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SEISMOTECTONICS OF THE EASTERN SOUTHERN-ALPS:
A REVIEW

Abstract. The more significant geological and geophysical data available for northeastern ltaly, between
lake Garda and the Italian border with Yugoslavia, and between the ltalian border with Austria and the
river Po are analyzed and compared. From the geological point of view, a structural model showing sectors
with different pre-Quaternary evolution, and a neotectonic model showing the tectonic evolution in the
Middle Pleistocene-Holocene period, has been developed. Available geophysical information like the
gravimetric, magnetic, seismic and seismological data have been analyzed. In particular, the epicentre
distributions of the historical and instrumental earthquakes identify the foothills of the area as the most
active zone; the main seismicity is related to thrusts and wrench faults of. the Southalpine and Dinaric
trends. The direction of the tectonic features is coherent with the present known stress field. The seismicity
is concentrated in upper crustal levels (5-15 km) in Friuli but hypocentre depths of 25 km were recognized
in the Garda area; it is due to the ongoing shortening between the Europe and Adria plates. A seismotectonic
model is presented with four major structural units; these units are then further subdivided into ten
homogeneous seismogenetic zones.

INTRODUCTION

For assessing the regional seismic hazard, it is necessary to define the seismogenetic zones
that determine the seismicity. These zones can be precisely defined in structure and character
only when a seismotetonic model is available which explains the neotectonic evolution, and
justifies the seismicity of the region.

Seismotectonic modelling was recognized as one of the most prominent research themes
by the “Gruppo Nazionale per la Difesa dai Terremoti’” of the Italian ‘‘Consiglio Nazionale
delle Ricerche” (CNR) in the context of which a detailed report has been published (Slejko
et al., 1987). The present version represents a synthesis of that work, revised and updated
with the most recent geological and geophysical information.

The study area (Fig. 1) is located between lake Garda (to the west) and Yugoslavia (to the
east), and between the Po delta (to the south) and Austria (to the north). It is characterized
by high seismicity especially in the pre-Alpine belt. Further modern geological and geophysical
data were collected, and from a general analysis, a first attempt at a seismotectonic model made.

The final results from the CNR’s ““Progetto Finalizzato Geodinamica” (Ambrosetti et al., 1987;
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1 — Index map of the study area. Solid lines indicate the geological—geqphysical vertical cross-section presented
in the paper. The dot-dashed line indicates the limit of the relief.
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Bigi et al., 1987) as well as the regional seismotectonic studies (Amato et al., 1976; Finetti
et al., 1976, 1979; Carulli et al., 1981, 1982, 1989: Panizza et al., 1981: Cavallin et al..
1984: Siro e Slejko. 1984; Slejko et al., 1986) have been used as base documents.
while most of the seismological data were obtained from the seismometric network of the
Osservatorio Geofisico Sperimentale of Trieste (OGS).

GEOLOGY

The present work focuses on the eastern Southern-Alps and on the Veneto-Friuli plain with
only marginal reference to the Austroalpine and Penninic domains and to the External Dinarides.

The Periadriatic (or Insubric) Lineament running west to east (Tonale, Giudicarie, Pusteria,
Gail and Karawanken faults) represents the boundary between the Southalpine and Austroalpine
units. Its present structural features are related to the neo-Alpine tectonic phases and to the
Oligo-Holocene uplifting. This fault system is commonly considered as a crustal discontinuity
of at least Hercynian age intruded by late Hercynian and Alpine plutons (Sassi et al., 1985).
On the surface, it consists of a system of subvertical faults active at different times and with
different mechanisms. The Periadriatic Lineament in the sector studied is presenty characterized
by vertical movements with a dextral transcurrent component.

The Southalpine crystalline basement consists mainly of pelitic-psammitic sequences with
volcanic and volcanoclastic levels of Late Cambrian to Silurian age (Sassi et al., 1979, 1984;
Zanferrari, 1985). These rocks were affected by pre-Hercynian (Del Moro et al., 1984) and
Hercynian (Del Moro et al., 1980) metamorphism, and intruded by Upper Ordovician (AGIP.
1977) or Permian granitoids (Sassi et al., 1985).

The outcropping Paleozoic non-metamorphic sequences are made up of terrigenous,
carbonatic and volcanic rocks yielding Caradoc to Middle Permian ages (Spalletta et al., 1982;
Vai et al., 1984; Vai and Cocozza, 1986). Reported as the Paleocarnic chain, they were supposed
to be beneath the Mesozoic and Quaternary sediments of the Friuli plain (Castellarin et al.,

1980), and were found in a well at a depth of approximately 7 km in the offshore Adriatic
(Cati et al., 1987).

The crystalline basement and the Paleocarnic chain are considered the deep part of a
Hercynian chain deeply eroded and unconformably covered by Late Paleozoic sequences,
representing the base of the Alpine sedimentary cover: the Permo-Triassic units (carbonatic
and terrigenous sediments), and the Jurassic-Cretaceous units produced in platform-basin systems
depositing on a passive continental margin. They are, from west to east: the Lombard Basin,
the Trento Platform, the Belluno Basin, the Friuli Platform and the Slovenian Basin (Cousin,
1981; Castellarin, 1981; Winterer and Bosellini, 1981; Castellarin e Vai, 1982; and references
therein).

The Tertiary and Quaternary sediments are mainly flysch and molasse deposits related
to the growth of the Dinaric and Alpine chains through the rising of SW- and SE- verging thrusts
(Pieri and Groppi, 1981; Zanferrari et al., 1982; Massari et al., 1986; Doglioni and Bosellini,
1987).

Magmatic activity is documented during Middle Triassic times (Dolomites, Recoaro and
Carnia) and Tertiary times (Adamello, Lessini, Berici, .Euganei hills).

In summary, the area followed a typical Wilson cycle, with the post-Hercynian rifting during
Mesozoic times producing crustal thinning (Bernoulli et al., 1979; Bally et al., 1981) and the
later Alpine inversion with compression and relative crustal shortening and thickening due to
the collision between the Europe and Adria plates (Castellarin, 1979, 1984; Roeder, 1980;
Castellarin e Vai, 1982; Finetti, 1984; Doglioni and Bosellini, 1987; Doglioni, 1988).

From an analysis of the structural trends, the following tectonic systems affecting the
sedimentary cover and often the basement can be identified (Fig. 2).

a) Giudicarie system, N-S to NNE-SSW trending, with SE-verging folds and thrusts. They
are interpreted (Doglioni and Bosellini, 1987; Laubscher, 1988) as positive flower structures
and “‘en échelon” folds and thrusts indicating a sinistral transpression along the belt.
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b) Schio system, characterized by NW orientated subvertical fauhs. The Schio-Vicenza line

affects both the basement and cover with variable displacement (up to 2000 m). "
i inori ithi 3 - f the upper crust and wit

¢} Dolomites synclinorium, located within a Neogene pop-up 0 d-
flexural slip in the sedimentary cover limited to the south by the Valsugana thrust system
[h:ns[ellarirl. 1979: Doglioni, 1987). The orientation of t.he structures gradually changes
northeastwards from ENE-WSW (Valsugana) to E-W (Tagliamento). )

i i hich affects the basement

d) Valsugana system, with NE-SW to ENE-WSW .trendmg thrusts, N _
along)the Vglsugaz’la and Bassano-Valdobbiadene lines, and the Oligo-Holocene molasses in
its most external part. ‘ ‘ o

e) Tagliamento system, an eastern extension of the previous _sys!e.m. from which it dl_ffe}rls
in strike (E-W trending) and in being more shortened. It is chal"dt‘.lf:-l’lzt‘t.! by low angle sout1 -
verging thrusts, which in the external sector involve also the molassic units. Subvertical faults
are also present: the Fella-Sava line. ! - o

f) Dinaric system, with SW trending thrusts. They are found in the Exter.nal Dlnarldes ar'l.d
buried in the Friuli plain with movements that affected the Quaternary :1101&13510 units. T'he Idrija
subvertical dextral transcurrent fault is considered an active seismotectonic element of this system
(Carulli et al., 1989). . .

