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Abstract 

We present an overview of the seismogenic sources of northeastern Italy and 

western Slovenia, included in the last version of the Database of Individual Seismogenic 

Sources (DISS 3.0.2) and a new definition of the geometry of the Montello Source that will 

be included in the next release of the database. The seismogenic sources included in 

DISS are active faults capable of generating Mw > 5.5 earthquakes. We describe the 

method and the data used for their identification and characterization, discuss some 

implications for the seismic hazard and underline controversial points and open issues. 

In the Veneto-Friuli area (NE Italy), destructive earthquakes up to Mw 6.6 are 

generated by thrust faulting along N-dipping structures of the Eastern Southalpine Chain 

(ESC). Thrusting along the mountain front responds to about 2 mm/a of regional 

convergence, and it is associated with growing anticlines, tilted and uplifted Quaternary 

palaeolandsurfaces and forced drainage anomalies. In western Slovenia, dextral strike-slip 

faulting along the NW-SE trending structures of the Idrija fault system dominates the 

seismic release. Activity and style of faulting are defined by recent earthquakes (e.g. the 

Ms 5.7, 1998 Bovec-Krn Mt. and the Mw 5.2, 2004 Kobarid earthquakes), while the related 

recent morphotectonic imprint is still a debated matter. 

We reinterpreted a large set of tectonic data and developed a segmentation model 

for the outermost ESC thrust front. We also proposed the association of the four major 
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shocks of the 1976 Friuli earthquake sequence with individual segments of three major 

thrust fronts. Although several sub-parallel active strike-slip strands exist in western 

Slovenia, we were able to positively identify only two segments of the Idrija fault system. A 

comparison of the regional GPS velocity with long-term geological slip-rates of the 

seismogenic sources included in DISS shows that from a quarter to half of the deformation 

is absorbed along the external alignment of thrust faults in Veneto and western Friuli. The 

partitioning of the deformation in western Slovenia among the different strike-slip strands 

could not be quantified. 

 

Keywords: earthquakes; seismogenic sources; NE Italy; W Slovenia 
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1. Introduction 

The northernmost tip of the convergent margin between the Adriatic and European 

plates is located on the border between northeastern Italy and western Slovenia. Several 

destructive earthquakes hit this region in historical time (Working Group CPTI, 2004). 

Largest recent earthquakes were those of 1976, Mw 6.4 (Pondrelli et al., 2001), on the 

Italian side and the 1998, Ms 5.7 (Bajc et al., 2001; Zupančič et al., 2001), on the 

Slovenian side. This seismic activity testifies that the geodynamic processes which led to 

crustal thickening and to the building of the Eastern Southern Alps (ESC) and northern 

portion of the External Dinarides are still active. This region, however, is highly vulnerable 

like many other regions characterized by ancient settlements and, as such, suffers not only 

the M 6+ earthquakes but also the shallow M 5-6 events. Fault plane solutions of major 

instrumental earthquakes and active tectonic studies show that thrust faulting is the 

dominant mechanism on the Italian side (Slejko et al., 1999; Poli et al., 2002), whereas 

dextral strike-slip faulting prevails on the Slovenian side (Herak et al., 1995; Poljak et al., 

2000). 

Despite the rather high seismicity level and the well defined tectonic regime of this 

region, the identification of individual seismogenic sources and their association to specific 

historical earthquakes is not always straightforward. This is true also for those faults 

responsible for the larger events. The main difficulties are caused by the structural 

configuration of thrust belts, by the geometry of the active faults, often low-angle blind 

thrusts, and by the rates of displacement. GPS studies estimate N-S shortening rates 

(roughly orthogonal to fault strike) in the order of 2 mm/a across the epicentral region of 

the 1976 Friuli earthquake sequence (e.g. Serpelloni et al., 2005). This rate is not fast 

enough to compete with other surface processes and therefore diagnostic geomorphic 

features that could unquestionably reveal the presence of active structures are unlikely to 

be preserved. 
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According to palaeoseimological observations the return time of major earthquakes 

on a given fault in Italy is in the order of 103 years (e.g. Valensise and Pantosti, 2001a). 

Catalogues of M~6 historical earthquakes are considered complete for the last ~700 years. 

Thus, historical catalogues are unlikely to contain an entire seismic cycle of any given 

fault. Consequently, seismogenic sources that released their latest earthquake before 700 

years ago may deceptively look aseismic, because this earthquake may not be contained 

in the catalogue. This means that those faults that were positively identified as active but 

are not associated with any historical earthquake can be potential seismic gaps and also 

be ready to release in the next large earthquakes. 

Mapping and identifying as completely as possible the structures that show evidence 

of activity in the Late-Quaternary (e.g. Machette, 2000), and estimating their seismic 

potential is extremely important in order to supply with a reliable geological input the 

regional seismic hazard assessment (SHA) practitioners that use a more advanced 

probabilistic procedures (e.g. Montaldo, 2006). However, descriptive geological data have 

to be provided in quantitative form and appropriately systematized for the scope. This 

paper wants to exemplify how earthquake geologists can play a central role in this crucial 

research application by illustrating the flow of information from the collection of data in the 

field to the organization of a purposeful GIS databank. 

In this perspective, we present an overview of the seismogenic sources of 

northeastern Italy and western Slovenia that have been included in the latest update of the 

Database of Individual Seismogenic Sources (inset in Fig. 1; DISS 3.0.2; available on-line 

at: http://www.ingv.it/DISS; DISS Working Group, 2006; see also Basili et al., this volume). 

We present also a new definition of the geometry of the Montello Source derived from a 

review of the available geological and geophysical data, that will be included in the next 

release of the database. DISS stores in a GIS environment seismogenic sources 

potentially responsible for Mw > 5.5 earthquakes. This level of magnitude was chosen 
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because the morphotectonic imprint of the causative faults of these intermediate size, yet 

damaging, earthquakes is at the threshold of the geological detection (e.g. Pavlides and 

Caputo, 2004). The database contains also other tectonic, fault and palaeoseismological 

information. We will illustrate and discuss the data used to constrain the location, geometry 

and kinematics of these faults, and present some examples of segmentation of fault 

systems of the region, and underline controversial points and open issues. 

 

2. The DISS database 

DISS is a georeferenced repository of active tectonic, fault and palaeoseismological 

information for the Italian territory and surrounding regions (inset in Fig. 1). A full 

description of the structure and content of the database can be found on the web page 

(http://www.ingv.it/DISS) and in Basili et al. (this volume). 

The main objects of the database are the Individual Seismogenic Sources and the 

Seismogenic Areas. We assume that each individual seismogenic source ruptures the 

entire fault plane thereby generating its maximum allowed earthquake with respect to fault 

size and slip. In a seismogenic area instead, the seismogenic potential and the state of 

segmentation are more loosely defined and each one of them may span an unspecified 

number of Individual Sources. Their inclusion in the database is a progress towards 

completeness and reduces the ambiguity between no information and no seismogenic 

faulting. 

The latest version of DISS (v. 3.0.2) contains 115 individual seismogenic sources 

and 81 seismogenic areas, covering the whole Italian territory and some conterminous 

circum-Mediterranean regions. Sixteen individual seismogenic sources are not associated 

with a historical or instrumental earthquake and are considered as possible seismic gaps. 

This version of the database incorporates an in-depth revision of the seismogenic sources 

in northeastern Italy, as well as two new sources in western Slovenia. The revision of the 
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NE-Italian sector, that now lists 15 Individual Seismogenic Sources and 8 Seismogenic 

Areas, was mainly based on the outcome of Italy's GNDT project (2000-2004) "Damage 

scenarios in the Veneto-Friuli area" whose results were published by Galadini et al. (2005). 

As a comparison, the former version of DISS (DISS 2.0, Valensise and Pantosti, 2001b) 

listed only 9 individual seismogenic sources in NE Italy and none in western Slovenia. With 

respect to the older versions of DISS, several problems have been addressed in this 

sector of the Italian territory, namely: 1- the lack of completeness as a result from the large 

portion of the thrust fronts considered as active but not segmented; 2- the inclusion mostly 

of sources that generated large earthquakes during the past centuries, that should be 

considered as the least probable sources of future earthquakes; 3- individual seismogenic 

sources were hypothesized only for the larger events: earthquakes in the magnitude range 

from 5 to 5.5 were not considered; 4- the low accuracy of parameters describing the rate of 

deformation and release of seismic energy (in terms of slip-rates); 5- the absence of 

individual sources in western Slovenia. 

 

2.1. Method 

The Individual Seismogenic Sources of DISS are represented as planar rectangular 

faults projected onto the surface, and they are characterized with geographic, geometric, 

kinematic and behavior parameters, as well as with information about the associated 

earthquakes. 

The seismogenic sources are included in the Database following a multi-step 

procedure, routinely applied each time the parameters have to be derived from published 

works or from original elaborations and studies. In the first step, we verify the consistency 

of the geometry and size of the faults, as a result from geological field studies, with respect 

to the seismological parameters of the known earthquakes that can be associated with 

them (i.e. Mw). This phase of the procedure is often aided by the usage of empirical and 
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analytical relationships between length, width, slip and moment magnitude of earthquake 

faults (such as Hanks and Kanamori, 1979; Wells and Coppersmith, 1994). To adjust the 

geometry of a source to a reliable aspect ratio, we held the length or the width and 

minimum depth, since these are the parameters that can be addressed via 

geological/geomorphologic investigations; all the other parameters are derived 

consequently. In the second step, we scrutinize the minor or less known earthquakes 

(down to M 5+) as a double check for hints of fault activity. This is done because published 

works often deal with large historical earthquakes, for which a lot of data are available, and 

the related seismogenic sources are associated with detectable geomorphic features. 

Conversely, intermediate size earthquakes can less often be studied through classical 

geological and geomorphological approaches. In the third step, we analyze all faults that 

were not associated with any known earthquake in search for possible seismic gaps. In 

this phase, we usually rely on the best known sources as model faults for segmentation. 

Most of the seismogenic sources of DISS were included following original 

elaborations of geophysical and geological data and studies of specific historical 

earthquakes. The approach used when dealing with historical earthquakes is to appraise 

the completeness (in terms of intensity classes) and spatial distribution of the intensity 

data. For older and larger events, we also compare the magnitude reported in parametric 

catalogues with the actual macroseismic pattern and attempt to infer the complexity of the 

causative source in time and space. In order to better constrain the position and geometry 

of the seismogenic sources, we routinely use dislocation modeling, and compare the 

expected surface displacement with selected geologic and geomorphic features (i.e. 

attitude of sedimentary beds, drainage pattern and fault-scale morphologies like mountain 

front or anticline axes; e.g. Burrato et al., 2003). 

The new release of DISS includes, for the Veneto-Friuli region, an improvement of 

the scheme of seismogenic sources potentially responsible of M ≥ 6 earthquakes compiled 
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by Galadini et al. (2005). The main modifications with respect to the previous compilation 

were made in terms of segmentation schemes and considerations of sources for smaller 

magnitude earthquakes (M 5-6). 

We scrutinized all faults proposed by Galadini et al. (2005) and then used analytical 

and empirical relationships relating seismic moment, rupture area, coseismic slip and 

moment magnitude (Mw) to appropriately size the individual seismogenic sources. In this 

procedure there are three possible cases: 

1- A seismogenic source that was considered responsible for one of the main shocks 

of the 1976 sequence: in this case we took the measured seismic moment and derived 

rupture area and coseismic slip from analytical relationships. 

2- A seismogenic source that was considered responsible for a historical earthquake: 

in this case we took the Mw from the historical catalogue (Working Group CPTI, 2004), 

then derived seismic moment from the analytical relationship of Hanks and Kanamori 

(1979) and finally from Mo derived rupture area and coseismic slip. 

