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Abstract

Within mountain belts of Central Europe we identify seismogenic nodes, specific structures
formed at the intersections of fault zones. The nodes have been delineated with the morphostructural
zoning method. Some of the delineated nodes host the crustal Μ > 6.0 earthquakes. To identify all nodes
where earthquakes with Μ > 6.0 may occur, we have employed the pattern-recognition algorithm CORA-
3. The recognized seismogenic nodes are characterized by the contrast in neotectonic movements and by
an increased fragmentation of the crust at depth. The results obtained indicate a high seismic potential for
the studied area and provide important information for seismic hazard assessment: a number of nodes
where strong events have not occurred so far, have been recognized prone to large earthquakes.

Introduction

This work presents the results of the recognition of seismogenic nodes within mountain belts of

Central Europe. The study region, shown in figure 1, includes the Alps, Carpathians, Balkanides,

Dinarides, and Peninsular Italy with Sicily. In our previous studies, these regions have been investigated

individually (GORSHKOV et al, 2000; 2002b; 2003). This paper introduces the results of the recognition

of the nodes prone to earthquakes with Μ > 6.0 for the entire mountain belt, shown in figure 2.

The study is based on the idea that strong earthquakes nucleate at the nodes, specific structures

that are formed around the intersections of the fault zones. The nodes have been delineated with the

morphostructural zoning (MSZ) method (ALEXEEVSKAYA et al., 1977; GORSHKOV et al., 2002a).

The pattern recognition algorithm CORA-3 implemented by GELFAND et al., (1976) for recognition of

earthquake-prone areas has been used in this work to identify the nodes prone to earthquakes with Μ >

6.0.

We regard the output of our work - uniformly defined seismogenic nodes within a vast seismic

region - as a contribution to the challenging problem of the uniformity of seismic hazard research. For a

recent attempt towards such standardization see PANZA et al., (2000).

Methodology

The methodology used (GELFAND et al, 1976; ALEXEEVSKAYA et al., 1977; GORSHKOV

et al., 2002a) includes two principal steps. The first step is the delineation of the objects of the recognition

- the morphostructural nodes. The second one is the classification of all delineated nodes with the pattern

recognition technique into nodes where earthquakes with magnitude exceeding a certain threshold are

possible and nodes where only smaller earthquakes may happen. Here we describe only the basic

definitions necessary for the understanding of the results.



Delineation of the nodes

The nodes are defined by the MSZ method (ALEXEEVSKAYA et al, 1977; GORSHKOV et al,

2002a) that is based on the concept that the lithosphere is built up by different-scale blocks separated by

mobile boundaries. By the MSZ a studied region is divided into a system of hierarchically ordered areas

characterized by homogeneous present-day topography and tectonic structure. MSZ distinguishes (1) areas

(blocks) of different rank; (2) their boundary zones, morphostructural lineaments; and (3) sites where

lineaments intersect, nodes.

Large-scale geostructures (e.g., the Alps) developed by a common orogenesis and characterized

by uniform orographic appearance are considered the highest first rank units, mountain countries. They

are divided into second rank areas, megablocks, which are further subdivided into third rank areas, blocks.

The rank of the lineament depends on the rank of the area limited by the lineament. MSZ

distinguishes two types of boundary zones: longitudinal and transverse lineaments. Longitudinal

lineaments are approximately parallel to the regional trend of the tectonic structure and of the topography,

while transverse lineaments cross them.

Morphostructural nodes are formed around the intersections or junctions of two or more

lineaments, i.e. a node may include more than one intersection or junction. In topography nodes are

represented by a mosaic combination of various topographic forms and by an increased number of linear

topographic forms of various strikes that reveal the instability of the area.

Figure 2 displays the morphostructural map of the study region (GORSHKOV et al., 2000; 2002b;

2003) that shows the hierarchical block-structure of the region, the network of lineaments, and the loci of

the nodes. The map has been compiled at the scale of 1:1,000,000 using the GIS technology on the basis

of the joint analysis of topographic and tectonic maps, satellite photos, and relevant publications. It should

be emphasized that the delineation of morphostructural units (blocks, lineaments, and nodes) has been

performed with no connection with seismicity data.