Tectonic activity during Middle Pleistocene-Holocen.e (Zanferrari et al., 1982; Ambrosetti
et al., 1987) is reported in Fig. 3 following the tectonic systems defined above.

a) The Giudicarie system, marked by thrusts and reverse faults in the southern sector, and
subjected to a general uplift. - .

b) The Schio system, particularly active east of the Schio-Vicenza line, shows from subsurfeltce
data movements which are mostly vertical. In the Lessim—Ber1c1—Epgane1 bloc.k a complex
differentiated uplifting with a general southward tilt occurred; the hinge zone with respect ts
the subsiding plain appears to be in the Verona deformation belt. Sout_hwar‘ds, a zone character}zed
by subsidence which increases eastwards and towards the Po plain axis has been recognize
(e.g. Arca e Berretta, 1985). . . ‘

¢) The Dolomites synclinorium is generally rising, with the highest rate in the Curtma‘afe‘;
(1 mm/year: Autori Vari, 1980). Only a few faults are considered active. They have a NE-5
trend or a younger NW-SE trend; the latter characterized by dextral strike-slip movements.

d) The Valsugana system, with thrusts in the southernmost sector re§ponsible for 3;388 genesis
of the outer uplands, is an area of very important deformations (Beinat et al., 1988).

¢) The Tagliamento system. where the snugh.emmosl lhrus:llﬁ are urilwe' a{{nd mz_ty.higag;;l
in the deformations of the Pleistocene clastic deposits (Carraro e Polino, 1976 enl’urgm,h : u
The Fella-Sava line shows clear dextral transcurrenl movements. The system mdﬂ;s t {.g%'r;.
of maximum crustal shortening of the eastern sector of the Southalpine chain (Castellarin, ).

f) The Dinaric system in the area considered is mail_ﬂy represented by b.urled lhruslsl, lhﬁ
most external of which mark the boundaries of the submd.em'.c area located in ll1edc:£;nlra ;m
lower Friuli plain. In the southernmost mountain sector, wi:uch.remrds lhe strunge:sl. eformal r1T(‘)lr1.
vertical faults with Dinaric direction dislocate the longitudinal Tagliamento :s.h]u(‘.lure-‘s. ! ‘u&;
subvertical Idrija fault is part of this system. It is presently chaz'a{:le‘nze.d by d(-x.ua_; lranst.,un:sgl
tectonics which have affected internal nappes of the Extei_"nal Dinarides belt, hf:}ﬁa!“t;;i]lg : er
active compressional front from the inactive external front situated offshore along the Yugoslav
coast. in Istria and in the Friuli plain (Carulli et al., 1989).

Levelling measurements in the area have given relevant resglts in Hohe Tauern areil1 (Serlzftl
und Exner, 1973) and in Friuli where large variations were associated with the strong earthquakes

of 1976 (Talamo et al., 1978).
CRUSTAL STRUCTURE

Detailed seismic investigation is required for a more complete outline of the present connection
between the geometry of the deep structures in the Adriatic foreland and those belonging to
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the Alps and the Dinaric chain. The Adria microplate acted as hinterland for the Eoalpine orogeny,
and its Apulian fragment as foreland for the Dinarides and the successive development of the
Southalpine building. The evolution of the Adria microplate conditioned the setting of both
the upper and lower crustal features. In this respect, the transition from the area studied to
the Pannonian fragment, which represents the hinterland for the Carpathians and Dinarides
system (Royden et al., 1983b), is of outstanding importance. The Alps, Dinarides, Apulia and
Pannonian basin system has its own peculiar crustal structure and preserves the imprint of
its geodynamic history. Significant changes in crustal thicknesses, and probable velocity inversions
associated with very high velocity layers, have been found.

The Eastern Alps have been investigated by several Deep Seismic Soundings (DSS) since
the fifties, mainly under international cooperation programs (Giese and Prodehl, 1976; Gebrande
et al., 1978; Aric et al., 1987; and references in Slejko et al., 1987). A sharp increase in
crustal thickness, which causes a Moho depth of more than 50 km in the area included from
the Venosta valley to Lienz, has been observed (Fig. 4). Towards the Bavaria region (southern
Germany), it gradually rises up to a depth of 35-30 km. This Moho deepening fits the negative
trend of the Bouguer anomalies quite well (Fig. 5 and discussion and references in Slejko et

al., 1987; Walach and Weber, 1987).

The Apulia unit is characterized by a high Moho (depth < 30 km) in the Adriatic sea-Istria
region which is somehow connected to the even more pronounced high of the Lessini-Berici
ridge (see also the gravimetric highs of western Istria and Verona in Fig. 5). The Verona high
is limited by sharp transitions of the Moho, towards the west in the Giudicarie-Adamello system
or along the border of the so called Val Trompia-Giudicarie arc (Castellarin and Vai, 1986),
to the north in the Valsugana system, and to the east in the area of the Schio-Vicenza system.
Towards the Apenninic foredeep, the Moho plunges as a monocline to depths ranging from
35 to 40 km. From the Adriatic sea northwards, the Moho deepens regularly and attains a

depth of 40 km after a pronounced flexure recognized at the Southern Alps-Dinarides transition,
beneath the Southern-Alps front.

A seismic marker with velocity values close to 6.7 km/s has been found at depths of nearly
10 km in central Friuli. According to the aereomagnetic interpretations (Cati et al., 1987),
this element is linked to structures occurring near the top of the basement. The aereomagnetic
data confirm that the basement is involved along the whole Southalpine Friuli arc in a complex
tectonic setting, and is displaced and thrust onto the basement of the Adriatic foreland and
its sedimentary cover (Valsugana and Tagliamento systems, Slejko et al., 1987). Similar
imbrications of the basement have been hypothized for the Dinaric system (Cati et al., 1987).
Thus, the 6.7 km/s basement plays the role of a more rigid crustal block which was formerly
wedged into the Dinaric system. It then influenced the lateral propagation of *‘décollement”

surfaces in the Southern-Alps producing the arc-shaped arrangement of the external front of
Plio-Quaternary age.

The Dinaric unit is characterized by a thick crust with a deep trough (thicking more than
40 km) orientated NW-SE and running from Tolmin-Idrija to Dalmatia-Herzegovina (southern

Yugoslavia). It has been interpreted (Aljinovic et al., 1984) as the crustal area root of SW-
verging thrusts.

The Pannonian basin forms a crustal unit 25-30 km thick, including up to 4 km of Neogene
sedimentary rocks (Horvath and Royden, 1981; Posgay et al., 1981). It comprises the Inner
Carpathians, the easternmost parts of the Alps, and the inner zones of the Dinarides. The
geodynamic evolution of the Eastern Alps area was strongly conditioned by the extensional
tectonics of the Pannonian basin. This basin is the result of the Miocene lithospheric extension

and has high thermal gradients which can be explained by a passive upwelling of hot asthenosphere
during the extension phase (Royden et al., 1983a).

The characteristics of the Pannonian basin-Alps transition have been studied from DSS
profiles, and gravity and magnetic data collected across the Eastern Alps and the Styrian basin
(Aric et al., 1987; Walach and Weber, 1987). The transition, which develops through a crustal
thickening from less than 30 km east of Graz to more than 40 km towards the Tyrol area,
was interpreted as an example of thrust tectonics where the imbrications of the deep crustal
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Fig. 3 — Neotectonic map of northeastern Italy (from Slejko et al., 1987),
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Fig. 4 — Map of the isobathes of the Moho discontinuity {espressed in km) in northeastern Italy and neighbouring
zones.

and uppermost mantle materials caused a crustal doubling (Giese, 1980).

Using the gravimetric information from Italy and Austria, a general map of the Bouguer
isoanomaly has been obtained (Fig. 5), and from it a N-S profile constructed (Fig. 6). Its
interpretation leads to a crustal model similar to that obtained from seismic refraction data.