3- A seismogenic source that was identified on the basis of geological evidences but 

was not associated with any known earthquake: we took the better geologically 

constrained estimation of the fault rupture area and then inferred Mw and coseismic slip 

for the hypothetical future earthquake from empirical (Wells and Coppersmith, 1994) and 

analytical (Hanks and Kanamori, 1979) relationships, respectively.  

To balance the trade-off between area and slip we used estimations of stress drop 

for the largest thrust faulting earthquakes of the 1976 Friuli sequence (∆σ 5-10 MPa; 

Cocco and Rovelli, 1989) and rely on the fact that the stress drop in this region is also 

characterized by self-similarity over five orders of magnitude (Ml 2.0 to 5.7; Franceschina 

et al., 2006). We extended these considerations to all the thrust faults of the region 

because they formed during the same tectonic phase and cut through similar rock bodies. 
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 Our results indicate that the seismogenic sources identified via 

geological/geomorphologic approach can be much larger than those scaled using the 

seismological relationships among Mw, apparent stress drop, rupture area and slip on the 

fault plane. This suggests that at least in this area the geological-geomorphologic method 

may lead to an overestimation of the coseismic rupture dimensions (Poli et al., 2007), 

probably caused by the complex geometry at depth of the thrust faults. 

The segmentation of the ESC thrust fronts considered also the observation that in the 

study area, but also in the whole Italian territory, earthquake sequences characterized by 

similarly large multiple main shocks are rather common (Valensise et al., 2004; Evison and 

Rhoades, 2005). This type of behavior was observed during the 1976 earthquake 

sequence and in other sequences listed in Table 1. The sequential aspect of these 

earthquakes appears to be independent of any particular type of dominant fault 

kinematics. This behavior can be explained as due to the highly fractured crust caused by 

the long tectonic history that left important inherited structural discontinuities able to act as 

segment boundaries of the active structures. In the study area, an important role for the 

segmentation of the ESC thrust fronts is played by the position of the main Dinaric thrusts, 

and by the inherited structural configuration of the Mesozoic Adriatic passive continental 

margin. In addition, fault interaction and static stress changes induced by previous shocks 

can promote the further development of sequences and rupture of adjacent faults, as was 

evidenced for the 1976 sequence (Perniola et al., 2004). 

 

3. Building blocks for the identification of the seismogenic sources 

The basic questions we need to answer in order to make a correct evaluation of the 

seismic hazard of a region are where, when, with which velocity and with which kinematics 

the seismic moment is released. The necessary resources to resolve these questions are: 

pieces of information included at a regional scale, the recognition of the geometry of the 
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main structures, the catalogues of seismicity and studies of active deformation, as well as 

local, and more detailed structural and morphotectonic investigations. 

The seismogenic sources proposed in DISS for northeastern Italy and western 

Slovenia are the result of the integration of dataset from various observations, which follow 

the work of several authors that investigated this region deformed by the structures of the 

ESC and of the External Dinarides systems. Although few of the papers were devoted to 

the identification and characterization of individual sources of historical/instrumental 

earthquakes, most of them provided the geological and tectonic background for the 

evaluation of the characteristics of the seismogenesis of this region. In the following 

paragraphs we present an overview of the data we used during the process of definition of 

the seismogenic sources database. 

 

3.1. Regional tectonic framework 

The investigated area is placed along the northern Adria-European collision zone, 

and encompasses the Plio-Quaternary front of the eastern Southern Alps and the Plio-

Quaternary strike-slip fault systems of the Dinaric area (Fig. 1). 

In this region the main tectonic structures belong to the SSE-verging Neogene-

Quaternary Eastern Southalpine Chain and to the SW-verging Palaeogene external 

Dinaric chain, which developed in the framework of the Adria-European plates 

convergence and later continental margin collision (e.g. Castellarin, 2004). From 

Palaeogene to Quaternary, three main compressional events involved the study area, the 

oldest of which from Palaeocene to Late Eocene originated the NW-SE-trending External 

Dinarides thrust system. In the Venetian-Friuli area, the Dinaric structures were sealed by 

Upper Oligocene – Middle Miocene deposits (Fantoni et al., 2002; Zanferrari et al., 2006). 

The main structural belt of the ESC rose From Serravallian to Messinian, with S-verging, 

WSW-ENE trending thrusts and the main stress axis oriented about NNW-SSE 

Burrato et al., submitted to Tectonophysics, October 2006, revised June 2007 10



(Castellarin et al., 1992; Castellarin and Cantelli, 2000). Both fission track analyses (Zattin 

et al., 2003) and stratigraphic evidence indicate a mostly Tortonian-Messinian age for the 

activation for this structural system, of which the Valsugana thrust represents the major 

structure. From Late Messinian-Early Pliocene the main stress axis rotated towards NW 

giving rise to the external ESC frontal belt (Castellarin and Cantelli, 2000). In the frame of 

this later stress field, SE-verging NE-SW trending thrusts formed, deforming the 

syntectonic wedge consisting of Tortonian-Messinian clastics (e.g. Zanferrari et al., 2003). 

At this time there was also the inception of the strike-slip deformation in the External 

Dinarides (Vrabec and Fodor, 2006). The present-day shortening and crustal thickening 

are testified by the intense seismic activity along the southern margin of the Eastern 

Southern Alps (Slejko et al., 1989, Poli et al., 2002). 

The junction of the ESC and Dinaric thrust belt in the Friuli and western Slovenia 

region is manifested by the change of the regional structural trend, from NE-SW and E-W 

typical of the active ESC thrusts, to NW-SE of the inactive External Dinaric thrusts. On the 

other hand, the interaction of the active fault systems produces the gradual rotation of the 

rake from pure dip-slip thrusting of the ESC structures to right-lateral oblique- to strike-slip 

faulting along the Dinaric trend. 

The investigated area is limited to the north by the Periadriatic fault zone (PAF, in 

Fig. 1), that is a major tectonic boundary separating the Europe-verging Alps from the 

Africa-verging Southern Alps and Dinaric chains (Schmid et al., 1989). The eastern 

prosecution of the PAF runs in northern Slovenia as a complex deformation zone 

composed of several fault systems. It represented the southern boundary of the eastward 

extruding eastern Alpine and Pannonian units and accommodated at least 100 km of 

dextral displacement during the Miocene (Ratschbacher et al., 1991; Frisch et al., 1998). 

Conversely, most of the post-Miocene deformation was taken up to the south by the Sava 

Fault (Vrabec et al., 2006), a fault system that accommodated 30-60 km of dextral 

Burrato et al., submitted to Tectonophysics, October 2006, revised June 2007 11



displacement (Placer, 1996) running almost parallel to the PAF and ending to the east 

near the Pannonian Basin (Fig. 1). The ESC is a portion of the back-thrust belt of the Alps 

delimited to the west and north, by the Giudicarie and Pustertal-Gailtal segments of the 

PAF. In the western-most sector of the Veneto plain, the structures of the ESC are 

bounded to the west by the Late Miocene-Quaternary NW-SE trending Schio-Vicenza fault 

system (SV in Fig. 1). This is interpreted as a transfer fault system respect to the central 

Southern Alps (Castellarin and Cantelli, 2000). 

The thrust sheets of the ESC are arranged with embricate fan geometry and both 

fault-propagation folding and fault-bend folding were the typical mechanisms of 

deformation (Fig. 2). Activity of the main thrust fronts of the ESC steadily migrated 

southwards (Castellarin and Cantelli, 2000) and the younger more external thrusts are 

found along the foothills of the mountain range, as in the Venetian sector, or buried in the 

alluvial plain, as in the Friuli sector (Zanferrari et al., 2003). Restoration of geological cross 

sections indicates a minimum shortening of about 30-40 km in the Venetian Alps (Doglioni, 

1992; Selli 1998). The evolution and present-day structural pattern of the ESC has been 

strongly controlled by the inherited structural pattern affecting the Mesozoic Adriatic 

passive continental margin, characterized by shallow marine carbonate platforms and 

deep basins, separated by N-S-trending crustal normal faults (Doglioni, 1992; Castellarin, 

2004). The inherited tectonic structures and Mesozoic palaeogeography influenced the 

development of lateral ramps along the main fronts and changes of the geometry of the 

thrust sheets, characterized by shorter wavelengths of the folds developed within the deep 

basinal sequences (Doglioni, 1992). Moreover, in the Carnian and Julian regions the 

younger ESC thrusts were also geometrically influenced by, and partially or totally reused, 

the inherited Palaeogene, NW-SE trending thrusts of the External Dinarides (Poli et al., 

2002). 
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In the sector of the ESC west of the Tagliamento river, the ENE-trending more 

external contractional structures are the Bassano-Valdobbiadene thrust (BV in Fig. 1), 

associated with the uplift of the mountain front (Doglioni, 1992), and the so called Aviano 

Line in a more external position (Castaldini and Panizza, 1991). This is a thrust system 

nearly 100 km long, composed of several fault segments producing, in its western portion, 

the uplift of a palaeolandscape carved in Neogene-Quaternary sediments and bordering in 

its eastern portion, the mountain front of the Carnian Prealps. From the Schio-Vicenza 

Line to the central Friuli region west of the Tagliamento River, Galadini et al. (2005) 

recognised five fault segments along this thrust front, identifying the Thiene-Bassano, 

Bassano-Cornuda, Montello, Cansiglio, Polcenigo-Maniago and Arba-Ragogna thrusts 

(Fig. 1).  

In the central Friuli and east of the Tagliamento River, the thrust fronts of the ESC 

gradually turn to more easterly trends due to the interaction with the Dinaric inherited 

structures. In this sector the more external thrusts are buried in the plain south of Udine 

and produce the uplift and tilting of the alluvial surface deposited during the last glaciation 

(Poli et al., 2002; Zanferrari et al., 2003). 

In the Italian-Slovenian border region, the Dinaric system encompasses both the 

NW-SE trending, SW-verging Palaeogene thrust-belt, whose thrust front (the Palmanova 

Line Auctorum, Amato et al., 1976; Zanferrari et al., 2006) is presently buried under the 

Neogene-Quaternary sedimentary sequences of the Friuli Plain, and the Plio-Quaternary 

NW-SE trending strike-slip faults which dissects the previous thrust-belt and the ESC 

structures. 

According to Picha (2002) and Vrabec and Fodor (2006), the inception of strike-slip 

faulting during Early Pliocene, was due to the inhibition of the foreland-ward propagation of 

the Dinaric thrust fronts related to the end of the subduction in the Carpathians and of the 

eastward escape of the eastern Alpine and Pannonian units. In western Slovenia the 
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Dinaric transcurrent system is composed of a set of segmented, mostly sub-vertical, right-

lateral faults that affect both the External Dinaric thrust system and the ESC structures, 

like, from west to east, the Raša, Predjama, Idrija and Žužemberk faults (Fig. 1). The 

associated morphological imprint of the younger faults is still a matter of debate. The linear 

valleys trending parallel to the faults and the Quaternary basins located at their 

terminations have been variously interpreted as produced by the former mainly 

contractional phases or by the late transcurrent structures. Evidence of recent activity is 

possibly indicated by the presence of Quaternary basins located at releasing step-over 

along the fault traces, like the Gorenjska Basin between the Sava and Žužemberk faults 

(Vrabec et al., 2006; Fig. 1).  The Dinaric transcurrent system is delimited to the east by 

the E-W trending, Plio-Quaternary Sava Folds (Placer, 1999), that accommodate by 

transpression part of the deformation of the Sava Fault to the north. These faults have an 

average cumulative horizontal displacement of several kilometers, the largest being 

associated with the Idrija fault system and decreasing on the structures located more to 

the SW (Poljak et al., 2000; Vrabec and Fodor, 2006). 