In our studies, we define the node in a formal way as a circle of 25 km of radius, centered at the

point of intersection of the lineaments (GORSHKOV et al., 2000; 2002a,b, 2003). Using this formal node

definition, each point of lineament intersection is a node but, in reality, two or three closely situated

intersections may belong to the same node.



Pattern recognition applied to earthquake-prone area identification

The goal of pattern recognition is to divide all nodes delineated in the studied region in the two

classes:

(1) class D, constituted by the nodes where strong earthquakes may be nucleated;

(2) class N, constituted by the nodes incapable of strong earthquakes.

The recognition process includes two stages:

(1) learning stage - selection of the distinctive features of each class on the basis of the training

set composed by D0 and N0 subsets, which are constituted by all the sample nodes representative of the

classes D and N, respectively.

(2) classification stage - determination of which class each node belongs to.

The well-tested CORA-3 pattern recognition algorithm has been used in this work (GELFAND et

al, 1976; GORSHKOV et al., 2002a). The distinctive features (characteristic traits) for classes D and N

are selected as follows.

Let I be the number of components of the binary vectors representing the node. The trait is a

matrix A defined as follows:

h h h

where ii, i2,13 are natural numbers, such that 1 < z'i < z'2 < i$ < I and δι, 62,63 are equal to 0 or to 1. We say

that the node (binary vector) numbered ζ, ω1 = (ωΛ α^1,..., ω/) has the trait A if

The characteristic traits are selected by using four parameters of the algorithm kvk\,k2,ki

(GELFAND et al., 1976; GORSHKOV et al, 2002a). Let W be the set of all the nodes considered and

K(Vf, A) the number of nodes ω' e W, which have the trait A. The trait A is a characteristic trait of class

D if K(I)o, A) > ki and K(N0, A) < ~k\, and the trait A is a characteristic trait of class N if AT(N0, A) > k^ and

The classification is made as follows. For each node ω1 the number nD* of the characteristic traits

of class D, the number nN' of the ones of class N, and the difference Δ; = HD - nN' are calculated. Class D

includes the nodes ω1, for which Δ; > Δ. The nodes, for which Δ; < Δ, are assigned to class Ν. Δ is also a

parameter of the algorithm.



Since CORA-3 operates in a binary vector space, the vectors representing the nodes (actual values

of the parameters of the nodes) are transformed into binary vectors using discretization and coding

(GELFAND et al, 1976; GORSHKOV et al, 2002a).

The results of the recognition of seismogenic nodes for mountain belt of Central Europe

The recognition has been conducted separately for peninsular Italy and Sicily (GORSHKOV et

al., 2002b), for the Alps (GORSHKOV et al., 2003), and for the Dinarides including the northern part of

the Serbo-Macedonian Massif (GORSHKOV et al., 2003). In the Carpathians and Balkanides, the number

of known relevant earthquakes is too small to allow a satisfactory learning stage of the pattern recognition.

Therefore, for these regions in this work we identified the nodes capable of earthquakes with Μ > 6.0

exploiting the characteristic traits defined by CORA-3 for D nodes in the Dinarides.

Selection of sample nodes for the recognition

At the learning stage of the recognition (see above) we defined the sample nodes for each region

using the information on shallow events with Μ > 6.0 reported by the earthquake catalogues (CAMASSI

& STUCCffl, 1996; HERAK et al, 1996; SHEBALIN et al., 1998; ZIVCIC et al., 2000;

QUANTITATIVE SEISMIC ZONING OF THE CIRCUM PANNONIAN REGION, 1996).

The selected earthquakes with Μ > 6.0, both historical and instrumental ones, are plotted in figure

2. The epicenters of these earthquakes are located near the intersection of lineaments, i.e. at the nodes.

With only a few exceptions, related to very ancient events in the Dinarides, the distance between the

epicenters and the points of intersection does not exceed 25 km.

At the learning stage all the nodes have been a priori divided into three sets (GORSHKOV et al.,

2002b; 2003). In the sets D0 we included the nodes most closely situated to the epicenters shown in fig.2.

On the contrary, to the sets NO, we assigned the nodes that are most distant from the epicenters in figure 2

and, to be conservative, from events with smaller magnitudes (5.5 < Μ < 6.0). The nodes, which are

neither not close enough to the relevant epicenters nor sufficiently distant from them, were not included in

the training set. They were not employed for the selection of the characteristic traits but they have been

classified at the recognition stage.