The gravity minimum corresponding to the Tauern window is controlled by the European
Moho deeping towards south, by the north-verging nappes and Southalpine deep crustal structure.
However, the relatively short wavelength of the anomalies can be inverted only with a model
comprising a low density (low velocity) body at a depth between 10 and 20 km as represented
in Fig. 6. In the Southern-Alps domain the gravity trend reflects the transition from the very
thick crust, in the Alpine arc to the Adria normal crust with a clear step in central Friuli beneath
Gemona.
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Fig. 5 — Map of the Bouguer anomalies in northeastern Italy and surrounding zones and trace of the gravimetric

profile studied {from Slejko et al., 1987).

SEISMICITY

Northeastern Italy has been subjected to numerous destructive earthquakes (Table 1),
especially in the Veneto (Verona, Vicenza, Belluno) and Friuli (Tolmezzo, Gemona, Cividale)
areas (Slejko et al., 1987). To detail the seismicity of the region, a plot of the most important
earthquakes occurred in the period 238-1977 and of the seismic activity according to Riznichenko
(1959) has been produced. In Fig. 7, the focal volumes (Bath and Duda, 1964) of the shocks
with epicentral intensity greater than, or equal to, degree VI on the Mercalli-Cancani-Sieberg
(MCS) scale are given. A regional earthquake catalogue containing nearly 6000 events from
238 to 1984 (OGS, 1987) was used as source data and the intensity, when not reported in
the catalogue, was calculated from the magnitude (Karnik, 1969). The plot analysis reveals
that high level seismicity has especially affected the piedmont area, extending from lake Garda
to the border with Yugoslavia. The major earthquakes occurred at the two ends: near lake Garda
and in central Friuli. The two zones appear to be different: while the lake Garda zone suffered



118 SLEJKO el al.

20 —| mGal

-40 =
-80 —]

0 =

140 s

—

=170 km—

100km __|

legend: b
LAYERS AND DENSITY CONTRAST { g /cm3)

0.25

D

L]
B 0.0 E 0.55
[T

Fig. 6 — Interpreted gravimetric profile (from Slejko et al., 1987; trace reported in Fig. 5):
a) measured (crosses) and calculated anomaly (solid line);

b) density model.

SEISMOTECTONICS OF THE EASTERN SOUTHERN-ALPS 119

strong earthquakes only in the early centuries of the Christian age and shows only medium
intensity recent seismicity, Friuli has been seismically very active all the time. In the central
part of the area considered, the seismicity near Belluno and some shocks NW of Treviso are
clearly evident. Very few events have affected the Alpine sector, while Slovenia definitely appears
active but with a lower and less concentrated seismicity than in the Veneto-Friuli piedmont
belt. The historical earthquakes located in the Venezia area, during the period of maximum
importance of the town, must be considered as shakings due to events of the Veneto piedmont
area or of the Yugoslav coast.

The seismic sequence which started on May 6, 1976 with the destructive shock of Gemona
(Io=X MCS: Giorgetti, 1976) has been interpreted (Finetti et al., 1979; Slejko e Renner, 1984;
Cavallin et al., 1989) as a phenomenon principally involving Dinaric structures east of the river
Tagliamento, with a later westward migration of the seismicity involving Alpine structures with
a complex deep mechanism of stress propagation.

Another parameter used in Fig. 7 is the seismic activity given as the statistical number
of earthquakes of magnitude 3.3 over 1000 km?® per year (Riznichenko, 1959) calculated on
2 0.5°x0.5° grid. The earthquake catalogue restricted to the period 1850-1984 and for intensity
greater than, or equal to, degree VI MCS was considered resonably complete and homogeneous,
and therefore suitable as data source. The seismic activity is high in Carnia and Alpago (values
>1.0), while values greater than 0.2 are localized along the piedmont belt and in almost all
the territory of Slovenia. Two minima can be observed: the first located between Verona and
Vicenza and the second separating Friuli from Slovenia.

It is interesting to note (Fig. 8) also that the present-day seismicity (1977-1986), recorded
by the local OGS network, has a maximum density of events in central Friuli, and that all the
zones active in the past are still active: central Friuli, Slovenia and the area around lake Garda.
Furthermore, the epicentres in Slovenia assume a well defined NW-SE trend that from central
Friuli extends to the Yugoslav coast near Rijeka.

The maximum observed intensities over the last thousand years, as well as over the last
four hundred years when the data became more accurate, reveal an E-W trend with the highest
values along the pre-Alpine belt (Slejko et al., 1987). Data on the depth of the hypocentres
is rather scanty; nevertheless, it reveals that the seismicity is concentrated in the upper crust
and never exceeds 25 km depth (Table 2). The events of the Friuli seismic sequence which
started in 1976 were localized in the sedimentary cover with a maximum concentration near
the top of the crystalline basement approximately 10 km deep (Siro and Slejko, 1982). Their
focal mechanisms are correlated to reverse faults or thrusts with maximum pressure axis orientated
mainly N-S (Slejko e Renner, 1984). Further mechanisms available for the Eastern Alps
(Bossolasco et al., 1974; Cagnetti et al., 1976; Ebblin, 1976; Kunze, 1982; Jimenez and Pavoni,
1984; Renner e Slejko, 1986; Slejko et al., 1987; Slejko e Rebez, 1988) generally show a
strike-slip pattern in Veneto and Austria (Table 2 and Fig. 9), vertical movement along the
Sava line in Slovenia, and various types around lake Garda. The seismicity of eastern Veneto
is associated with the transcurrent activity of NNW-SSE orientated subvertical faults at their
interaction with the southernmost Alpine thrusts (Peruzza et al., 1989). The foci deepen moving
towards the front of the chain and mainly affect the basement. The structures of the Schio system
are seismically active in the region north of lake Garda at their interaction with the Giudicarie
system (Slejko e Rebez, 1988). The focus depths involve the whole upper crust (25 km).

In the Dinaric sector, the major seismicity is concentrated along the coastal strip limited
northeastwards by the prolongation of the Idrija fault, which plays the role of a disengaging
structure (Carulli et al., 1989). In the Slovenian Karst, the historical seismicity is correlatable
to transcurrent activity of Dinaric faults and to their interaction with similarly orientated thrusts

(Rebez et al., 1987).

Low to medium magnitude seismicity has affected the border area between Italy and
Switzerland (Venosta and Engadina valleys) in recent years.

The study of the seismicity of the area has been integrated with paleoseismicity information.
For this purpose, two different kinds of phenomena are used: surface faults (Sauro, 1979; Cavallin
et al., 1987a) and paleo-landslides (Perna et Sauro, 1979; Girardi et al., 1981; Zardini et
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Table 1 — Earthquakes with epicentral intensity greater than, or equal to, degree VIII MCS in the Eastern
Alps during the period 238-1984.
h indicates the focal depth, Mag the magnitude and T1. ..., 15 the intensities MCS to which the rays R1, ..., RS,
in km, are referred. Table 2 — Focal p eters of the princival earth
Lo arameters of the principal earthquakes in the Eastern Alps during th iod 1928-
h indicates the focal depth, Mag the magnitude and b the bibliographical reference?l Sl(l::;ngem? 3?1‘19769' 228= ll(ggzg

Average macroseismic rays
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Fig. 9 — Map of the focal mechanisms of the principal earthquakes in northeastern Italy and surropnding zones
in the period 1900-1986 with projection on the lower hemisphere; black area for compression; numbers
refer to Table 2 (modified from Slejko et al., 1987).
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Fig. 10 — Geological-geophysical vertical cross-section n. 1, 10 km wide (modified from Carulli et al. 1982). The
line position is given in Fig. 1. Different symbols refer to foci recorded by the OGS Seismometric Network
of Northeastern Italy in different periods: squares from 1977 to 1978; triangles from 1979 to 1981;
rhomboids from 1982 to 1986. Velocities refer to horizons revealed from refraction seismics.

al., 1984; Cavallin, 1985; Cavallin e Martinis, 1986; Panizza e Zardini, 1986; Cavallin et
al., 1987b). In some cases the observed evidence of paleoseismicity can be roughly correlated
with the level of the actual seismicity (Friuli and lake Garda zone), in others it is more difficult
(i.e. mount Grappa zone).