 

3.2. Seismicity 

Historical and instrumental catalogues show that northeastern Italy and western 

Slovenia are affected by a fairly high seismicity, with the most intense seismic activity 

concentrated along the foothills of the ESC in the Friuli region (Castello et al., 2006; 

Working Group CPTI, 2004; Fig. 3).  

In the Veneto-Friuli region the seismic activity is almost exclusively due to the 

activation of compressional sources, as indicated by the fault plane solutions of 

instrumental earthquakes (e.g. Slejko et al., 1999), while right-lateral, strike-slip fault plane 

solutions characterize the W-Slovenian territory (e.g. Herak et al., 1995; Poljak et al., 
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2000; Fitzko et al., 2005) and the Alto Tagliamento area north of the epicentral zone of the 

1976 seismic sequence (Poli et al., 2002). 

 

3.2.1. Instrumental seismicity 

The most important instrumental earthquakes in this region occurred during the 1976 

Friuli sequence (Mwmax 6.4; Table 2), that was widely studied thanks to the abundance of 

collected seismometric data (e.g. Peruzza et al., 2002). However, this rich dataset did not 

help to constrain the seismogenic sources of the larger events, due to the complex 

tectonic configuration of this area. As a matter of fact, several hypotheses exist in the 

literature regarding the position, geometry and kinematics of the causative faults, and the 

occurrence or not of surface faulting (e.g. Bosi et al., 1976; Aoudia et al., 2000; Pondrelli et 

al., 2001; Peruzza et al., 2002). The main outcome of these studies were the recognition of 

the activation of several S-verging thrusts of the ESC caused by fault interaction and 

stress transfer mechanisms (Perniola et al., 2004), confirmed by fault plane solutions and 

relocation of the events of the sequence (Pondrelli et al., 2001; Peruzza et al., 2002). 

Besides, the analysis of the 1976 Friuli sequence and of later seismicity, collected by a 

regional seismometric network between 1977 and 1999, showed that the seismogenic 

volume in central Friuli is confined between 5 and 12 km of depth and that most of the 

events occurred in the hanging-wall of the principal ESC thrusts, namely the Pozzuolo, 

Susans-Tricesimo and Buia thrust systems (Poli et al., 2002). West of the epicentral area 

of the 1976 sequence, seismicity decreases and the only destructive earthquake 

instrumentally recorded was the Mw 5.9, 1936, Bosco del Cansiglio event (Fig. 3). Also in 

this case the causative fault is controversial. This event was first studied by means of its 

seismological recordings to retrieve the epicentral location and the fault plane solution of 

the main shock, and this analysis suggested that the earthquake occurred along a NNW-

trending right-lateral fault (Peruzza et al., 1989). Conversely, Sirovich and Pettenati (2004) 
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retrieved geometric and kinematic information of the source of the 1936 earthquake by 

inverting its regional macroseismic intensity pattern, using an automatic inversion of body 

waves radiating from a linear source. The result of their inversion is a NE-SW striking dip-

slip fault located at 15 km of depth, whose geometry and position is compatible with a 

segment of the Aviano thrust outcropping along the Cansiglio mountain front (Galadini et 

al., 2005). 

In western Slovenia, the Ms 5.7, 1998, Bovec-Krn mountain event shed light to the 

activity of the strike-slip Dinaric fault systems (Fig. 3). The main event was characterized 

by a right-lateral focal solution and ruptured a NW-SE trending, 12 km long segment of the 

Ravne fault (Bajc et al., 2001; Zupančič et al., 2001). The earthquake did not produce 

surface faulting and the rupture was confined between 3 and 9 km of depth. The 

northwestern segment boundary of the fault was probably represented by the intersection 

with the E-W trending structures of the ESC, while to the SE by a restraining step-over 

with the Idrija right-lateral fault system. This event is the most important instrumental 

earthquake recorded in the Slovenian territory, which otherwise can be considered 

characterized by a moderate seismicity. 

The inversion of fault plane solutions collected in the Friuli area indicates a 

compression ranging from NW-SE in the western sector, to N-S and NNE-SSW in the 

central and easternmost sectors respectively (Bressan et al., 1998; 2003; Slejko et al., 

1999; Poli and Renner, 2004). 

 

3.2.2. Historical seismicity 

Several large earthquakes hit the studied region in historical times, most of them 

concentrated in the Friuli area (Fig. 3). In Table 3 we report a list of the main events and 

the faults they are tentatively associated with. The Mw magnitudes of these events are 
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from the catalogue of the Working Group CPTI (2004), while the association with individual 

faults was proposed by Galadini et al. (2005) if not specified in the text. 

The westernmost large event occurred was the Mw 6.6, 1695, Asolano earthquake (b 

in Fig. 3 and Table 3), that hit towns and villages nearby Asolo at the foothills of the 

mountain range delimited by the Bassano-Valdobbiadene thrust front. However, on the 

basis of structural and geological evidence, this event was associated with the Bassano-

Cornuda thrust in a more external position. Moving eastward, the next event was the Mw 

6.3, 1873, Bellunese earthquake (f), whose epicentral location is close to that of the 1936 

Cansiglio earthquake (g). The Bellunese event produced damages mainly north of the 

Cansiglio range, but also to the south of it along its foothills. It was hypothesized that the 

causative fault of this earthquake was the Polcenigo-Maniago thrust, a segment of the 

Aviano Line, located next to the source of the 1936 earthquake (Valensise and Pantosti, 

2001b; Sirovich and Pettenati, 2004). More to the east the Mw 6.7, 1348 Carnia, 

earthquake (j) produced significant damages in a wide area, including Friuli, Carinthia 

(Austria) and western Slovenia. Convincing hypothesis about its causative fault does not 

exist, although Galadini et al. (2005) propose that it was generated by the Gemona-

Kobarid segment of the Periadriatic thrust, mainly on the basis of geological evidence of 

recent activity of this fault. However, the widespread damages could indicate the 

occurrence of a sequence of earthquakes generated by different faults. Accepting this 

hypothesis the epicenter of this earthquake could be mislocated and its magnitude 

overestimated. Another important earthquake that spread its effects in a vast region was 

the Mw 6.5, 1511, western Slovenia event (a). A first study on the basis of a re-analysis of 

historical sources proposed that this event was a sequence of two main shocks occurring 

on different fault segments of the Dinaric system: one in Friuli and the other in Slovenia 

(Ribaric, 1979). More recently a re-analysis of the macroseimic field accompanied by 

structural mapping of active faults, and the computation of synthetic seismograms testing 
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different rupture propagation from several input fault models, led Fitzko et al. (2005) to 

propose a single event rupturing a 50 km-long section of the Idrija right-lateral strike-slip 

fault. It must be pointed out that the epicenters of the 1348 and 1511 earthquakes 

proposed by the CPTI04 Catalogue (Working Group CPTI, 2004), and based on the 

damage pattern, are away from the hypothesised geological sources, as a consequence of 

the widespread damages associated with these events. More to the east, the Mw 6.3 1895 

Slovenia earthquake (q) produced extensive damages in the Ljubljana area and it is the 

most important historical earthquake occurred in Slovenia, apart from the 1511 event. The 

causative fault of this event is unknown, although strike-slip faulting and secondary thrust 

faulting is common in the area (Poljak et al., 2000). Another important group of historical 

events in western Slovenia is located SE of the Idrija fault. Among these is the Mw 6.0 

1721 Rijeka earthquake (m) that occurred in an area characterised by both strike-slip and 

thrust faulting mechanisms (Fig. 3; Herak et al., 1995; Živčić et al., 2000; Vannucci and 

Gasperini, 2004). 

Intermediate size historical seismicity of Mw 5+ highlights the activity of segments of 

the external seismogenic thrust front, as well as of secondary structures like backthrusts 

or, in the Friuli area, of more internal thrusts or strike-slip faults. In particular, the 

macroseismic field of these intermediate size earthquakes is usually restricted to a small 

area, allowing to hypothesise about the causative fault. The earthquakes that we analyzed 

are: the Mw 5.5, 1836, Bassano earthquake (e), which we associate to a secondary 

backthrust of the Bassano-Cornuda thrust; the Mw 5.8, 1776, Tramonti earthquake (c), 

tentatively associated to a segment of the Maniago thrust; the Mw 5.6, 1794, Tramonti 

earthquake (d), occurring on a segment of the Periadriatic thrust; the Mw 5.7, 1788, 

Tolmezzo earthquake (n), the Mw 5.5, 1924 (s) and Mw 5.8, 1928 (u), Carnia earthquakes 

that may indicate the activation of the NNE-SSW trending But-Chiarsò fault system (Poli et 

al., 2007). However, this association is uncertain since these events could have been 
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generated by a WNW-ESE trending fault system, as attested by fault plane solutions of 

recent seismicity that show conjugate nodal planes with both directions. The Mw 5.7, 1812, 

Sequals earthquake (p) instead was characterized by two distinct macroseismic epicentral 

areas located 30 km away, thus suggesting two alternative hypothesis: a deep earthquake 

or a multiple event.  

From the distribution of the epicenters of the historical earthquakes it can be argued 

the presence of some seismic gaps along the almost continuous external seismogenic 

thrust front of the ESC, which runs from the Schio-Vicenza fault zone to the Friuli region, 

and along the strike-slip Idrija fault system. In particular, the Thiene-Bassano, the Montello 

and a portion of the Arba-Ragogna thrusts are not associated to any earthquake. Each of 

these thrusts could potentially generate an Mw 6+ earthquake. 

 

3.3. Present-day deformation velocities 

The active tectonics of the study area is the result of the relative motion of Adria with 

respect to Europe. Adria has been variously considered as an independent microplate or 

as a promontory of the larger African plate (e.g. Babbucci et al., 2004; Battaglia et al., 

2004). Estimated relative motions of the African and European plates calculated using 

geological and geodetic data range between 3 and 9 mm/a (for a review see Grenerczy et 

al., 2005). The analysis of earthquake slip vectors and of geodetic velocities predicts a 

counter clockwise motion of the Adriatic block with respect to the European plate, with a 

pole of rotation located in the Western Alps or in the central Southern Alps (e.g. Anderson 

and Jackson, 1987; Meletti et al., 2000; Calais et al., 2002; Serpelloni et al., 2005). This 

motion produces increasing convergence from west to east (D’Agostino et al., 2005), 

which is matched by a similar increase of the seismic moment release. According to this 

model, in the Friuli region and in Slovenia, N-S to NNW-SSE convergence is inferred to be 

in the order of 2 mm/a (D’Agostino et al., 2005; Grenerczy et al., 2005; Serpelloni et al., 
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2005; Fig. 4). This velocity is interpreted either to be partitioned between thrusting along 

the ESC fronts and strike-slip faulting in the Austrian Alps, connected to the lateral 

extrusion of the eastern Alpine and Pannonian units (Grenerczy et al., 2005; Vrabec et al., 

2006; Weber et al., 2006), or to be completely absorbed by crustal thickening and blind-

thrusting across a narrow zone of the ESC, with no or little residual strain transferred to the 

north (D’Agostino et al., 2005). 

In the Italian territory, the vertical slip-rate of individual segments of the external ESC 

thrust front was estimated using displaced Quaternary geological and geomorphological 

markers giving velocities ranging between 0.15 and 1 mm/a (Castaldini and Panizza, 

1991; Galadini et al., 2005). A more detailed study on the Montello anticline based on 

mapping and dating of fluvial terraces, yielded an uplift rate of 0.5 to 1.0 mm/a. This rate 

transferred onto the blind thrust that drives the uplift allowed to calculate a slip-rate of 1.8-

2.0 mm/a on the associated blind thrust (Benedetti et al., 2000). The same study also 

highlighted an increase of the deformation velocity occurred about 120 ka ago. 