Parameters of the nodes used for the recognition and their discretization

A uniform characterization of the nodes in the form of a common questionnaire is needed to apply

the pattern recognition technique. We used the parameters listed in Table I. The relevancy of these



parameters to the problem of earthquake-prone areas identification was discussed by GORSHKOV et al,

(2002a,b; 2003).

The parameters describing the topographic altitudes and the area of soft sediments (Table I)

characterize indirectly the contrast and intensity of neotectonic movements, while those describing the

density of lineaments and gravity anomalies can be related to the degree of crust fragmentation and

heterogeneity.

The values of the parameters have been measured within each node, i.e. inside a circle with 25-km

of radius, from available topographic, geological, and gravity maps as well as from the compiled MSZ

map (fig. 2). The uniform gravity data were not available over the entire study region, therefore,

specifically, in the recognition for the Dinarides the gravitational parameters have not been employed.

The measured values of the parameters have been transformed into binary vector space by

discretization and coding. The thresholds of discretization for the regions, where the recognition have

been performed, are listed in Table I.

Results

Alps. With fa = 5, fa = 2, fe = 10, and Jc2 = 1, CORA-3 selected nine D traits and twelve Ν traits (Table

Π), controlling the classification, when Δ = 0 (GORSHKOV et al., 2003). Of 142 nodes, 54 (38%) and 88

(62%) are classified D and N, respectively. Circles in figure 2 show D nodes. The recognized D nodes

host all 16 earthquakes with Μ > 6.0 reported for the Alps by CAMASSI & STUCCHI, (1996). 31 out of

the 54 D nodes have no record so far of earthquakes with Μ > 6.0.

Dinarides and northern part of the Serbo-Macedonian Massif. With k\ = 5, k\ = 1, ki = 10, £2 = 1,

CORA-3 selected six D traits and five Ν traits (Table ΠΙ) determining the classification of the nodes,

when Δ = 0 (GORSHKOV et al., 2003). Of 81 nodes, 46 (57%) and 35 (43%) have been assigned to D

and N, respectively. In figure 2 circles show D nodes. With the exclusion of two very ancient events, most

of earthquakes with Μ > 6.0 recorded in the Dinarides (HERAK et al., 1996); SHEBALIN et al., 1998;

ZIVCIC et al., 2000) are situated at the nodes recognized as D (fig. 2). Of the 46 D nodes, only 15 have no

recorded earthquakes with Μ > 6.0.

Peninsular Italy and Sicily. The characteristic traits of D and N nodes (Table IV) have been obtained

through CORA-3 with fa = 4, fa = 2, Jt2 = 13, fa = 0, when Δ = 0 (GORSHKOV et al., 2002b). Of 146

nodes, 81 (55%) are recognized capable of earthquakes with Μ > 6.0. Circles in figure 2 show them. All



the M > 6.0 events, reported by CAMASSI & STUCCHI, (1996), are hosted by some of the recognized D

nodes.

Carpathians and Balkanides. Since the recognition procedure is inapplicable to this region (see above), in

this work we identified the nodes prone to the Μ > 6.0 earthquakes employing the characteristic traits of D

and Ν nodes selected by CORA-3 for the Dinarides (Table II). For this purpose, for each node we

calculated the number of D and Ν traits from Table II and then we established the classification into D and

Ν nodes, when Δ = 1. Circles in figure 2 show D nodes prone to the Μ > 6.0 events.

In the Carpathians, of 135 nodes, 45 (33%) are defined prone to earthquakes with Μ > 6.0. Five

crustal earthquakes with Μ > 6.0 reported by QUANTITATIVE SEISMIC ZONING OF THE CIRCUM

PANNONIAN REGION, (1996) fall into recognized D nodes.

In the Balkanides, of 29 nodes, 13 (45%) nodes have been assigned to D. Three earthquakes with

Μ > 6.0 known in the region (QUANTITATIVE SEISMIC ZONING OF THE CIRCUM PANNONIAN

REGION, 1996) are situated at the recognized D nodes.

The reliability of the results of the recognition have been evaluated by a set of control tests

relevant to the determination of earthquake-prone areas (GELFAND et al, 1976; GORSHKOV et al,

2002a). The tests performed have proved the stability and non-randomness of the resultant classifications

obtained for the Alps and Dinarides (GORSHKOV et al., 2003) and for peninsular Italy and Sicily

(GORSHKOV et al, 2002b).