SEISMOTECTONIC EVIDENCE

The crustal model of the area is poorly defined and different interpretations of the structural
setting of the deep structures have been suggested (Barbano et al., 1985; Massari et al., 1986;
Doglioni, 1987). Some cross-sections containing structural information, with emphasis on the
linear elements characterized by neotectonic activity, the seismological data (instrumentally
recorded by the local OGS Friuli network) and the crustal characteristics are proposed for the
seismotectonic analysis (Figs. 10-15). The complete crustal model, represented by the lines
of isovelocity for the longitudinal waves obtained by refraction seismic profiles, is given only
in Fig. 10, as it can be considered representative for the whole Friuli area (Figs. 10-14). Some
of the sections cross Dinaric structures in the central and southern part (Figs. 10 and 11),
but they cross the most important Alpine lines (the Galil line, as part of the Periadriatic Lineament
and the Fella-Sava line) in the northern part. A concentration and alignment of hypocentres
can be seen under the Pontebbana creek zone (Fella:Sava line; Figs. 10 and 11): the seismicity
represents the present-day activity of the fault in a vertical plane. The seismic activity in the
central part of the section ranges between the surface and 15 km depth and seems to be connected
mainly to the 10 km crustal discontinuity under the zone of surficial maximum tectonic
deformation, where the larger number of shocks were localized. The most surficial seismicity
could be caused by some north-verging structures which are considered active (e.g. Resia thrust).
The hypocentres for the period 1977-1978 are spatially more concentrated; so it is reasonable
to assign them principally to the seismic sequence which started in May 1976. A further
observation arising from Fig. 10 is that the major seismicity occurs in correspondence to the
northward deepening of the Moho discontinuity. In the western Friuli sections (Figs. 12-14),
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Fig. 11 — Geological-geophysical vertical cross-section n. 2, 6 km wide (modified from Carulli et al., 1982). The
' line position is given in Fig. 1; for the meaning of the symbols see caption of Fig. 10.

the many quakes are concentrated in the surficial part of the crust and sometimes can be du:ectly
connected to the presently active faults emerging at the su’rfacc. However, it is quite evident
that the strongest Friuli events have deeper foci, definitely in the basement (Fig. 13), and that
the average depth of the hypocentres becomes greater wesm_ard_‘s'.’Th_e few shoclfs in the plain
occurred in the basement (Fig. 14). In Veneto, a deeper seismicity is grouped into two main
zones: the first under the present compressive front; the second, with stronger events, within
discontinuities of the crystalline basement (Slejko et al., 1987).

The seismicity of the Venosta valley is much deeper (reaching 25 km) than that in the Tyrol.
From the analysis of cross-sections, the foci seem correlatable to a shprt NNW-SSE orle.ntated
subvertical structure. The available focal mechanisms agree with this hypothe51s sh9w1ng an
almost pure strike-slip movement. The earthquakes could therefore bt‘a a§soc1ated w1th.a N-S
orientated subvertical fault present in the upper Venosta valley and to its 11'1terferenc'e with the
Engadina line, which is only slightly active from the presenl-da_y_ seismicity (see Fig. 8) 'and
shows strike-slip movements (see Fig. 9) and minor thrusts. In addition, all the focal mechanisms
of the area show a well defined N-S compressional axis.

In conclusion, from the analysis and comparison of the geological and geophysical data
some observations are clear:

- the zones of maximum seismicity (central Friuli and eastern Veneto) Cf)rrespond to highly
tectonized sectors resulting from the Miocene-Quaternary crustal shortening (Massari et al.,
1986) in front of a clear northward crustal thickening;

- the main seismicity occurred in the pre-Alpine sectors, south of the Fella-Sava and Valsugana
lines, but some strong historical earthquakes were located around Vl!lach and near lake Garda,
in the latter area also the present-day seismicity is notable (see Fig. 8);

- the hypocentres in Friuli seldom exceed 15 l'cm d?pt}.l, and n_lainly i.nvolve the bprle_d
southernmost Paleozoic sequence; the focal mechanisms indicate active Alpine and/or Dinaric
thrusts, both systems possibly interacting at depth;

- the earthquakes in eastern Veneto (Cansiglio-Alpago) have foci at a greater ert.h, in ‘the
crystalline basement, and seem to be mainly connected to transcurrent faults reactivating inherited
old Mesozoic structures of Dinaric direction; .

- the shocks along the Schio line have deeper foci (20 km) and vertical or strike-slip
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line position is given in Fig. 1; for the meaning of the symbols see caption of Fig. 10.

mechanisms; around lake Garda variable hypocentral depths and different focal mechanisms
(Peruzza e Slejko, 1988) have been found, indicating activity of structures both longitudinal
(with reverse dip-slip movement) and transversal (with transcurrent movement) to the Giudicarie
system, in agreement with the hypothesis of a counterclockwise rotation of the Adria microplate
with the pole near lake Garda (Anderson and Jackson, 1987).

STRUCTURAL UNITS

Treating it as a Neogene-Quaternary thrust belt, with south-verging thrusts principally active
south of the Valsugana and the Fella-Sava lines, various geodynamic models have been proposed

for the study region (e.g. Laubscher, 1974, 1988; Van Bemmelen, 1976; Castellarin et al.,
1980; Doglioni and Bosellini, 1987).

The geodynamic evolution of the area is conditioned by the tectonic setting and evolution
of three distinet chains:

- the Alps s.s., with west- and north-verging compressive structures developed from Cretaceous
times to the Neogene;

- the External Dinarides, with SW-verging structures, and tectonic maximum activity during
the Paleogene;

- the Southern-Alps, with SE- and south-verging structures in the studied area evolving
from the Middle Miocene to the Present, and sharing a common foreland with the Apenninic
chain and Dinarides.

The boundary between the eastern Southalpine chain and its foreland (c in Fig. 15) is clearly
defined: a southward advancing front which progressively incorporates new sectors of the foreland
(Massari et al., 1986). The boundary between the diachronous Southern-Alps and Dinarides
is more difficult to trace, as several old Dinaric structures were reactivated in the Southalpine
tectogenesis. The boundary between the Alps s.s. and the Southern-Alps corresponds to the
Periadriatic Lineament (a in Fig. 15).

A structural model of the study area has been drawn in Fig. 15, and the following four
major seismotectonic units defined (Slejko et al., 1986).

1) The Alps s.s. and northern sector of the Southern-Alps (1 in Fig. 15). This unit is essentially
characterized by a general differential uplifting, with diffuse although minor strike-slip movements
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striki i ing of the Moho (depth
SE and NNE-SSW striking faults. A zone of maximum deepening o ' .
aiog(g) ll:lr‘r’fl) ?s fiﬁnd with a WSW-EI%E direction between the Venosta valley and Lienz (Fig.
4). Seismicity is low throughout the whole sector.

2) The External Dinarides (2 in Fig. 15). Dextral_s!rikf&'-slip movements along maj(‘n' f.elufl‘l]s
with NW-SE strike characterize this unit. Further activity is assmwa‘led with the }lhruﬁs. w 1_1(1 (;
often show large strike-slip components or are lran_spresswely aclive. Tl{? Mt; 1to C :.e!)f‘in:n‘]
an elongated NW-SE zone (depth >40 km) lrendmg_pmaﬂ(_*l to the M-u.H{TIS[;HC.:::IH‘H‘IN-]
corresponding to the area of highest earthquake lfiensjll,\'. This anomaly (_L'H_:I ¢ be ¢ e u
to a subduction zone active since the Paleogene (Aljinovi¢ et al., __198_4}. Hm:v(-w:ﬂn‘:l in E[mef a]: e
with the present geodynamic setting, this zone of crusta.l lh_lc.kenmg is conmd:_’j].&r} }0 e (fim. Tj
by intracrustal shear and detachment phenomena. Seismicity seems to be diffuse and locally
high (coastal strip: Carulli et al., 1989). ) . N .