In the Slovenian territory, the slip-rates of the inferred active faults are mainly based 

on GPS data and are concentrated on the faults of the PAF (e.g. Vrabec et al., 2006). Until 

recent times, no geological and geodetic data existed concerning the slip-rates of the 

transcurrent Dinaric faults. However, recently some network of instruments has been 

installed to monitor active tectonic deformation of these faults (Gosar et al., submitted). 

 

3.4. Present-day stress field 

Present-day stress data in northeastern Italy and western Slovenia are primarily 

obtained from fault plane solutions of the major earthquakes occurred in the region, while 

few scattered breakout data are present in the Veneto plain (Mariucci and Muller, 2003; 

Reinecker et al., 2005). The regional collection of stress data compiled by Montone et al. 

(2004) shows that in the study area the Shmin follows the trend of the main compressional 
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fronts and it is oriented almost E-W in central Friuli, while it slightly turns to ESE in western 

Slovenia (Fig. 4). At a regional scale the Shmin describes the northward convexity of the 

Adria indenter. Fault plane solutions of instrumental seismicity show thrust faulting in Friuli 

and mainly dextral strike-slip faulting in western Slovenia (Fig. 3 and Table 2). Few 

transcurrent fault plane solutions are also present north of the epicentral area of the 1976 

sequence (Poli et al, 2000; Pondrelli et al., 2006). P-axes of the fault plane solutions are 

oriented N-S both in the Italian and Slovenian territory, and are kinematically compatible 

with the expected relative motion of the Adria microplate with respect to Europe (Serpelloni 

et al., 2005; Vannucci and Gasperini, 2004). The coexistence of two dominant stress 

regimes in northeastern Italy and western Slovenia and the complexity of the seismic 

release are confirmed by local scale studies of the recent instrumental seismicity recorded 

by local seismic network. In particular, Bressan et al. (2003) inferred stress and strain 

tensor orientations using fault plane solutions of earthquakes in the magnitude range 2.1-

5.6 showing an homogeneous NNW-SSE orientation of the stress tensor, except for the 

area on the Italian-Slovenian border, where it turns to NNE-SSW. They also highlight the 

prevailing thrust faulting regime in Veneto-Friuli, changing to transcurrent in western 

Slovenia. Poli and Renner (2004) underline the presence of normal and transtensional 

fault plane solutions on the Italian-Slovenian border region, occurring in an area of 

prevailing strike-slip fault plane solutions. They propose that these earthquakes may be 

generated by releasing bends along the transcurrent fault systems. 

 

3.5. Previous fault compilations and studies of active faults 

The identification of the seismogenic sources responsible for damaging earthquakes 

included in DISS and the characterization of their geometry follows the work of several 

authors who investigated the area using different approaches and datasets. 
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For the Italian territory, a large amount of data on the Plio-Quaternary fault activity of 

NE-Italy was collected in the framework of the Italian “Progetto Finalizzato Geodinamica” 

(Zanferrari et al., 1982; CNR-PFG, 1987; Slejko et al., 1989; Castaldini and Panizza, 

1991), where the seismotectonic interpretation was conditioned by a strong cylindrism and 

numerous parallel thrusts were considered as active (e.g. the Sacile, Aviano, Bassano-

Valdobbiadene and Periadriatic thrusts and the so called Belluno Line). The thrust fronts 

were not segmented and no hypotheses on the causative faults of historical earthquakes 

were presented. 

At a local scale, the best example of a single active structure investigated by means 

of morphotectonic and structural data is the Montello anticline (Ferrarese et al., 1998; 

Benedetti et al., 2000). This is the most prominent individual fold that deforms the Veneto-

Friuli plain, and it is associated to uplifted and deformed river terraces, diversion of the 

course of the Piave River, as well as vertical relative motions registered by leveling lines 

(De Martini et al., 1998). 

In recent times, new geological and geophysical data were collected for the new 

geological map of Italy and as part of a national project aimed to the seismic risk reduction 

of northeastern Italy. In this framework, Galadini et al. (2005) draw a synthesis at the 

regional scale of the active faults affecting the ESC. In their work, the authors drastically 

reduce the number of active faults, propose a segmentation of the external thrust front of 

the ESC based on structural and geomorphological observations and suggest the 

association of some individual seismogenic sources with strong historical earthquakes 

mainly based on the distribution of the highest intensity data points, in comparison with 

source geometry and position. Their study is restricted to potential sources of M > 6, and 

represents the basis of the in-depth revision of the seismogenic sources of northeastern 

Italy included in DISS. 
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In western Slovenia, recent studies on active faults were restricted to the causative 

sources of the 1511 western Slovenia and 1998 Bovec-Krn Mt. earthquakes. These 

studies highlighted the activity of the regional Dinaric transcurrent fault systems, which 

right-lateral fault plane solution was constrained by the large instrumental dataset 

registered after the 1998 event. Researches were focused principally on the Idrija fault and 

on its lateral strands (Bajc et al., 2001; Fitzko et al., 2005). In addition to historical and 

instrumental seismicity, evidence of activity come from displacement of recent 

morphological features as well as the age of the sediment infill of karst depression 

interpreted to be pull-apart basins (Vrabec and Fodor, 2006). 

 

4. Seismogenic Sources 

Following a geographical order from west to east, in this section we will describe 

individual seismogenic sources and seismogenic areas of northeastern Italy and western 

Slovenia, trying to discuss problems and uncertainties related to their identification and 

characterization, and highlighting possible points for further discussions. The associated 

earthquakes are lettered as in Fig. 3 and Table 3. 

The Individual Seismogenic Sources are simplified and georeferenced three-

dimensional representations of fault planes. They are identified through integrated 

geological and geophysical investigations, are capable of primary slip during a large 

earthquake, and are assumed to exhibit “characteristic” behavior with respect to rupture 

length/width and expected magnitude. 

The Seismogenic Areas represent fault systems composed of aligned and adjoining 

individual seismogenic sources, sharing a common faulting mechanism and similar 

geometrical characteristics, and that in some cases were not singled out. Each area is 

capable of M ≥ 5.5 earthquakes, and is drawn with consideration of large set of available 

evidence, including known regional tectonic structures, location of major earthquakes, 
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seismicity patterns, and long- and short-term strain observations. For both Individual 

Sources and Seismogenic Areas, the Database stores geometric and kinematic 

parameters, which can be useful for empirical predictions of ground shaking scenarios, 

along with the list of associated earthquakes. 

 

4.1. Individual sources 

The individual seismogenic sources mapped in Figure 5 are named and numbered 

following the DISS nomenclature, while full geometrical and kinematical parameters are 

reported in Table 4. In this table the Mw associated with each source is calculated using 

the empirical relationships proposed by Wells and Coppersmith (1994) or derived from 

seismological observations; the slip-rate interval is derived from hanging-wall uplift rate 

obtained from displaced geological and geomorphologic markers of known age (where 

these data were not available, the slip-rate interval was derived from geodynamic 

constraints like GPS deformation velocities); the average displacement of the potential 

earthquake or of the historical/instrumental earthquake associated, is calculated from Mo 

using the analytical relationships of Hanks and Kanamori (1979); and the recurrence 

interval is inferred from slip-rate and average displacement. For those sources not 

associated with any earthquake, the minimum return period is assumed to be 700 years, a 

period within which the Italian historical catalogue is believed to be complete for events of 

magnitude greater than 5.5. The geometry and strike of most of the sources have been 

derived from the work of Galadini et al. (2005) scaling the dimensions proposed by these 

authors with the average seismological stress drop of the Friuli 1976 seismic sequence, 

assumed to be characteristic in this region for thrust faulting earthquakes (see section 2.1), 

and constrained by empirical relationship between magnitude and rupture area (Poli et al., 

2007). 
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Thiene-Bassano (ITGG127) 

The Thiene-Bassano Source is a segment of a thrust fault system that borders the 

Venetian and Friuli plain for more than 100 km (Aviano Line, according to Castaldini and 

Panizza, 1991). The activity of this thrust front is documented by uplifted terraces, 

abandoned river valleys, tectonically subsiding areas and small scarps deforming recent 

depositional surfaces. Based on different geomorphic expressions and subsurface 

structural data, Galadini et al. (2005) recognised 4 segments along this front. The Thiene-

Bassano Source is bounded to the east by the kinematic lateral ramp of the Bassano-

Cornuda thrust and to the west by the Schio-Vicenza fault system. The rake of this source 

(reverse with a small lateral component) derives from geological observations constrained 

by regional GPS-derived directions of shortening. No historical earthquakes are positively 

associated with this source, except for the debated large Mw 6.5, 1117, Veronese 

earthquake. This event is located west of the Lessini Mountains near Verona by the Italian 

historical catalogues and by a recent study based on a re-analysis of the felt dataset 

(Working Group CPTI, 2004; Guidoboni et al., 2005). Conversely, it was associated with 

the Thiene-Bassano Source by Galadini et al. (2005), on the basis of integrated geological, 

archaeoseismological and historical data (Galadini et al., 2001). This event produced 

damages over a wide region, comprising the Po Plain and the Venetian plain south of the 

Thiene-Bassano thrust. This could indicate a complex pattern of coseismic faulting and the 

contemporaneous occurrence of several shocks. 

Few instrumental earthquakes of low magnitude (Mmax 3.5) were recorded in this 

sector of the ESC during the last 30 years. Due to the lack of significant seismicity, this 

source can be regarded as a seismic gap potentially hosting future Mw 6+ earthquakes. 

The seismic potential of this portion of the ESC thrust front is shown by the occurrence of 

the Mw 6.6, 1695 Asolano earthquake (b in Fig. 3 and Table 3), that we suggest to have 

been generated by an adjoining thrust segment to the east of the Thiene-Bassano Source, 
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i.e. the Bassano-Cornuda Source. Since Thiene-Bassano and Bassano-Cornuda sources 

present the same geometrical characteristics, we can argue that also the seismic potential 

have to be similar. 

The main unsolved questions about this source and about the other sources that 

segment the Aviano Line regard: 1) their structural and kinematic relationships with the 

neighboring sources; 2) the possibility that they can rupture in sequences like the 1976 

Friuli earthquakes. 

Other issues are relative to secondary structures that may accompany the main 

seismogenic sources (backthrusts and transverse structures): can they generate 

damaging earthquakes? In this regard, we must observe that to the east of the Thiene-

Bassano Source the Mw 5.5 1836 Bassano earthquake (e) highlighted the seismogenic 

potential of small secondary structures. Another open issue is the seismogenic potential of 

the Bassano-Valdobbiadene thrust, a structure that borders the mountain front at the rear 

of the Aviano thrust system, west of the Cansiglio plateau. Galadini et al. (2005) suggested 

that this structure is inactive on the basis of lack of evidence of recent deformation in 

geological and geomorphological features. This hypothesis seems to be in agreement with 

the low level of the instrumental seismicity, however the presence of some historical 

earthquakes with Mw slightly smaller than 5, may suggest that it could release infrequent 

but locally damaging earthquakes. 

 

Bassano-Cornuda (ITGG102) 

The Bassano-Cornuda Source is a segment of the Aviano Line, aligned with the 

Thiene-Bassano Source along the foothills of an uplifted palaeolandscape of Middle 

Pleistocene age (Galadini et al., 2005). This source has a right-stepping en-echelon 

relationship with the eastern adjoining Montello Source, while the Monte Grappa Source, 

associated with the Mw 5.5, 1836 earthquake (e), is a segment of its N-verging back-thrust. 
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Also in this case, the reverse rake with a small lateral component can be inferred from 

geological observations constrained by regional GPS-derived direction of shortening. The 

Bassano-Cornuda Source is considered as the causative source of the Mw 6.6, 1695 

Asolano earthquake (b). 