Conclusions

Here we analyze the spatial distribution of D nodes (fig.2) and their characteristic traits (Tables II

-IV).

In figure 2 the recognized D nodes are plotted as the scaled circles with the radius of 25 km. Each

non-circled intersection of lineaments in figure 2 is Ν node.

As seen in figure 2, D nodes are spatially distributed in different ways across each mountain

country that compose the study mountain belt. In peninsular Italy, D nodes almost continuously cover

internal areas of the peninsula from the Central Apennines, in the north, up to northeastern Sicily, in the

south. In the Carpathians and Balkanides, D nodes are mostly concentrated on first rank lineaments that

limit these mountain countries. The scattered distribution of D nodes is characteristic to the western part of

the Alpine orogen, while in the Eastern Alps D nodes form the prominent clusters in its southern and

easternmost areas. In the Dinarides, large clusters of D nodes are situated in the north and in the



southwest. Figure 2 exhibits the large agglomeration of D nodes in the junction zone between the Eastern

Alps and the Dinarides that indicates the high seismic potential for this area.

The overwhelming majority of the recognized D nodes sit on first and second rank lineaments, i.e.

on the boundaries of larger blocks.

In general, the spatial distribution of D nodes across each mountain country is in agreement with

the observed seismicity in these regions as viewed in the seismicity maps (e.g. MELETTI et al., 2000;

MUSSON, 2000).

The sufficiently large amount of D nodes has been recognized in the areas where strong

earthquakes have not recorded so far. Most of such nodes have been identified in the Alps, specifically, in

the Western Alps, in the Carpathians, and in the Balkanides.

The characteristic traits of D nodes reported in Tables Π - IV provide information to deduce what

distinguishes D from Ν nodes.

In the Alps, five parameters form the characteristic traits (Table Π). The combination of ΔΗ/L >

0.07 ("large" values) with L < 25 km ("small" values), that is characteristic to D nodes, indicate the

contrast in neotectonic movements in D nodes vicinities. Additionally, the combination of Dn < 28 km

("small" values) with Bmin > -110 mGl ("large" values) suggest an increased fragmentation of the crust

around D nodes at depth.

According to their characteristic traits (Table Π), Ν nodes in the Alps are characterized by a

relatively weaker intensity of neotectonic movements and of crust fragmentation.

For the Dinarides, the characteristic D and Ν traits (Table ΙΠ) are composed by five out of the 12

parameters used for the recognition (Table I). D nodes are characterized by the combination of Dn < 34

km ("small" values) with NL > 2 ("large" values) that suggest an increased fragmentation of the crust

around D nodes. L > 34km ("large" values) in combination with Hmax > 1479 m (not "large" values)

indirectly indicate a weaker intensity of neotectonic movements if compared with the Alps. The large

percentage of soft Quaternary sediments (Q > 20%) characteristic to some D nodes, indicates that these

nodes are located in the areas of subsidence.

In peninsular Italy and Sicily D nodes differ from Ν nodes mainly in the morphology within the

node. According to the characteristic traits (Table IV), D nodes are mostly located either within mountain

chain (morphology mJm) or at the boundaries between piedmonts and plains, while Ν nodes are

characterized by any other morphology listed in Table I, except m/m and pd/p (see Table I). In addition, Ν

nodes should be positioned relatively far from the second-rank lineaments.



The results obtained indicate a high seismic potential for large areas within mountain belt of

Central Europe: a number of nodes where strong events have not occurred so far, have been recognized

prone to large earthquakes. This generates the need for interdisciplinary efforts and attempts to explain

how the structure and the dynamics of the lithosphere in the region brings into existence the seismogenic

nodes at the sites represented in this work.
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Parameters

A)Topographic parameters
Maximum topographic altitude, m (Hmax)
Minimum topographic altitude, m (Hmin)

Relief energy, m (ΔΗ) (Hmax - Hmin)
Distance between the points Hmax and Hmin, km (L)