3) The Miocene foredeep belt of the S()!.ll.hf.'l'rl-AlpS (3in Fig. 15). Thl:‘-:,-ur]ll)l is t:lhar;:l:c:{;]r;zjf;th
by the highest neotectonic and seismic activily, tht‘:ugh it is not e_venly dlhllrl‘ ;i;e ; .Li .}wd
of the Moho increases towards the north (Fig. 4). This could be allrlblined to the above men 01.[,E|J
maximum depth under the Alps s.s. un(Al. to a lt::‘.;ser extent, to ]\t‘ngt;lr'tcl-]()ll{ale}:rlary I(:ilr::;nl
shortenings. The crystalline basement is un_rolved in the main thrusts w 1(:h d{e .l{ e prE s
structures. NW-SE and NNE-SSW strike-slip faults are quite common at the sur z::](‘( 8 u] :
occasionally relevant for a seismotectonic model. The sector east of Pordenone !}'IF(‘-(}'}II: }s; a tl.()n:lp r;c
interference pattern between the Southern-Alps and the Dinarides and show}/;/s the ag es if;';s(;nto
and tectonic activity. Probably within the first 1(?-12 km of the crust, t eseai)a. erns ad
the fragmentation and incorporation of the Dinaric structures into the 'bOUthd pn.u’.] urllei It
likely that in this sector the Dinaric thrusts have h.een reaciljvated with ad (.’ixl’ta g:;(}el: p
movement, in agreement with many focal mechanism 5u‘lutmns. The under ying {- u:n’;
characterized by seismic intervals with lower v, values (Fig. 10) and Iw,ypoce‘nlrel‘ib_(;]:wnl -(,:,
depth of 15 km., may consist of basement sequences and structures. fmvh as lht}hf‘ w .UCH mi czd ]-18
in the Paleocarnic chain. Between Pordenone a.nd the Lessini region, the Dma{L( t lr.'usfs e
not present. Here Neogene-Holocene south-verging lhrusts:a. (‘ul_by.transwrs(* stri e‘-:; ip a]_:]ef.,;
are dominant. Seismicity decreases westwards and only stnke-sh'p focal l.nechamsnial twec .-[
caleulated here, including those in the Cansiglio-Belluno zone. The region around: Ia e la;:‘a
(central sector of the Southern-Alps), differs from the Friuli area in the Slrl{(llllld' f’\l'u.:i.-.}]tf
(ectonic climax progressing eastwards from the Late Miocene in the (,ﬂri!:%[;d”{l;t;xﬁ .'u. it gones

Pleistocene in the Friuli arc), in structural trends (ranging from NNFS ; l|l1l - .lm 1; lh.;
degree of seismicity and in different types of focal mechanisms with variable hypocentre depths.
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4) The Southalpine-Apenninic foreland (4 in Fig. 15). In both the Lessini and the western
Istria sectors there is a normal or thin crust (less than 30 km). The Lessini sector can be regarded
as a rigid block separating the central from the eastern Southalpine chain. The thrusts of the
Garda-Trento area mark its western border. Towards the east, the Southalpine thrusts are left-
laterally drifted along the NW-SE striking Schio-Vicenza line (e in Fig. 15). Seismicity is relatively
low and diffuse, and great hypocentral depths (>20 km) are reached here. In the foredeep
basin (northern Adriatic region and eastern Veneto-Friuli plain), the vertical movements were
strong also during the Pleistocene, and seismicity is even lower and sparser.

SEISMOTECTONIC MODEL AND SEISMOTECTONIC ZONING OF NORTHEASTERN ITALY

A subdivision of the study area into the four above mentioned units is the first stage in

the identification of a seismotectonic model compatible with the present state of the regional
geodynamic evolution.

The earthquakes considered are represented in Fig. 16 regardless of their magnitude in
order to give a general pattern of the seismic areas. The seismicity is limited towards the Adriatic
and Po plain domains by the compressive fronts of the External Dinarides, of the Val Trompia-
Giudicarie arc and of the Friuli arc (Carulli et al., 1989). Westwards, northwards and eastwards
it is limited by subvertical faulis (the Giudicarie, the Valsugana, the Fella-Sava lines in their
present structural configuration, and the Idrija line) which act as mechanical disengagement
for the external active thrust fronts. In the belt defined by these elements, some notable increases
in the crustal thickness from the Adriatic sea towards the Alps and Dinarides can be observed,
and they are marked by arrows in the map.

A strict correlation between zones of intersection of tectonic lines (nodes) and seismicity

was evidenced in the USSR (Gvishiani et al., 1986) by statistical analyses applied to nodes
of different hierarchy.

The concept of node is introduced here on the basis of the seismotectonic evidence described
before: nodes are the zones of interference of the seismically active Alpine and Dinaric thrusts
with transfer faults dislocating the main systems (the Schio-Vicenza line and the N-S orientated
lines in the river Tagliamento valley near Gemona). The maximum concentration of foci is observed
in correspondence with the two nodes of Friuli and Garda. Therefore, the seismicity remains
limited within compressional fronts and subvertical disengaging tectonic elements in zones of
sharp increase of crustal thickness with a maximum concentration at the nodes.

Within this general framework should be mentioned the quasi-aseismic behaviour of the
Periadriatic Lineament, with the exception of the Villach zone, where the intersection and bending
of tectonic structures might suggest the presence of an ‘‘anomalous’’ (or minor) node with poorly
located historical seismicity and weak present-day seismicity only along the Fella-Sava line.
The poor information on the very few, but strong, earthquakes in the Villach zone does not
allow a convincing demonstration of their correlation with the reputed stable Gail line rather
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than with the active Fella-Sava line. Moreover, according to Gutdeutsch and Aric (1987), a
N-S orientated *‘seismic lineament’ of extensional character can be postulated in the Villach
area connecting the Periadriatic Lineament to the Mur-Murz valley sinistral fault. For these
reasons, the Carinthia node is represented by a dashed circle in Fig. 16.

The diffuse seismicity in Slovenia must be related to interaction within the External and
Internal Dinarides, and the structures of the Pannonian basin.

On the basis of the considerations above described, it is possible to divide the studied region
into ten different homogeneous seismotectonic zones (Fig. 17).

1) The Northern Alpine area includes the northern part of the Giudicarie system, the Dolomites
synclinorium, the Paleocarnic chain and part of the Alps s.s. Very thick crust and generalized
differential uplifting characterize this area. The generally low seismicity has its main concentrations
along the Venosta valley.

2) The Garda area comprises the southern part of the Giudicarie system. A large northward
and westward deepening of the Moho, and distinct deformations with the tilting of mount Baldo
characterize this area. The seismicity is high with various strike-slip and reverse mechanisms
probably connected to transverse structures crossing the Giudicarie system (Renner e Slejko,
1986; Slejko e Rebez, 1988). Strong historical earthquakes have been recognized but here
the data are insufficient for a detailed study.

3) The Lessini area corresponds to the major part of the Lessini block of normal to thin
crust, with small uplifting, deformation and southward tilting. Normal faults seem to be presently
active. The seismicity is mainly concentrated in the southern part, and is connected with the
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Verona deformation hinge at the transition to the subsiding Po plain.

i i ini he Moho regularly
4) The Po plain area, southern prosecution of the Less%m area, has t - egula
deepe)ning towafds the Apenninic foredeep. The area is downlifted and has very little seismicity.

5) The Schio system area is a transition zone from Fhe Lessini area to the Veneto-Friuli
belt and is characterized by the presence of the Schio-Vicenza line which is structurally very
important but is not affected by strong seismicity. .

6) The Felire area is characterized by the presence of fold§ and thrusts ((flg)pl}rllg NNW,
cut by NW-SE transverse transcurrent faults. The area is neotecto_mca]ly de_formf: y t ]\Z actl\ﬁty
of the above mentioned structures. The seismicity is rather hlgh especially in the Montello,
Bassano and Feltre zones, and is possibly correlated to the activity of the transcurrent faults
and of the southernmost thrusts. '

7) The Belluno area is a transition zone befween the Valsugana system gnddt}}e Taghamento
system with the presence of transverse Dinaric structures. The neotectonic de f)rmathIfS are
related to the evolution and interaction of the above systems. Th'e.hlgh seismicity in the A pliilgwo-
Cansiglio and Belluno zones seems to be connected with the activity of transcurrent faults (NW-
SE orientated) reactivating Mesozoic structures and of the Southalpine thrusts.