 

Monte Grappa (ITGG113) 

The Monte Grappa Source is a back-thrust of the larger Bassano-Cornuda Source. 

Its position was constrained by the distribution of the highest intensity data points of the 

Mw 5.5, 1836 Bassano earthquake (e). Therefore, in this sector of the ESC, large 

magnitude earthquakes (M 6+) are generated by the frontal thrusts segments of the 

Aviano Line, while smaller (M 5+) but nonetheless potentially destructive earthquakes, 

may be generated by secondary structures. The reverse with a small lateral component 

rake of this source is inferred from structural considerations. 

The existence of this source poses a fundamental question on the possible 

occurrence of similar intermediate magnitude earthquakes elsewhere along the ESC thrust 

fronts.  

 

Montello (ITGG101) 

The Montello-Conegliano thrust is the most remarkable structure of this portion of the 

ESC, as a result of the conspicuous morphological evidence of the Montello anticline.  

Many papers dealt with its geometry and evolution (e.g. Ferrarese et al., 1998; Benedetti 

et al., 2000; Fantoni et al., 2001). Surface geological and structural data show that the 

Montello-Conegliano thrust is a continuous fault that dies out to the east where it is 

overridden by the Cansiglio thrust (Galadini et al., 2005). 
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The presence of several orders of Middle and Upper Pleistocene warped river 

terraces (e.g. Benedetti et al., 2000) in the western sector strongly suggest that the 

Montello-Conegliano anticline is active and driven by the underlying thrust. 

The future release of DISS will include a new interpretation of the structure that 

include only the western and central portion of the Montello-Conegliano thrust (Montello 

Source). The geometry we propose for the Montello Source was defined modeling surface 

geological and subsurface geophysical data. The length of the source was constrained 

using: 1- the south-western periclinal end of the morphological anticline that indicate the 

position of the western tip of the blind thrust; and 2- the extension of the outcrops of the 

Neogene sequence that locally are the oldest exposed rocks, and that provide a hint to the 

location of the maximum tectonic uplift. Further indications of the fault dimensions are 

given by a series of seismic reflection profiles orthogonal to the structure interpreted by 

Galadini et al. (2005). This geophysical dataset shows that the fault width and the 

displacement along the Montello-Conegliano thrust decrease progressively toward the 

east and that close to its eastern termination the structure is overridden by the Cansiglio 

thrust (Fig. 1). The eastward decrease of displacement matches the asymmetric shape of 

the anticline (higher to the west) and the exposure of the oldest fold core rocks. East of the 

Piave River, the anticline becomes gentler and symmetric, until it is overridden by the 

Cansiglio thrust. The strike of the Montello Source was taken parallel to the axis of the 

outcropping Montello anticline (Benedetti et al., 2000) and its dip was obtained from the 

geological section published by Galadini et al. (2005). Based on the anticline width 

projected onto the thrust plane, constrained using the seismic lines, the Montello Source 

was confined at depth between 1 and 8.2 km. The overall geometry and location was 

further constrained by geodetic observations of vertical relative movements analysed by 

De Martini et al. (1998). 
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In the current version of DISS (v. 3.0.2), the Montello-Conegliano thrust is segmented 

into two seismogenic sources, comparable in size, that were defined using a 

morphological approach that considered the Montello anticline as the surface expression 

of the western segment of the thrust. Coversely, Galadini et al. (2005) considered the 

whole Montello-Conegliano thrust as a single, 30-km-long, seismogenic source rooted at 

about 11 km depth, and capable of generating earthquakes of magnitude up to 6.7. 

Despite the different segmentation schemes illustrated above, all observations 

indicates that the Montello-Conegliano thrust is active. However, there is only little 

evidence on how much contractional strain is released through discrete events (i.e. 

earthquakes) and how much goes aseismic. Complex seismic-aseismic behavior was 

suggested for several major faults in the world; e.g. the San Andreas fault (Bakun and 

McEvilly, 1984) and the western Taiwan thrust belt (Simoes et al., 2007). 

Benedetti et al. (2000) hypothesized that the western part of the thrust (Montello) 

may have slipped three times in the past 2,000 years (during the Mw 5.8 778 A.D., Mw 5.4 

1268 and Mw 5.0 1859 earthquakes; w, x and y in Fig. 3 and Table 3), yielding a mean 

recurrence time of about 500 years. Whereas, the eastern part of the thrust (Conegliano) 

would be silent. However, seismic catalogues have very poor-quality and incomplete data 

for these events, leaving room for different interpretations, as for example the possibility 

that these earthquakes were generated by nearby secondary structures. In this latter case, 

the whole Montello-Conegliano thrust would represent a major "silent" structure, with a 

recurrence interval longer than 700 years, because none of the historical earthquakes 

reported in the Italian Catalogues of seismicity for the past seven centuries can be 

convincingly referred to the Montello Source. 

The open issues regarding the Montello Source refer to the segmentation scheme 

applied to the Montello-Conegliano thrust, and to its seismic history. Is the Montello-

Conegliano thrust unsegmented, as it was proposed by Galadini et el. (2005), and as such 
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may represent the source of very large future earthquakes? Or is it segmented in two 

sources as it was proposed in DISS (v. 3.0.2)? Is it possible to associate with them any of 

the earthquakes suggested by Benedetti et al (2000), or is it a seismic gap? If the three 

earthquakes (778 A.D., 1268 and 1859) were really generated by the Montello Source, 

does this mean that its seismic behavior is characterized by smaller and more frequent 

earthquakes than expected (from its dimensions), each one rupturing a small portion of the 

entire structure? 

 

Cansiglio (ITGG124) and Polcenigo-Montereale (ITGG125) 

The geometry of the Cansiglio Source has been constrained following the work of 

several papers dealing with the Mw 5.9, 1936, Cansiglio earthquake (g in Table 3). Sirovich 

and Pettenati (2004) retrieved geometric and kinematic information about the source by 

inverting its regional macroseismic intensity pattern and their results are in agreement with 

morphotectonic evidence of activity of the Cansiglio thrust (e.g. Galadini et al., 2005). As 

regards to the parameters of this source, the minimum and maximum depths (1.5 and 6.4 

km, respectively) were constrained by subsurface geology and the lack of positive 

evidence of coseismic surface faulting. Andreotti (1937) described the formation of some 

surface breaks hours before the earthquake, that showed evidence of reactivation after the 

event. The strike of these features followed that of the Cansiglio thrust at the base of the 

mountain front. However, in spite of their potential coseismic origin they have never been 

fully studied. 

The mesoseismal areas of the strongest effects of the 1936 earthquake are found 

just south of the Cansiglio plateau and to the north in the Alpago valley (Barbano et al., 

1986; Giacchetti et al., 1987). These are almost the same zones that suffered the 

strongest effects during the Mw 6.3 1873 Bellunese earthquake (f), that we suggest to 

associate to the nearby Polcenigo-Montereale Source on the basis of the damage pattern. 
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In this sector of the ESC the Cansiglio and Polcenigo-Montereale sources are the most 

external thrusts, and are located along the Carnian Prealps mountain front. The same 

structural position at the mountain front is occupied to the east by the nearby Maniago and 

Sequals sources. However, they show a change of strike from NE-SW to ENE-WSW and 

at their back, the Periadriatic thrust is active and generate intermediate size earthquakes. 

The interpretation of the Mw 5.7, 1812, Sequals earthquake (p) is still unclear: its 

epicenter is reported to be in the plain south of the frontal thrusts, segmented by the 

Cansiglio and Polcenigo-Montereale sources (Working Group CPTI, 2004) and it is 

characterized by a wide epicentral area encompassing maximum intensities up to 30 km 

away. This pattern could indicate either a deep earthquake or a multiple event, the latter a 

common case in the Italian seismic history (see Table 1). 

 

Maniago (ITGG108), Sequals (ITGG109) and Tramonti (ITGG112) 

Based on structural observations (Zanferrari et al., 2007) and on the occurrence of 

the Mw 5.8, 1776, Tramonti earthquake (c) close to the western termination of the Maniago 

thrust, we propose the existence of the Maniago Source. This source is hypothesised as a 

segment of the Maniago thrust falling along its westernmost portion (Fig. 1). The 

macroseismic pattern of the 1776 event is much localised, indicating that the causative 

fault was shallow, close to the macroseismic epicenter and likely coincided with a segment 

of the thrust. Besides, the existence of this source suggests that the Maniago thrust may 

be segmented along strike by other unidentified individual sources located further to the 

east. To the south, the Sequals Source is the central segment of the 27 km-long Arba-

Ragogna thrust and it is not associated with any historical/instrumental earthquake. As 

such this source represents a potential seismic gap for a M 6+ earthquake. Evidence of 

recent activity of the Arba-Ragogna thrust is mainly represented by displaced Late 
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Quaternary deposits (Galadini et al., 2005; Paiero and Monegato, 2003; Zanferrari et al., 

2007). 

Starting from the Maniago and Sequals sources and moving eastwards, the structural 

configuration of the ESC thrusts seems to be more complex, since seismicity is distributed 

in a wider N-S stretch and more thrust fronts seem to be contemporarily active. In fact, to 

the north of the Maniago and Sequals sources the Tramonti Source can be found falling 

along the EW-trending Periadriatic thrust that we associate with the Mw 5.6, 1794, 

Tramonti earthquake (d). According to Galadini et al. (2005), the Periadriatic thrust is 

active for the whole length starting from Gemona to Kobarid in western Slovenia, where it 

interacts with the NW-SE trending, right-lateral structures of the Idrija fault system. These 

authors also tentatively associated this portion of the thrust with the Mw 6.7, 1348, Carnia 

earthquake (j), one of the largest historical events occurred in the region. On the contrary, 

with the exception of the Tramonti Source, the western portion of the Periadriatic thrust to 

date is not associated to any historical or instrumental earthquake. The structural 

continuity of this 60 km-long thrust is interrupted in coincidence with the Tagliamento 

valley by the interference of an inherited Dinaric thrust surface. 

The main issues about these sources regarding the seismogenic potential and 

behavior of the Periadriatic thrust are the following: 1) Is the Periadriatic thrust 

seismogenic all along its length? 2) Can it generate large magnitude earthquakes (M 6+) 

to the west of the Tagliamento valley? 3) Is the eastern portion also segmented in small 

sources similar to the Tramonti Source? 4) Was the 1348 event characterized by similarly 

large main shocks like the 1976 sequence? If so, 5) did they involve adjacent segments of 

the Periadriatic thrusts? 6) Can they rupture individually during smaller magnitude events? 