Slope, (ΔΗ/L)
B) Geological parameters
The portion of the soft sediments, % ,(Q)
C) Parameters from the morphostructural map
The highest rank of lineament in a node, (HR)
Number of lineaments forming a node, (NL)
Distance to the nearest 1st rank lineament, km, (Dl)
Distance to the nearest 2nd rank lineament, km, (D2)
Distance to the nearest node, km, (Dn)
D) Morphological parameters (Mor)
This parameter is equal to one of the following six values
1 - mountain and plain (m/p)
2 - mountain and piedmont (m/pd)
3 - mountain and mountain (m/m)
4 - piedmont and plain (pd/p)
5 - piedmont only (pd)
6 - plain only (p)
E) Gravity parameters
Maximum value of Bouguer anomaly, mGal ,(Bmax)
Minimum value of Bouguer anomaly, mGal, (Bmin)

Difference between Bmax and Bmin, mGal ,(ΔΒ)

Thresholds of discretization
Alps

2100; 2939
250; 480

1815; 2509
25; 38
0.07

4; 15

1; 2
2

0; 43
15

19; 28

2

-48
-110

Λ Λ ff\44; 60

Dinarides

1479; 1795
80; 270

1438
26; 34

0.04; 0.05

5; 20

1
2
0

20
25; 34

2

Italy

1500
-230; 80

1500; 2000
35

0.4; 0.7

l; 5

1
2

0; 50
0; 50
23; 30

2; 4

10; 47
-46; 7
44; 66

Tab. I - Parameters used for pattern recognition and thresholds of their discretization.
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# L, km ΔΗ/L Dn, km Bmin, mGal ΔΒ, mGal

Characteristic traits of class D (D-traits)

1
2
3
4
5

6
7
8
9

<25

<25
<38

<25

>0.07
>0.07

>0.07

>0.07
>0.07

<19

<28
<28
<19

<28
>19
>19

>-110

>-110

>-110
>-110
>-110

<60
<60
<44

<44
<44

<44

Characteristic traits of class Ν (N-trait)

1
2

3
4

5
6
7

8
9
10
11
12

>25

>25 <38

>38

>25

>25

<0.07

<0.07

<0.07

<0.07
<0.07

>19

<19

<28
L_ >28

<19

>28

>28

<-110

>-110

<-110
<-110

<-110

>60
>60

>44 <60
<60
>44
>44

>44

Tab. II - Characteristic traits of D and Ν nodes in the Alps.
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# Hmax, m NL L, km | Dn, km 0,%

Characteristic traits of class D (D-traits)

1
2
3
4
5
6

>1479

>1795
>1479
<1795

>2

>2
>2

>34
>26
>34
>34
>34
<26

<34
<34

>20
>20

Characteristic traits of class Ν (N-trait)

1
2
3
4
5

<1795
<1795

2
2
2

2

<34

<34
<34

>25

>34
>25

<20
<20
<20

Tab. ΠΙ - Characteristic traits of D and Ν nodes in the Dinarides.

# ΔΗ M37L Bmin HR D2 Mor

Characteristic traits of class D (D-traits)

1
2

3

< 2000 m

< 1500 m

< 2000m

>0.07

>0.04

> 7 mGal

m/m or pd/p

m/m or pd/p

m/m or pd/p

Characteristic traits of class Ν (N-trait)

1
2

3

4

5

< 1500 m

>0.04

<0.04 < 7 mGal

< 7 mGal
< 1

>50km

nctf (m/m or pd/p)

noi (m/m or pd/p)

no/ (m/m or pd/p)

noi (m/m or pd/p)

Tab. IV - Characteristic features of D and Ν nodes in the peninsular Italy and Sicily
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Fig. 1 - The studied mountain belts of Central Europe and its division into higher rank units. Thick
lines are the lineaments of the first rank that bound first rank units - mountain countries. Thinning lines are
the lineaments of the second rank that limits second rank blocks - megablocks. SM - Serbo-Macedonian
Massif.
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Fig. 2 - Morphostructural map of the mountain belts of Central Europe and the results of the
recognition of the nodes prone to earthquakes with M> 6.0. Thick lines are the lineaments of the first
rank, medium lines are the lineaments of the second rank, thin lines are the lineaments of the third rank;
continuous lines are the longitudinal lineaments; dash ones are the transverse lineaments. Circles are the D
nodes capable of the M> 6.0 events. Black dots are the epicenters of earthquakes with M> 6.0.
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