8) The Friuli area is characterized by the north dipping thrusts of the Tagliamento syst(flzm
and by N-S and NW-SE orientated transcurrent faults. ngh neotectonic de.forma'tli)n dan ta
northward deepening of the Moho are seen. The very high seismic activity is mainly due to
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the interaction between Alpine and Dinaric structures.

9) The Dinaric area is dominated by NE deepening thrusts and NW-SE orientated transcurrent
faults still in evolution. The Moho deepens northeastwards and the seismicity is rather uniformely
distributed with a concentration in the Villach, Idrija, Ljubljana and Sneznik mount zones (Carulli

et al., 1989).

10) The Veneto-Friuli plain and Istria area includes the Quaternary Southalpine foreland,
and is mainly characterized by NW-SE active transcurrent faults. A fair amount of seismicity
is located near Treviso and Latisana. In the latter zone, the structure is not known but the
aeromagnetic data (Arisi Rota and Fichera, 1985) indicates the presence of a possible discontinuity
in the magnetic basement. .

CONCLUSIONS

From a comparison of the geological and geophysical data, a first attempt at a seismotectonic
model of northeastern Italy has been made. A successive zoning into seismotectonically
homogeneous zones is suggested. This zoning has seismogenetic characteristics, although a direct
connection between earthquakes and individual tectonic structures is not yet possible.

The proposed seismotectonic model has the following well defined characteristics:

- In the study region the seismicity is concentrated in the zones of maximum recent
deformation, primarly at the front of the Southalpine thrusts connected to shortening by
compressional tensions responsible for clear variations in the geometries of the deep crustal
discontinuities.

- High seismicity occurs in the pre-Alpine belt south of the Valsugana and Fella-Sava lines.
The southern limit of this zone roughly corresponds to the present Southalpine deformational
margin.

- Concentrations of seismicity can be noted at the zones of interference between the different
tectonic systems: Southern-Alps and External Dinarides in Friuli; Giudicarie system, Valsugana
and Schio lines in western Veneto.

- Another concentration of seismicity can be connected to the Dinaric transcurrent faults
in eastern Veneto (Alpago-Cansiglio).

- The Garda sector as well as the Villach and the Idrija areas have peculiar characteristics:
the strong historical seismicity can only be explained by considering the geodynamics of a wider
region (Carulli et al., 1989).

- The hypocentral depth never exceeds 20-25 km, and is concentrated in the upper crust.
The maximum activity in Friuli is concentrated at the base of the sedimentary cover or at the
top of the basement, whilst in Veneto it occurs in the basement.

- The focal mechanisms in Friuli are of the dip-slip type connected to ESE-WNW orientated
thrusts, and of strike-slip type with variable orientation in Veneto and in Austria.

The main limits of the proposed model are the following:
- The crustal model is not sufficiently controlled by DSS profiles.

- The gravimetric and magnetic data can only support a previously defined crustal model,
and some reference points are necessary.

- The seismological information of the historical events needs revision, especially in the

Garda, Villach and Idrija zones.

In conclusion, the seismotectonic model proposed can be considered a tentative scenario
for which detailed studies of seismogenesis will have to be performed to arrive at a seismogenetic
zoning for seismic hazard purposes.

Acknowledgements. The present work was developed by the Research Unit 1.4. “*Seismotectonics of Alps’ of
the GNDT (Contracts n. 82.01968.54 and n. 83.01340.54) during the years 1983-1986. The Seismometric Network
of Northeastern Italy is managed by OGS with financial support from the Regione Autonoma Friuli-Venezia Giulia
and the Provincia Autonoma Trento. Many thanks are due to profs. A. Castellarin and G.V. Dal Piaz for critically
reading the manuscript.



L

SLEJKO et al.
134

REFERENCES

AGIP; 1977: Temperature sotterranee. Ed. AGIP, 1930 pp. { Bedanenié N« 1034 Correlation o geaphysical
jinovie askovid “vitanovie D.. Prelogovié E., Skoko D, and Brdarevie N.; : Correlation o ) A
Ah";:;}nl:i;a? l:;}:z}“wl:i.slnrfff;g?:r“lf data in the ﬁaastal part of Yugoslavia. Boll, Oceanol. Te?r. Ap.pl. 2, 77-.90.. '
Amalo A Barnaba P.F.. Finetti 1., Groppi G., Martinis B. and Muzzin A.; 1976: Geodynamic outline and seismicity
of Friuli Venetia Julia region. Boll. Geol. Teor. Appl., 18, 217-256. . .

Ambrosetti P., Bosi C., Carraro F., Ciaranfi N., Panizza M.. Papani G., Vezzani L. and Zanferrari A.; 1987: Neotectonic
map of Italy. CNR Quad. Ric. Seient., 114 (4), 6 maps.

Anderson H. and Jackson J.; 1987: Active tectonics of the Adriatic Region. Geophys. J.R. astr. SOC'.’ 91, 937.-983.

Arca S. e Beretta G.P.; 1985: Prima sintesi geodetico-geologica sui movimenti verticali del suolo nell'Italia Settentrionale
(1897-1957). Boll. Geod. Sc. Aff., 44, 125-156. .

Aric K.. Gutdeutsch R., Klinger G. and Lenhardt W.; 1937: Seismological sru_dies m”!ht- Eil.-‘ff‘!'l'.il ‘.;ijpls. Fn: Flugel
HA - and Faapl Potedsiz Geodynamics ol the Fastern Alps. Franz Deuticke. \|I'IIIII.L ;rp,l-i_n-...ﬂ.%. )

Arisi Rota R. and Fichera R.; 1985: Magnetic interprelation connected to “geo-magnetic provinees”: the Ttalian
case history. 47° Meet. E.A.E.G., Agip, Milano, 30 pp- . '

Autori Vari; 1980: Contributi alla realizzazione della Carta Neotettonica d’Italia. C.N.R. P.F. Geodinamica, Pubbl.
356, 3 Vol., 1549 pp. ‘

Bally A.M., Bernoulli D, Davis G.A. and Montadert L.; 1981: Listric normal faults. Oceanologica Acta, n. SP Actes
26° Congr. Int. Géologie Paris 1980, 87-101. .

Barbano M.S.., Kind R. and Zonno G.; 1985: Focal parameters of some Friuli earthquakes (1976-1979) using complete
theoretical seismograms. J. Geophys., 58, 175-182. ' .

BSth M. and Duda S.J.; 1964: Earthquake volume, fault plane area, seismic energy, strain, deformation and related
quantities. Ann. Geof., 17, 353-368. .
i i .Radivo R., Marchesini C., Mozzi G., Renner G., Zambon G. e Zanferrari A:; 1988:
Bem;t[uzj(; zrlﬁ?}gfsg;.;ﬂi:;}eas;]{:ttivité neotettonica nell’area di Caneva (Friuli). Atti 7° Cf)nvegno GNGTS, in press.
Bernoulli D., Caron C. Homewood P., Kalin O. and Von Stuijvenberg J.; 1979: Evolution of continental margins
in the Alps. Schweiz. Mineral. Petrogr. Mitt, 59, 165-170. CNR

Bigi G., Cosentino D., Dal Piaz G.V., Parotto M., Sartori R. and Scandone P.; 1987: Structural model of Italy.
Quad. Ric. Scient., 114 (3), in press. . -

Bossolasco M., Eva C. and Pasquale V.; 1974: On seismotectonics in the Alps and northern Apennines. Riv. It.
Geof., 23, 57-63. . ' '

Cagnetti V., Pasquale V. and Polinari S.; 1976: Focal mechanisms of earthquakes in Italy and adjacent regions.
CNEN RT/AMB (76) 4, Roma, 41 pp. . '

Carraro F. e Polino R.; 1976: Vistose deformazioni in depositi fluvio-lacustri quaternari a Ponte Racli (Valle del
T. Meduna - Prov. di Pordenone). Gr. St. Qu. Pad., quad. 3, 77-88. ' ' o

Carulli G.B., Giorgetii F., Nicolich R. e Slejko D.; 1981: Considerazioni per un modello sismotettonico del Friuli.
Rend. Soc. oo b Shodbi juli IS intesi di dati sismoelogici, strutturali

i i i icolic slej : 2 zona sismica; sintesi i dati sis .8

Can:’”;_ggz}l":«.l:ei(.; lﬁ:ﬂ‘[‘}:;;u;:;“k{ L:- F\""nle éigjk?ul?L;rl‘iﬁ)z CT::;:: alla geologia del sudalpino centro-orientale. Guide
Geol. reg. 8.G.1., Bologna, pp. 361-370. o i

Carulli G.B.. Nicolich R.. Rebez A. and Slejko D.; 1989: Seismotectonics of the NW External Dinarides. Tectonophysics,
in press.