Further work is needed to answer these key-questions to better constrain the seismic 

potential of this sector of the ESC, in the meanwhile the Gemona-Kobarid source of 

Galadini et al. (2005) was included as the ITSA040 Seismogenic Area. 
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Gemona South (ITGG120), Tarcento (ITGG119), Montenars (ITGG121) and Gemona East 

(ITGG122) 

These seismogenic sources are associated with the four largest events of the 1976 

Friuli earthquake sequence, namely: the Mw 6.4, 6 May (1 in Fig. 3 and Table 2) - Gemona 

South; the Mw 5.6, 11 September (6) – Tarcento; and the Mw 5.9 h03:15 GMT (7) and the 

Mw 6.0 h09:21 GMT (8) 15 September events - Montenars and Gemona East, respectively 

(Mw from Pondrelli et al., 2001). This is the most important instrumentally-recorded seismic 

sequence occurred in the study region and it was characterized by prevalent thrust and 

reverse fault plane solutions (e.g. Pondrelli et al., 2001; Poli et al., 2002). Detailed 

seismotectonic studies showed that it involved the activation of several S-verging thrust 

faults during the main shock and the largest aftershocks, belonging to the fronts of the 

ESC. However, secondary backthrusting also occurred (Poli et al., 2002). Coulomb stress 

changes induced by the main shock likely triggered the occurrence and controlled the 

distribution of the following seismicity (Perniola et al., 2004). The sequence hit a region 

deformed by a complex fault pattern, made up by the E-W trending embricated thrusts of 

the ESC that deformed and partially re-used the old inherited NW-SE trending thrusts of 

the Paleogene Dinaric chain (e.g. Fig. 2). This complex tectonic framework did not help the 

association of each earthquake to a specific seismogenic source. This difficulty was 

enhanced by the numerous solutions proposed in the literature, often proposing 

completely or slightly different hypocenter locations and fault plane solutions for the same 

earthquake (e.g. Aoudia et al., 2000; Pondrelli et al., 2001; Poli et al., 2002). The 1976 

earthquake sequence was also associated to a broad region of coseimic uplift registered 

by a first order levelling line (Talamo et al., 1978). 

The DISS sources were constrained using the hypocenter locations of Zonno and 

Kind (1984) and the fault plane solutions of Pondrelli et al. (2001). However, the geometry 

Burrato et al., submitted to Tectonophysics, October 2006, revised June 2007 33



of the sources was adapted to the location and geometry of the most important thrusts (i.e. 

detailed tectonic map and geological cross-section of Figure 2). Namely, the Gemona 

South Source, which ruptured during the 6 May 1976 event and it is the largest of those 

proposed, fits the geometry of the Susans-Tricesimo thrust. Similarly, the Tarcento Source 

fits the geometry of the Buia-Tarcento thrust, the Montenars Source of the Colle Villano 

thrust and the Gemona East Source of the deep Trasaghis thrust ramp (Figs. 1, 2 and 4). 

All of the sources are prevalently blind thrusts, the deeper being the Gemona East Source 

identified between 6.5 and 10 km of depth. 

In this interpretation, we do not link the surface ruptures described by Bosi et al. 

(1976) with any of the sources. In fact, these features are located on the hanging-wall of 

the thrusts and not at their intersection with the surface. On the basis of these 

considerations, we interpret the ruptures as due either to landslides (e.g. deep seated 

gravitational movements), or to the extension associated with bending at the top of a rising 

anticline. 

The main issue relative to these sources regard their relationships with the strike-slip 

Dinaric fault systems. 

 

Medea (ITGG126) 

The geometry and strike of the Medea Source have been constrained following the 

work of Galadini et al. (2005). The Medea Source is one of the thrusts that deform the 

central Friuli plain south of Udine (these are the Udine-Buttrio, Pozzuolo and Medea 

thrusts). However, only the Medea thrust among these three structures is considered 

capable to generate large magnitude earthquakes, due to its relatively deeper detachment 

(about 7 km). In this area the depth of the detachment is controlled by the presence of the 

older Dinaric thrusts, whose lateral ramps are re-used as frontal ramps (e.g. Poli et al. 

2002). The recent activity of this thrust is testified by the deformation of the aggrading 
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surface formed during and just after the last glacial maximum (about 19 ka BP). Its 

geometry at depth and the deformation of Pleistocene deposits were described using 

available seismic exploration lines. 

The Medea Source is formally a seismic gap because it is not associated with any 

historical or instrumental earthquake. It must be pointed out that the evidence of activity of 

the thrusts in the subsurface of the Friuli plain (described at length in Galadini et al., 2005) 

is in contrast with the low historical and instrumental seismicity of this area. Therefore, the 

fundamental open question regards the seismogenic potential of the Medea Source. A 

similar question can be argued for the shallower and smaller Udine-Buttrio and Pozzuolo 

thrusts: can they generate small/intermediate magnitude, locally damaging earthquakes? 

 

Idrija (SIGG001) and Bovec-Krn (SIGG002) 

The Idrija and Bovec-Krn sources are associated with the Mw 6.5, 1511, western 

Slovenia (a in Fig. 3 and Table 3), and the Ms 5.7, 1998, Bovec (15 in Fig. 3 and Table 2) 

earthquakes, respectively. Their location, geometry and kinematics follow the papers of 

Bajc et al. (2001) and Fitzko et al. (2005). These sources are strike-slip segments of the 

NW-SE trending Idrija fault system. Other similar faults are present either west and east of 

the Idrija fault system, but they are not associated with any historical event, although the 

Mw 6.3, 1895, Slovenia earthquake (q) could testify the activation of a segment of one of 

these transcurrent faults. Despite the large magnitude of the 1511 event, there is no 

evidence of coseismic surface ruptures along the surface trace of the Idrija fault. In 

general, there are a few field evidence of dislocated young geological or geomorphological 

features that can be used to constrain fault activity. The difficulty in identifying such 

features is mainly due to the high topography setting and the densely forested terrains. 

Hence, only indirect evidence from remote sensing and high resolution DEM generated 

from airborne radar surveys exist up today (Cunningham et al., 2006). However, the fault 
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traces of this transcurrent system are associated with a strong morphological imprint and 

the formation of karst morphologies.  

The issues that arise from the study of these earthquakes are relevant to the entire 

Dinaric transcurrent fault system: are all the strike-slip faults able to generate large 

earthquakes? How are the 2 mm/a of GPS measured velocity partitioned? For this last 

point, it was observed that the long-term geological displacement of the transcurrent faults, 

decreases along those structures located more to the SW (Poljak et al., 2000; Vrabec and 

Fodor, 2006), suggesting that most of the deformation is taken further to the east, or 

perhaps almost entirely by the Idrija fault system. Other open questions are related to the 

potential of the Idrija fault system for future earthquakes and to its possible interactions 

with nearby faults. In fact, the 1511 earthquake ruptured only a 50 km-long segment of the 

160 km-long fault. From these figures, we expect that the fault could host in the future at 

least another earthquake of similar magnitude as that of the 1511 event, rupturing a 

segment of similar length. Besides, close to its northwestern tip, the Idrija fault system 

intersects the easternmost branch of the active Periadriatic thrust (Gemona-Kobarid 

thrust), tentatively associated with the Mw 6.7, 1348 Carnia earthquake (j) by Galadini et al. 

(2005). The structural and kinematic link between the ESC and the transcurrent Dinaric 

system is still to be studied in detail and fully understood. 

  

4.2. Seismogenic Areas 

Seismogenic areas are a class of sources derived from regional surface and 

subsurface geological and geophysical data and characterized by geometric (strike, dip, 

width, depth) and kinematic (rake) parameters. They contain an unspecified number of 

Individual Sources. The seismogenic areas mapped in Figure 5 are named and numbered 

following the DISS nomenclature and full geometrical and kinematical parameters are 

listed in Table 5. In this table the Mw associated with the sources were derived from 1- the 
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maximum instrumental or historical earthquake associated; or from 2- the maximum 

magnitude of the included individual sources; or 3- inferred from regional seismological 

observations. The maximum magnitude is assumed to be at least 5.5 if no earthquakes 

could be associated with and if the Seismogenic Area does not include any of the 

individual sources previously described. Table 5 reports also ranges of other geometrical 

and kinematic parameters. Additional information on the seismogenic areas may be 

derived from the individual sources that they host. 

 

Thiene-Cornuda (ITSA007), Montello-Conegliano (ITSA060) and Cansiglio-Polcenigo 

(ITSA061) 

The DISS proposes a first order segmentation of the Aviano Line (Castaldini and 

Panizza, 1991), subdivided into three seismogenic areas: Thiene-Cornuda (ITSA007), 

Montello-Conegliano (ITSA060) and Cansiglio-Polcenigo (ITSA061). The segmentation is 

based on the same structural and morphological observations that led to the identification 

and characterization of the individual seismogenic sources of this portion of the ESC front. 

In particular the Thiene-Cornuda Area is bounded to the SW by the Schio-Vicenza fault 

system, while to the NE shows a right-stepping geometry with the Montello-Conegliano 

Area. The last one occupies a more advanced structural position and terminates against 

the southwestern lateral ramp of the Cansiglio-Polcenigo Area. An abrupt change of strike, 

from NE-SW to about E-W, corresponds with the eastern segment boundary of this last 

source.  

 

Maniago-Sequals (ITSA062) and Gemona-Tarcento (ITSA066) 

These seismogenic areas contain the thrust faults activated during the 1976 seismic 

sequence and the neighboring thrust front west of the Tagliamento River. These structures 
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are located along the mountain front and show a WSW-ENE to WNW-ESE trend, 

respectively. 

 

Tramonti-Kobarid (ITSA064) 

To the north of the Friuli 1976 sequence, DISS contains an additional active thrust 

front (Tramonti-Kobarid Area) coinciding with the western and eastern portions of the S-

verging Periadriatic thrust. Activity of this 70 km-long thrust is attested on geological basis 

for the Gemona-Kobarid segment (Galadini et al., 2005), while west of the Tagliamento 

valley in our hypothesis its seismic activity is highlighted by the Mw 5.6, 1794, Tramonti 

earthquake (d in Fig. 3 and Table 3). The structural continuity of this 70 km-long thrust is 

interrupted in coincidence with the Tagliamento valley by the occurrence of one of the 

main Dinaric thrusts. The main issues regarding this Seismogenic Area were discussed in 

the section devoted to the individual Tramonti Source. 

 

Medea (ITSA065) 

South of the 1976 Friuli epicenters, the Medea Area encompasses the blind thrusts 

buried in the plain that uplift and deform the depositional surface of the Last Glacial 

Maximum. This sector of the Friulian plain is characterized by a low historical and 

instrumental seismicity. In contrast with this evidence, Galadini et al. (2005) using 

reflection seismic lines and geomorphic observations identified three structures with 

evidence of Late Quaternary activity: the Udine-Buttrio, Pozzuolo and Medea thrusts (UD, 

PZ and MD in Figure 1). However due to the shallow depth of the basal decollement (less 

than 4 km) of the UD and PZ thrusts, they have not been included as seismogenic areas in 

the DISS database. 

 

But-Chiarsò (ITSA067) 
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Concerning the seismicity that characterizes the middle Tagliamento Valley north of 

the epicenters of the 1976, Friuli earthquakes, the Italian historical catalogue shows, 

among other smaller earthquakes, four important events: the Mw 5.8, 1700 Raveo (k), the 

Mw 5.7, 1788, Tolmezzo (n), the Mw 5.5, 1924, Carnia (s), and the Mw 5.8, 1928 (u), Carnia 

earthquakes. Of these events, the 1928 earthquake, showing a transcurrent fault plane 

solution with two conjugate dextral WNW-ESE and sinistral NE-SW high angle planes (Poli 

et al., 2000), helps defining the seismotectonics of the area. In fact, both these solutions 

are consistent with the structural setting of the area, characterized by the presence of high 

angle left-lateral faults, as the But-Chiarsò system, and dextral WNW-ESE subvertical 

strike-slip faults. 

 

Bovec-Tolminka (SISA001) and Tolmin-Idrija (SISA002) 

The Bovec-Tolminka source, containing the causative fault of the 1998 event, 

branches from the main Tolmin-Idrija source, a segment of which ruptured during the 1511 

earthquake. A more detailed segmentation of these two seismogenic areas into individual 

sources is still undefined. Strike-slip activity along the NW-SE faults of W-Slovenia is 

testified by Rijeka earthquakes (Herak et al., 1995). Moreover, the Mw 5.7, 1926, Slovenia 

earthquake (t) could be associated with the Tolmin-Idrija source, and may highlight the 

activity of its southeastern termination. 

