault, connecting
the Bassano and Montello frontal thrusts (Fig. 1)
with the Giudicarie transpressional belt, where
post-Tortonian  out-of-sequence  reactivation
occurred (Semenza 1974; Zanferrari et al. 1982;
Picotti et al. 1995; Castellarin & Cantelli 2000).
Therefore, from the latest Miocene onward there
was kinematic linkage between the Schio—
Vicenza and Trento—Cles lines and this complex
fault system became a major crustal shear zone
bounding to the west the Veneto—Friuli block,
which is moving toward the NW to NNW
(Fig. 6). This model approaches the conclusion of
Boccaletti et al. (2005), who interpreted this shear
zone as a lithospheric structure separating the
Adria plate into two blocks in the context of the
post-Pliocene Apennine evolution.

The Adige embayment high

The triangle between the southern sectors of Giu-
dicarie belt and the Schio-Vicenza line includes
the Lessini and Berici Mountains and the Euga-
nean Hills (Fig. 1). This structural high, called
the ‘Adige embayment’ by Laubscher (1996),
was only slightly affected by the Neogene Alpine
compression (Cantelli & Castellarin  1994).
Consequently, the Palaeogene intracontinental
rifting and related magmatism are well preserved
(Zampieri 1995a, 2000). The high structural pos-
ition of this embayment separates the central and
eastern Southern Alps (and their foreland basins).
It may be interpreted as a flexural outer rise of
the Apennine foredeep basin, controlled by subsur-
face loads acting on the Adriatic subducted slab
(Royden et al. 1987) or by a thicker crust (or litho-
sphere) with minor eastward rollback (Doglioni
1993). The Late Miocene—Pliocene uplift of the
Adige embayment partly prevented the contem-
poraneous development of south-propagating
frontal thrusts in this sector. Therefore, the promi-
nent extensional evidence in the southern part of
the Schio—Vicenza line, revealed by morphostruc-
tural (Pellegrini 1988) and geological (Zanferrari
et al. 1982) analysis and seismic profiles (Finetti
1972), may be interpreted as the concurrent
effect of subsidence caused by the load of the
South Alpine thrust sheets and of uplift of the
hinge zone of the Apennine flexure (Fig. 6).
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A steady-state fault kinematics from the
Miocene to the present

According to Dewey et al. (1989) and Mazzoli &
Helman (1994), Africa and Europe changed their
convergence direction from NNW to NW during
the Messinian. Nevertheless, the relations between
Africa and Adria are still a matter of debate and
the change in Africa—Europe convergence direction
through time does not necessarily imply an equival-
ent change in Adria—Europe motion. According to
the kinematic data collected by Platt et al. (1989)
in the Alpine orogenic wedge, Adria—Europe con-
vergence remained roughly NW-directed from the
Late Cretaceous to the present. In contrast, some
workers have highlighted an overall change in
regional compression from NNW to NW along the
Giudicarie belt in the latest Miocene and have
related it directly to the equivalent variation of
Africa—Europe convergence at the Miocene—
Pliocene transition (the ‘Adria phase’ of Castellarin
& Cantelli 2000). Actually, the seismotectonic
and GPS data agree with the Miocene fault kin-
ematics and NW to NNW convergence between
the northeastern part of the Adria plate and
Europe, suggesting that no major changes happened
from the Miocene to the present. In addition,
Bressan et al. (1998) showed how the present defor-
mation inside the Friuli area may be partitioned
according to ‘a cone in cone’ model, which accounts
for the NNW-SSE compression along the reacti-
vated south-vergent frontal thrusts, the dextral trans-
pression reactivating the Dinaric structures to the
east, and the NW -SE compression recorded in the
central and western sector of the Veneto—Friuli
South Alpine belt. In this view the palaeostress
changes recorded during the Messinian along the
Giudicarie belt could be explained by local stress
reorientation unrelated to Africa—Europe relative
movements. Therefore, in our opinion, from the
Miocene to the present the Alpine collisional
wedge and South Alpine fold-and-thrust belt under-
went the same tectonic process driven by NW
migration of Adria towards Europe; faults should
have kept the same overall kinematics through
time, except for changes caused by the onset of lin-
kages (e.g. inversion of Schio—Vicenza kinematics
from dextral to sinistral in the Late Miocene).

Conclusions

From Miocene time, the Alpine collisional wedge
and South Alpine fold-and-thrust belt have been
welded together, and the fault kinematics in the two
domains has been closely linked. In particular,
several linkage systems between the major faults
developed, mainly in the South Alpine domains, as
a result of strike-slip reactivation of inherited
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normal faults. From the Early Miocene onward, the
Brenner detachment was connected through the
Giovo and Passiria faults to the North Giudicarie
line, and its splays in the South Alpine domain are
represented by the Trento—Cles system. In turn,
during the Late Miocene (Messinian), the linkage
between the latter fault system and the Schio—
Vicenza fault was completed, via the Permian
Calisio line and several Mesozoic north—south fault
segments (e.g. Gamonda and Tormeno faults;
Fig. 6). As a whole, these complex fault systems
may be viewed as a single sinistral transcurrent
shear zone 250km long and 25km wide. The
southern sector of this crustal structure may be con-
sidered as an incipient separation zone between the
westernmost part of the Adriatic indenter, almost
completely involved in the lithospheric flexure of
the Apennine subduction (Lombardian sector), and
the main body of the Adriatic plate. The northeastern
pottion of the Adria plate (Friuli area) was less influ-
enced by the lithospheric flexure, the hinge zone of
which probably corresponds to the rising Adige
embayment. To the south (Adriatic Sea sector) the
space available for the flexure of the Adriatic litho-
sphere is wider, as the central Apennine and
Dinaric fronts are more distant than those of the
northern Apennines and Southern Alps. Conse-
quently, a sharp discontinuity (the Schio—Vicenza
line) has developed between the Friuli and Lombar-
dian sectors, whereas a wider deformation zone can
be envisaged further south in the Adriatic offshore
(the Middle Adriatic Ridge of Argnani ef al. 1993).
This conclusion is supported by GPS velocity
fields, GPS-derived strain rates and focal mechan-
isms, which show continuous active migration of
the Adriatic plate toward Europe, whereas its wes-
ternmost part remains nearly stationary. From the
Miocene onward, the Alpine collisional nappe stack
has been involved in the concurrent processes of
northward propagation of this separation zone of
the Adria plate and the westward stretching of the
Brenner fault hanging wall related to the tectonic
unroofing of the Tauemn window.
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