Castellarin A.; 1979: Il problema dei raccorciamenti crostali del Sudalpino. Rend. Soc. Geol. It., 1, 21-.23. .

Castellarin A., (a cura di); 1981: Carta tettonica delle Alpi Meridionali alla scala 1:200.000. C.N.R. P.F. Geodinamica,

ubbl. 441, Tecnoprint, Bologna, 220 pp.

Caslzllarin A 1984 .‘!!(-.‘wmn delle deformazioni tettoniche sudalpine. Boll. Oceanol. Teor. Appl., 2', 105.-114.

Castellarin A., Frascari F. e Vai G.B.; 1980: Problemi di interpretazione geologica profonda del Sudalpino orientale.
Rend. Soc. Geol. It., 2, 55-60. . .

Castellarin A. e Vai G.B. (a cura di); 1982: Guida alla geologia del Sudalpino centro-orientale. Guide geol. reg.
S.G.1., Tecnoprint, Bologna, 386 pp. N

Castellarin A. and Vai G.B.; 1986: Southalpine versus Po plain Apenninic arcs. In: C.F. Wezel (ed): The origin
of arcs. Elsevier, Amsterdam, pp. 253-280. ‘ '

Cati A., Fichera R. and Cappelli V.; 1987: Northeastern Italy. Integrated processing of geophysical and geological
data. Mem. Soc. Geol. 1t., 40, pp. 273-288.

Cavallin A.; 1985: A landslide, as a neotectonic feature, controlling the morphology of the upper part of the Torre
river, Friuli, Iraly. In: First. Int. Conf. on Geomorphology, Manchester, p. 79. o

Cavallin A., Broili L., Carulli G.B., Martinis B., Mele M., Siro L. and Slejko D ; 1989: Case history: Friuli earthquake,
1976. Proceedings ENGEOL Bari 1986, in press. .

Cavallin A.., Forcella F., Orombelli G. e Sauro U.; 1987a: Le scarpate - pareti di faglia del settore centro meridionale
del “*Fascio Giudicariense”. ENEL, in press.

SEISMOTECTONICS OF THE EASTERN SOUTHERN-ALPS 135

Cavallin A., Giorgetti F. and Martinis B.; 1984: Geodynamic outline of north-eastern Italy and seismogenetic implications.
Boll. Geof. Teor. Appl., 26, 69-92.

Cavallin A. e Martinis B.; 1986: Le sismiti nelle Prealpi friulane. In Alto, 68, 104-113,
Cavqllin A., Orombelli G. e Sauro U.; 1987b: Le grandi frane dette “marocche”, nel Trentino meridionale. ENEL,
in press.

Cousin M.; 1981: Les rapports Alpes-Dinarides - Les confins d’lialie et de la Yugolavie. Soc. Géol. du Nord, publ.
n. 5, 2 vols., S.C.N., Villeneuve d'Ascq, 1042 pp.

Del Moro A., Sassi F.P. e Zirpoli G.; 1980: Preliminary results on the radiometric age of the Hercynian metamorphism
in the South Alpine basement of the Eastern Alps. N. Jb. Geol. Paldont. Mh., h. 12 (1980), 707-718.

Del Moro A., Sassi F.P. e Zirpoli G.; 1984: Acidic gneisses from Plan de Corones area, and chronological data
on South-Alpine basement in Pusteria (Eastern Alps). Mem. Sc. Geol., 36, 403-412.

Doglioni C.; 1987: Tectonics of the Dolomites (Southern Alps northern Italy). Journ. Struct. Geology, 9, 181-194.

Doglioni C.; 1988: Structure of the Venetian Southern Alps. Tectonic Studies Group, 19th Annual Meeting, Abstract
volume, Cambridge.

Doglioni C. and Bosellini A.; 1987: Evalpine and mesoalpine tectonics in the Southern Alps. Geol. Rundschau, 76.
735-754.

Ebblin C.; 1976: Orientation of siresses and strains in the piedmont area of eastern Friuli, NE lialy. Boll. Geof.
Teor. Appl., 18, 559-579. N

Finetti 1.; 1984: Struttura ed evoluzione della microplacca adriatica. Boll. Oceanol. Teor. Appl., 2, 115-123.

Finetti 1., Giorgetti F., Haessler H., Hoang T.P., Slejko D. and Wittlinger G.; 1976: Time space epicenter and hypocenter
distribution and focal mechanism of 1976 Friuli earthquakes. Boll. Geof. Teor. Appl., 18, 637-655.

Finetti I., Russi M. and Slejko D.; 1979: The Friuli earthquake (1976-1977). Tectonophysics, 53, 261-272.

Gebrande H., Hage H., Miller H., Mueller G. and Shmedes E.; 1978: Aftershock investigations and fault plane

solutions of the Friuli earthquakes 1976. In: Closs H., Roeder D. and Schmidt K. (eds): Alps, Apennines, Hellenides.
Schweizerbart, Stuttgart, pp. 173-180: '

Giese P.; 1980: Krustenstruktur der Alpen. Berliner geowiss. Abh., (A) 20, 51-64.

Giese P. and Prodhel C.; 1976: Main features of crustal structures in the Alps. In: Giese P., Prodhel C. and Stein
A. (eds): Explosion seismology in central Europe. Springer Verlag, Berlin, pp. 347-375.

Giorgetti F.; 1976: Isoseismal map of the May 6, 1976 Friuli earthquake. Boll. Geof. Teor. Appl., 18, 707-714.

Girardi A., Zanlerrari A., Dall’Arche L. e Toniello V.; 1981: Paleofrane nella bassa valle dell’Arzino (Prealpi Carniche
orientali). Mem. Sc. Geol., 34, 313-323.

Gutdeutsch R. and Aric K.; 1987: Tectonic block model based on the seismicity in the east Alpine-Carpatian and

Pannonian area. In: Flugel H.W. and Faulp P. (eds): Geodynamics of the Eastern Alps. Franz Deuticke, Vienna,
pp- 309-324.

Gvishiani A.D., Gorshkov A.I., Kosobokov V.G. and Rantsman E.Y.; 1986: Morphological structures and earthquakes
sites in the Greater Caucasus. lzvestiya, 22, 727-735.

Horvath F. and Royden L.; 1981: Mechanism for the formation of the intra-Carpathian basins: a review. Earth. Evol.
Sci., 1 (3), 307-316.

Jimenez M.J. and Pavoni N.; 1984: Focal mechanisms of recent earthquakes 1976-1982 and seismotectonics in
Switzerland. In: Stller H. and Ritsema A. (eds): Proceedings Session 12 18th General Assembly Int. Ass. Seismology
and Physics Earth’s Interior. Ak. Wissenschaften D.D.R., Postdam, pp. 77-84.

Karnik V.; 1969: Seismicity of the European area. Reidel Publ. Co., Dordrecht, 2 vols., 582 pp.

Kunze T.; 1982: Seismotektonische Bewegungen in Alpenbereich. Dissertationenstelle, Univ. Stuttgart, 167 pp.
Laubscher H.P.; 1974: Evoluzione e struttura delle Alpi. Le Scienze, 72, 208-219.

Laubscher H.P.; 1988: Material balance in Alpine orogeny. Geol. Soc. Amer. Bull.,, 100, 1313-1328.

Massari F., Grandesso P., Stefani C. and Zanferrari A.; 1986: The Oligo-Miocene molasse of Veneto-Friuli region,
Southern Alps. Giorn. Geol., 48, 235-255.

0GS; 1987: Earthquake catalogue for the Eastern Alps region. OGS, Trieste, computer file.