 

5. Concluding remarks 

This paper described an update of the last published version of DISS (3.0.2) that 

includes 16 Individual Seismogenic Sources and 10 Seismogenic Areas. Altogether these 

sources outline the main active trends of thrust and strike-slip faults in northeastern Italy 

and western Slovenia. Of the 16 individual seismogenic sources, 12 are associated with 

one historical or instrumental earthquake, while 4 represent potential seismic gaps (Table 
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4). The version of DISS that we discussed when it was relesed greatly improved the 

understanding of the seismic processes of the region and the completeness of the 

database. As a matter of fact, 11 of the sources were completely new entries since they 

were not included in the former releases (Valensise and Pantosti, 2001b), and 5 sources 

were updated.  

The individual seismogenic sources envisaged in DISS comprise both the causative 

sources of large earthquakes (M 6+) and of intermediate size events (M 5+). Our model of 

the seismogenesis in northeastern Italy and western Slovenia predicts that the M 6+ 

earthquakes are generated by individual segments of the most external ESC thrust fronts 

or of the Dinaric transcurrent system. Conversely, smaller earthquakes (M 5+) are 

associated with secondary faults or less active fault strands at the rear of the most external 

fronts. For the first class of sources, we may conceive that the western sector, from the 

Thiene-Bassano to the Polcenigo-Maniago thrusts, has been completely segmented, and 

all the potential sources of large earthquakes identified. We can not say the same for the 

Friuli area and the western Slovenia, where large gaps exist. Conversely, the smaller 

sources responsible for the less important events of M 5+ are more difficult to identify due 

to their fainter morphotectonic imprint and, therefore, numerous sources are still 

unidentified. For example, earthquakes of this size may be generated along the thrust 

fronts at the rear of the most external one, like the Bassano-Valdobbiadene thrust. 

However, with the inclusion of the seismogenic areas in this version of DISS we tried to 

overcome this problem. In fact, seismogenic areas represent the fault systems that we 

believe to be active and potentially seismogenic, but that we could not segment yet. 

The elaboration of the EMMA database (Vannucci and Gasperini, 2004) shows that 

the individual seismogenic sources and the seismogenic areas of northeastern Italy are 

characterized by prevailing thrust faulting mechanisms, with P-axes oriented N-S in 

agreement with the regional direction of plate convergence. Those in western Slovenia 
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show dextral strike-slip mechanisms and P-axes with the same orientations. The But-

Chiarsò Seismogenic Area, located in Friuli north of the 1976 sequence is dominated by 

strike-slip seismicity, and P-axes parallel to those of the thrust faulting zones. This 

evidence confirms that the seismotectonic of the area is driven by the Adria-Europe 

relative motion. 

A comparison of GPS-derived shortening rates with the horizontal component of 

geological long-term slip rates (Middle-Late Pleistocene) can be done only for the Veneto 

and western Friuli sectors, where geological data are available. This analysis, which 

compares two datasets covering completely different time ranges, suggests that during the 

time period covered by the GPS studies about half of the plates’ relative motion could have 

been accommodated by the sources included in DISS, which from the westernmost 

Thiene-Bassano to the easternmost Sequals follow and segment the most external thrust 

front of the ESC. The remaining shortening rate of about 1 mm/a could be i- 

accommodated aseismically, ii- accommodated by minor faulting, or iii- it could actively 

charge locked segments of the ESC thrust fronts at the rear of the most external one, and 

it would be released by large infrequent earthquakes. The Italian seismic catalogue 

(Working Group CPTI, 2004) shows that seismicity concentrates along the mountain front 

and it is more infrequent moving westwards (Fig. 3), therefore due to its interval of 

completeness it does not help unrevelling the last point. 

The Friuli region is the only sector of the ESC where more than one thrust front is 

active and the regional GPS velocity is accommodated across a 70 km wide zone 

(D’Agostino et al., 2005). This is shown by the distribution of the seismicity and by the 

geological evidence of fault activity. In this sector, earthquakes are concentrated between 

the frontal thrusts buried in the plain and the Fella-Sava thrust to the north (Figs. 1 and 2). 

Immediately to the east, the ESC thrusts interact with the strike-slip faults of the Idrija fault 

system. The more complex structural pattern and more diffuse activity of this sector may 
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be in relationship with the role played by the inherited tectonic and palaeogeographic 

structures in segmenting the ESC thrusts. 

The most external NW-SE trending, SW-verging thrusts of the External Dinaric chain 

are located about at the longitude of the Maniago Source. East of this position (i.e. in the 

hanging-wall of the Dinaric thrust wedge) segmentation of the S-verging ESC thrusts is 

controlled by the position of the main Dinaric thrusts, while the ESC thrusts re-use as 

lateral ramps the Dinaric structures. To the west (i.e. in the foreland of the Dinaric chain), 

segmentation of the ESC thrust fronts is controlled by the inherited structural configuration 

of the Mesozoic Friulian carbonate platform. 

In western Slovenia, at least two fault strands of the Idrija fault are active, as 

indicated by the occurrence of the 1511 and 1998 earthquakes. The individual 

seismogenic sources included in DISS indicate that the Idrija fault did not rupture for the 

whole length in historical times; therefore, substantial seismic gaps are present. The other 

strike-slip faults west of the Idrija fault system share the same genesis and the same 

morphotectonic evidence. However, only small and intermediate size earthquakes could 

be associated with them (maximum magnitude 5). In particular, the Mw 6.0 1721 Rijeka 

earthquake (m) and nearby other historical and instrumental events that occurred close to 

the southeastern termination of the Raša Fault, highlight the activity of these transcurrent 

faults and possibly of the thrusts of the External Dinarides along the Croatian coast. This 

observation opens the issue of the seismogenic potential of the transcurrent faults and of 

the interaction between the transcurrent and thrust systems. A similar deficit of seismic 

moment released by the transcurrent faults is observed to the east, since only the Mw 6.0 

1895 earthquake could be tentatively ascribed to the activity of one of these faults 

(Žužemberk Fault). However, no detailed studies on this earthquake have been done so 

far. Besides, the partitioning of the GPS derived velocity in western Slovenia among the 

different strike-slip strands is not quantified yet. 
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Figure captions 

 

Figure 1. Regional tectonic sketch of northeastern Italy and western Slovenia. Black lines: 

strike-slip faults; hachured lines: thrusts. The active faults and the regional tectonic 

features are highlighted with thicker lines. The background is represented by the 

SRTM DEM (Void-filled seamless SRTM data V1, 2004, International Centre for 

Tropical Agriculture (CIAT), available from the CGIAR-CSI SRTM 90m Database: 

http://srtm.csi.cgiar.org). Legend: AC, Arcade thrust; AR, Arba-Ragogna thrust; BC, 

Bassano-Cornuda thrust; BCh, But-Chiarsò fault system; BL, Belluno Line; BT, Buia-

Tricesimo thrust; BV, Bassano-Valdobbiadene thrust; CA, Cansiglio thrust; CV, Colle 

Villano thrust; FE, Fella thrust; GB, Gorenjska Basin; GL, Giudicarie Line; ID, Idrija 

fault; MA, Maniago thrust; MC, Montello-Conegliano thrust; MD, Medea thrust; PA, 

Periadriatic thrust; PA (GK), Periadriatic thrust Gemona-Kobarid segment; PAF, 

Periadriatic fault; PL, Palmanova Line; PM, Polcenigo-Maniago thrust; PR, Predjama 

fault; PZ, Pozzuolo thrust; RA, Raša Fault; SF, Sava fault; ST, Susans-Tricesimo 

thrust; SV, Schio-Vicenza fault system; TB, Thiene-Bassano thrust; TO, Tolminka 

fault; UD, Udine-Buttrio thrust; VS, Valsugana thrust; ZU, Žužemberk fault. The inset 

shows a synoptic view of  the last version of DISS (v. 3.0.2). 

 

Figure 2. Regional N-S geological cross-section across the ESC thrust belt, showing the 

relationships between the active S-verging thrusts of the Southern Alps and the 

inactive W-verging Dinaric thrusts. Legend: 1, Plio-Quaternary; 2, Middle-Upper 

Miocene; 3, Lower-Middle Miocene; 4, Palaeocene-Eocene (turbidites); 5,  

Palaeocene-Eocene (limestones); 6, Cretaceous; 7, Jurassic; 8, Upper Triassic; 9, 

Permian-Upper Triassic; 10, magnetic basement. Name of faults same as in Figure 1. 
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Figure 3. Map of historical and instrumental seismicity from the CPTI04 Catalogue 

(Working Group CPTI, 2004) and the 1977-2001 OGS Annual Bulletin (available 

from: http://www.crs.inogs.it/). Historical earthquakes are represented with grey 

squares scaled to the magnitude. Those events associated with the individual 

seismogenic sources are highlighted with black squares and listed in Table 3. 

Instrumental seismicity is represented with small circles scaled to the magnitude. 

Fault plane solutions plotted in lower hemisphere projection of the main events are 

taken from the Italian CMT dataset (Pondrelli et al., 2006). For parameters of the fault 

plane solutions see Table 2. Seismicity is superposed onto the simplified regional 

tectonic sketch. 

 

Figure 4. Present-day stress field of northeastern Italy and western Slovenia showing 

maximum horizontal stress orientation (modified from World Stress Map, release 

2005, Reinecker et al., 2005). Symbols: 1- focal mechanism; 2- breakouts; 3- 

overcoring. The white arrows represents the Adria-Europe convergence vector 

derived from GPS studies, according to: D, D’Agostino et al. (2005), N10W, 2 mm/a; 

G, Grenerckzy et al. (2005), N3E, 2-3 mm/a; S, Serpelloni et al. (2005), N5E, 2.2 

mm/a. 

 

Figure 5. Overview of the seismogenic sources of northeastern Italy and western Slovenia 

included in the last version of the DISS (DISS W. G., 2006). Individual Seismogenic 

Sources are shown in black, Seismogenic Areas in dark grey. The individual 

seismogenic sources are represented with a rectangle that is the projection of the 

fault plane onto the ground surface, and a line which is the expected cut-off with the 

surface. The small arrows inside the rectangles show the direction of slip (rake 
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angles). Seismogenic sources are superposed onto the simplified regional tectonic 

sketch. 
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TABLES 
 

Locality     Year Description Fault kinematics Reference

Irpinia 
(southern Apennines) 1962 

Three large main shocks with Ml 5.7, 6.1, and 6.0 
struck on August 21 at 18:09, 18:19, and 18:44, 

respectively. 
Normal faulting Gasparini et al., 1985; 

Westaway, 1987 

Belice 
(southern Italy) 1968 Four shocks of magnitude 5.7-6.0 struck between 

January 15 and 25. Thrust faulting Gasparini et al., 1985 

Friuli 
(northern Italy) 1976 

Three shocks with Ml 6.3, 5.5, 5.3 May 5 and 11, and 
four shocks with Ml 5.5, 5.9, 6.1, 6.0 between 

September 11 and 15. 
Thrust faulting Finetti et al., 1976 

Irpinia 
(southern Apennines) 1980 

Three separate shocks occurred on 23 November. 
The second 20 seconds after the first and the third 40 

seconds later. Ms 6.9. 
Normal faulting Boschi et al. (Eds), 

1993 

Potenza 
(southern Apennines) 1990; 1991 

An Ml 5.3 main shock on May 5, 1990, triggered a 
sequence that continued well into the following year 
and culminated with a similarly sized event on May 

26, 1991. 