Panizza M., Slejko D., Bartolomei G., Carton A., Castaldini D., Demartin M., Nicolich R., Sauro U., Semenza E.

e Sorbini L.; 1981: Modello sismotettonico dell’area fra il Lago di Garda ed il Monte Grappa. Rend. Soc. Geol.
It., 4, 587-603.

Panizza M. e Zardini R.; 1986: La frana su cui sorge Cortina d’Ampezzo. Mem. Sc. Geol., 38, 415-426.

Perna G. et Sauro U.; 1979: Aspects de la dénudation karstique sur les “‘marocche’”. In: Actes Symp. Er. Karstique,
V.L.S. Nimes, pp. 97-104.

Peruzza L., Iliceto V. e Slejko D.; 1989: Some seismotecionic aspects of the Alpago-Cansiglio area (N.E. Italy). Boll.
Geol. Teor. Appl.. 31, 63-75.

Pervuzza Lo Slejho Do 19880 Geometrie sismotettoniche nelle Alpi Orientali. Ati 72 Convegno GNGTS! in press.

Pieri M. and Groppi G.; 1981: Subsurface geological siructure of the Po Plain, Italy. C.N.R.. P.F. Geodinamica
pubbl. 414, Roma, 45 pp.

Posgay K., Albu L., Petrovics 1. and Raner C.; 1981: Character of the Earth’s crust and upper mantle on the basis
of seismic reflection measurements in Hungary. Earth. Evol. Sci., 1 (3), 272-279.



136 SLEJKO et al.

Rebez A., Slejko D. and Suhadolc P.; 1987: Seismic behaviour at the Alps-Dinarides contact. Mem. Soc. Geol. It.,
40, 321-326.

Renner G. e Slejko D.; 1986: Studio di alcuni recenti terremoti dell’Italia nord orientale in un contesto sismotettonico
regionale. Atti 5° Convengo GNGTS, 577-589.

Riznichenko J.V.; 1959: On quantitative determination and mapping of seismic activity. Ann. Geof., 12, 227-237.

Roeder D.; 1980: Geodynamics of the Alpine-Mediterranean system - a synthesis. Eclogae geol. Helv., 73, 353-377.

Royden L.., Horvath F., Nagymarosy A. and Stegena L.; 1983a: Evolution of the Pannonian basin system, 2 Subsidence
and thermal history. Tectonics, 2, 91-137.

Royden L., Horvath F. and Rumpler J.; 1983b: Evolution of the Pannonian basin system, 1 Tectonics. Tectonics,
2, 63-90.

Sassi F.P., Cavazzini G., Visona D. and Del Moro A.; 1985: Radiometric geochronology in the Eastern Alps: resulls
and problems. Rend. Soc. It. Miner. Petrol., 40, 187-224. _

Sassi F.P.. Kalvacheva E. and Zanferrari A.; 1984: New data on the age of deposition of the South-Alpine phyllitic
basement in the Eastern Alps. N. Jb. Geol. Paldont. Mh., h. 12 (1984), 741-751.

Sassi F.P., Zanferrari A. e Zirpoli G.; 1979: Nuovi dati sulla stratigrafia e i caratteri chimico-petrografici dei porfiroidi
del Comelico (Alpi orientali). Mem. Soc. Geol. It., 20, 425-434.

Sauro U.; 1979: Fault scarps in the western Venetian Pre-Alps. In: Panizza M., Carton A. and Piacente S. (eds),
Proc. 15° Plenarv Meeting 1.G.U. Geomorph. Survey and Mapping. Servizio Stampa Universita, Modena. pp.

139-149.

Senftl K. und Exner Ch.: 1973: Rezente Hebung der Hohen Tauern und geologische Interpretation. Verh. Geol. B.-
A., 2, 209-234.

Siro L. and Slejko D.; 1982: Space-time evolution of the 1977-1980 seismicity in the Friuli area and its seismotecionic
implications. Boll. Geof. Teor. Appl., 24, 67-77.

Siro L. e Slejko D.; 1984: Modello sismotettonico dell’area friulana: considerazioni e proposte per la scelta delle
aree sismogenetiche in funzione di diversi livelli di mitigazione del rischio. In: Finalita ed esperienze della Rete
Sismometrica del Friuli-Venezia Giulia. Regione Autonoma Friuli-Venezia Giulia, Trieste, pp. 245-263.

Slejko D., Carraro F., Carulli G.B., Castaldini D., Cavallin A., Doglioni C., Nicolich R., Rebez A., Semenza E. and
Zanferrari A.; 1986: Seismotectonic model of northeastern Italy: an approach. Geologia Applicata e Idrogeologia,
21 (1), 153-165.

Slejko D., Carulli G.B., Carraro F., Castaldini D., Cavallin A., Doglioni C., Iliceto V., Nicolich R., Rebez A., Semenza
E., Zanferrari A. e Zanolla C.; 1987: Modello sismotettonico dell’ltalia nord-orientale. CNR GNDT Rendiconto
1, Ricei, Trieste, 82 pp.

Slejko D. e Rebez A.; 1988: Caratteristiche sismotettoniche dell’area benacense. Atti 7° Convegno GNGTS, in press.

Slejko D. e Renner G.; 1984: La sequenza sismica iniziata col terremoto del 6 maggio 1976 in Friuli. In: Finalita
ed esperienze della Rete Sismometrica del Friuli-Venezia Giulia. Regione Autonoma Friuli-Venezia Giulia, Trieste,
pp- 75-91.

Spalletta C., Vai G.B. e Venturini C.; 1982: La Catena Paleocarnica. In: Castellarin A. e Vai G.B. (a cura di): Guida
alla geologia del Sudalpino centro-orientale. Guide Geol. reg. S.G.I., Tecnoprint, Bologna, pp. 281-292.
Talamo R., Pampaloni M. e Grassi S.; 1978: Risultati delle misure di livellazione di alta precisione eseguite dall’Istituto

Geografico Militare nelle zone del Friuli interessate dalle recenti attivita sismiche. Boll. Geod. Sc. Aff., 37, 61-75.

Vai G.B., Boriani A., Rivalenti G. e Sassi F.P.; 1984: Catena Ercinica e Paleozoico nelle Alpi Meridionali. In: Cento
anni di geologia italiana. Vol. Giub. I Centenario S.G.I., Tecnoprint, Bologna, pp. 133-154.

Vai G.B. and Cocozza T.; 1986: Tentative schematic zonation of the Hercynian chain in Italy. Boll. Soc. Géol. France,
8, 95-114.

Van Bemmelen R.W.; 1976: Note on the seismicity of north eastern Italy (Friuli area). Boll. Geof. Teor. Appl., 72,
357-364.

Venturini C.; 1985: I depositi quaternari di Ponte Racli (PN, Prealpi Friulane). Gortania, 7, 37-58.

Walach G., Weber F.: 1987; Contributions to the relations between the Eastern Alps and the Pannonian Basin in
the light of gravimetric and magnetic investigations. In: H.W. Flugel and P. Faupl, (eds): Geodynamics of the
Eastern Alps. Franz Deuticke. Vienna, pp. 345-360.

Winterer E.L. and Bosellini A.; 1981: Subsidence and sedimentation on a Jurassic passive continental margin (Southern
Alps, ltaly). Amer. Ass. Petrol. Geol. Bull,. 65, 394-421.

Zanferrari A.: 1985; Stratigrafia e tettonica del basamento sudalpino delle Alpi orientali. In: Cocozza T. e Ricci
(A, (ed): Evoluzione stratigrafica. tettonica, metamorfica e magmatica del Paleozoico italiano. C.S.U., Siena,
pp- 112-113.

Zanferrari A., Bollettinari G., Carobene L., Carton A., Carulli G.B., Castaldini D, Cavallin A., Panizza M., Pellegrini
G.B., Pianetti F. e Sauro U.; 1982: Evoluzione neotettonica dell'Italia nord-orientale. Mem. Sc. Geol., 35, 355-376.

Zardini R., Panizza M. e Spampani M.; 1984: Reperto arboreo di 9000 anni fa a Ronco e osservazioni geomorfologiche
sul Col Druscié (Cortina d’Ampezzo). Ghedina, Cortina, 24 pp.