Strike-slip faulting Ekström, 1994 

Umbria-Marche 
(central Italy) 1997 

The largest shocks had Mw 5.7, 6.0, 5.2, 5.4, 5.2, 5.6 
and all struck between September 26 and October 

14. 
Normal faulting Chiaraluce et al., 2003 

Molise 
(southern Italy) 2002 

Two Mw 5.7 earthquakes struck on October 31 and 
November 1, triggering a swarm-like sequence that 

lasted for several days. 
Strike-slip faulting Chiarabba et al., 2005 

 
Table 1: Earthquake sequences in Italy characterized by similarly large multiple main shocks. 
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ID Date Lat Lon Depth (km) M Strike  Dip Rake  Associated source 
1 6 May 1976 46.36 13.27 10.0 6.4 282 23 119 Gemona South (ITGG120) 
2 7 May 1976 46.25 13.30 10.0 4.9 95 37 63 NA 
3 9 May 1976 46.26 13.36 10.0 5.1 89 48 60 NA 
4 11 May 1976 46.31 13.00 10.0 5.0 283 35 123 NA 
5 11 Sep 1976 46.33 13.20 10.0 5.2 271 38 116 NA 
6 11 Sep 1976 46.34 13.20 10.0 5.6 260 24 91 Tarcento (ITGG119) 
7 15 Sep 1976 46.32 13.20 10.0 5.9 246 36 84 Montenars (ITGG121) 
8 15 Sep 1976 46.32 13.17 10.0 6.0 272 29 115 Gemona East (ITGG122) 
9 16 Sep 1977 46.33 13.00 10.0 5.3 291 35 119 NA 

10 18 Apr 1979 46.36 13.28 10.0 4.6 323 66 169 NA 
11 29 Aug 1986 46.34 12.47 15.0 3.8 219 47 62 NA 
12 20 Apr 1994 46.30 12.57 17.7 4.4 203 53 24 NA 
13 22 May 1995 45.62 14.23 25.1 4.1 159 81 187 NA 
14 13 Mar 1998 45.59 14.20 19.3 4.1 152 62 173 NA 
15 12 Apr 1998 46.24 13.65 15.0 5.7 218 67 356 Bovec-Krn (SIGG002) 
16 6 May 1998 46.24 13.71 10.0 4.3 247 44 40 NA 
17 17 Jul 2001 46.74 11.37 22.1 5.3 210 72 7 NA 
18 14 Feb 2002 46.37 13.17 15.3 4.9 328 22 186 NA 
19 2 Jun 2002 45.63 14.23 32.9 3.7 346 76 181 NA 
20 12 Jul 2004 46.34 13.63 15.0 5.2 117 54 138 NA 
21 14 Sep 2004 45.33 14.58 19.9 4.4 94 42 47 NA 

 
Table 2: Location data and parameters of the larger instrumental earthquakes occurred in the study region. Magnitude values and 
fault plane solutions of events from 1 to 10 are Mw from Pondrelli et al. (2001). All the other fault plane solutions are from the Italian 
CMT dataset (Pondrelli et al., 2006). The magnitude of the event 15 is Ms from Zupančič et al., 2001. All the other magnitude values 
are Md from the OGS Annual Bulletin (available from: http://www.crs.inogs.it/). To locate the fault plane solutions in Figure 2, refer to 
the ID. 
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ID        Date Locality Imax Lat Lon Mw Associated source
a       1511.26.03 Slovenia 100 46.20 13.43 6.5 Idrija (SIGG001) 
b       1695.25.02 Asolano 100 45.80 11.95 6.6 Bassano-Cornuda (ITGG102) 
c       1776.10.07 Tramonti 85 46.23 12.71 5.8 Maniag (ITGG108) o 
d       1794.07.06 Tramonti 75 46.30 12.79 5.6 Tramon (ITGG112) ti 
e       1836.12.06 Bassano 80 45.81 11.82 5.5 Monte Grapp (ITGG113) a 
f       1873.29.06 Bellunese 95 46.15 12.38 6.3 Polcenigo-Montereal (ITGG125) e 
g 1936.18.10 Bosco del Cansiglio 90 46.09 12.38 5.9 Cansiglio (ITGG124) 
h      1976.06.05 Friuli 95 46.24 13.12 6.4 Gemona Sout (ITGG120) h 
i       1976.15.09 Friuli 85 46.25 13.12 5.9 Gemona East (ITGG122)  
j       1348.25.01 Carnia 95 46.25 12.88 6.7 NA 
k       1700.28.07 Raveo 90 46.43 12.87 5.8 But-Chiarsò (ITSA067) 
m       1721.12.01 Rijeka 90 45.30 14.40 6.0 NA 
n       1788.21.10 Tolmezzo 85 46.40 13.02 5.7 But-Chiarsò (ITSA067) 
p       1812.25.10 Sequals 75 46.03 12.59 5.7 NA 
q        1895.14.04 Slovenia 80 46.13 14.53 6.3 NA
r        1897.15.05 Ljubljana 80 46.00 14.50 5.6 NA
s       1924.12.12 Carnia 70 46.46 12.98 5.5 But-Chiarsò (ITSA067) 
t       1926.01.01 Slovenia 75 45.77 14.28 5.7 Tolmin-Idr (SISA002) ija 
u       1928.27.03 Carnia 90 46.37 12.98 5.8 But-Chia (ITSA067) rsò 
w       778.00.00 Treviso 85 45.67 12.25 5.8 NA 
x        1268.04.11 Trevigiano 80 45.73 12.08 5.4 NA
y        1859.20.01 Collalto 70 45.89 12.10 5.0 NA

 
Table 3: Location data and parameters of the largest historical earthquakes occurred in the study region (from CPTI04 Catalogue). Imax 
is the maximum macroseismic intensity as reported in the Catalogue. Events from a to i were positively associated to individual 
seismogenic sources. Earthquakes from j to y are other important events discussed in the text, some of which are associated to the 
seismogenic areas. To locate the earthquakes in Figure 2 refer to the ID. 
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ID  Name LAT LON Length 

(km) 
Width 
(km) 

Depth 
(km) 

Strike 
(°) 

Dip 
(°) 

Rake 
(°) 

Average 
Slip (m) 

Slip rate 
(mm/a) 

Recurrence
(a) 

Associated 
earthquake Mw 

ITGG127 Thiene-
Bassano 45.69          11.54 18.0 9.5 1.0-5.8 244 30 80 1.50 0.10-1.00 1500-15000 Unknown 6.6

ITGG102 Bassano-
Cornuda 45.75     11.79 18.0 9.5 1.0-6.4 240 35 80 1.50 0.70-0.87 1721-2151 25 Feb 1695 6.6 

ITGG113    Monte Grappa 45.85 11.85 5.0 3.9 0.5-2.7 60 35 80 0.40 0.10-1.00 700-4000 12 Jun 1836 5.5 
ITGG101  Montello 45.88 12.31           22.0 11.2 1.0-8.2 242 40 80 1.50 0.47-1.56 964-3214 Unknown 6.7
ITGG124      Cansiglio 45.98 12.41 10.0 6.4 1.5-6.4 214 50 60 0.75 0.52-0.65 1149-1436 18 Oct 1936 6.1 

ITGG125 Polcenigo-
Montereale 46.05     12.52 15.0 8.5 2.0-7.5 220 40 80 1.00 0.31-0.78 1286-3214 29 Jun 1873 6.4 

ITGG108       Maniago 46.17 12.67 8.0 5.5 0.5-3.3 237 30 90 0.66 0.10-0.34 1941-6600 10 Jul 1776 5.9 
ITGG109              Sequals 46.15 12.77 16.5 9.0 1.0-6.8 254 40 90 1.30 0.10-0.26 4915-13000 Unknown 6.5
ITGG112      Tramonti 46.27 12.77 6.0 4.5 1.0-3.6 268 35 90 0.66 0.10-1.00 700-6600 07 Jun 1794 5.8 

ITGG120 Gemona 
South 46.24      13.03 16.0 9.0 2.0-6.5 290 30 105 1.32 0.10-1.15 1143-13200 06 May 1976 6.4 

ITGG122      Gemona East 46.26 13.13 10.0 6.4 6.5-10.2 276 35 110 0.75 0.10-0.61 1229-7500 15 Sep 1976 6.1 
ITGG121     Montenars 46.25 13.16 8.0 5.5 2.0-5.2 274 35 90 0.83 0.10-0.61 1360-8300 15 Sep 1976 6.0 
ITGG119      Tarcento 46.23 13.23 6.0 4.5 2.0-4.3 277 30 90 0.46 0.10-0.58 797-4600 11 Sep 1976 5.7 
ITGG126             Medea 45.96 13.27 16.0 9.0 0.5-6.9 285 45 120 1.00 0.10-0.28 3571-10000 Unknown 6.4
SIGG002      Bovec-Krn 46.32 13.61 13.0 7.0 3.0-9.9 313 82 171 0.18 0.10-2.00 700-1800 12 Apr 1998 5.8 
SIGG001   Idrija 46.14 13.77 50.0 12.6 1.0-13.4 310 80 176 1.00 0.10-2.00 700-10000 26 Mar 1511 6.8 
 
Table 4: Geometric and kinematics parameters of the Individual Seismogenic Sources of northeastern Italy and western Slovenia. 
Geographic coordinates refer to the western upper tip of the fault plane. The ID of the sources is the same as that used in the DISS 
(DISS Working Group, 2006) and shown in Figure 5. Magnitude of the associated earthquakes are taken from the CPTI04 Catalogue 
(Working Group CPTI, 2004), while the Mw of the other sources were calculated using the empirical relationships by Wells and 
Coppersmith (1994). Slip rate intervals were derived from geological and geomorphologic data. Average displacement of the potential 
earthquake or of the associated historical/instrumental earthquake, were calculated from Mo using the analytical relationships from 
Hanks and Kanamori (1979); and the recurrence intervals were inferred from slip-rates and average displacements. For those sources 
not associated with any earthquake, the minimum return time is assumed to be 700 years. 
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ID   Name Min

Depth 
(km) 

Max 
depth 
(km) 

Strike 
Min (°) 

Strike 
Max (°)

Dip 
Min (°) 

Dip 
Max (°)

Rake 
Min (°) 

Rake 
Max (°) 

Mw 

ITSA007 Thiene-
Cornuda 1.0         6.5 235 255 30 40 80 100 6.6

ITSA060 Montello-
Conegliano 1.0         8.5 225 245 30 40 80 100 6.6

ITSA061 Cansiglio-
Polcenigo 1.5         7.5 210 230 40 50 60 80 6.4

ITSA062 Maniago-
Sequals 0.5         7.0 230 260 30 40 70 90 6.5

ITSA064 Tramonti-
Kobarid 1.0         6.0 265 285 30 45 80 100 6.2

ITSA065           Medea 0.5 7.0 280 300 40 50 110 130 6.4

ITSA066 Gemona-
Tarcento 2.0         6.5 270 290 30 40 90 110 6.5

ITSA067 But-
Chiarso 1.0         9.0 200 220 60 90 0 50 5.8

SISA001 Bovec-
Tolminka 1.0         9.0 300 320 70 90 160 180 5.7

SISA002 Tolmin-
Idrija 1.0         9.0 290 320 70 90 160 180 6.8

 
Table 5: Geometric and kinematics parameters of the Seismogenic Areas. The ID of the sources is the same as that used in the DISS 
(DISS Working Group, 2006) and shown in Figure 4. The Seismogenic Areas are unsegmented fault systems hosting individual 
seismogenic sources capable of generating Mw 5+ earthquakes. 
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