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ABSTRACT: The study is based on the assumption that strong earth-
quakes are associated with the nodes that are specific structures formed
around the intersections of the fault zones. The nodes have been
delineated with the morphostructural zonation method, based on the idea
that the lithosphere is made-up of different-scale blocks, separated by
mobile boundaries. The morphostructural map, compiled with the GIS
technology at the scale of 1:1,000,000, shows the hierarchical block-
structure of the region, the network of boundary zones, the bounding blocks,
and the loci of the nodes. The results of the morphostructural analysis
indicate the very important role of the E-W trending fault zones in the
present-day block-structure of the region around the Adria margin,
peninsular Italy and Sicily, especially in the Apennines. The crustal
carthquakes with M > 6.0 recorded in the region are nucleated at some of

the mapped nodes. With the assumption that the future strong events will
occur at the nodes, the seismic potential of each node has been evaluated
for two magnitude thresholds, M > 6.0 and M > 06.5. The pattern recogni-
tion algorithm “CORA-3" has been used in order to identify the nodes
capable of earthquakes with M > 6.0 . Due to the few recorded quakes with
M > 6.5 in the studied region, pattern recognition is not applicable to
identify the nodes prone to quakes with M > 0.5. The nodes capable of such
earthquakes have been identified by the criteria of high seismicity nodes,
previously derived from pattern recognition in the Pamirs-Tien Shan
region. 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 been
recorded to date, have been recognized to be prone to large earthquakes
and they may warrant a detailed interdisciplinary investigation.
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1. Introduction

The Adria plate, delineated by Lort [1] and carefully
studied by Anderson & Jackson [2], is positioned in the
central part of the Mediterranean and it 1s surrounded by
high-topographic belts that mark i1ts boundaries. The
seismicity pattern exhibits the increase of the seismic
activity and of the intensity of single events from the
Adriatic Sea, central part of the plate, toward its margins.
T'he territories around the Adria plate are densely

populated and industrialized. The goal of the planned
ivestigation 1s to identify the areas of high seismic
potential along the margins of the Adria. Here we deal
with the region comprising the Italian Peninsula, Sicily and
the adjacent marine shelf of the Tyrrhenian and Adriatic
seas.

The studied area is a well-defined seismo-active
region frequently affected by strong earthquakes. Seismic
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hazard assessment and identification of the seismogenic
zones 1n this region have been the subject of numerous
mvestigations in the last decades e.g. [3, 4, S5, 6, 7 and 8].

This study is based on the assumption that strong
earthquakes are associated with the nodes, specific
structures that are formed around the intersections of the
fault zones. The fact that earthquakes are nucleated at the
nodes was first established from observations in the Pamurs
and Tien Shan [9]. The non-random nature of this
phenomenon has been proven by an especially designed
statistical test [10]. McKenzie & Morgan [11] first
described the physical mechanism of node’s formation,

and the model for their origin has been recently proposed
by Gabrielov, etal [12]. According to this model, the block
interaction along intersection faults leads to stress and
strain accumulation and secondary faulting around the
intersection. This causes the generation of new faults of
progressively smaller size, so that a hierarchical mosaic
structure- a node - 1s formed around the intersection.

The nodes are delineated by the morphostructural
zonation method [13, 14] on the basis of geomorphologic
and tectonic information, with no any connection with
seismicity data. The nodes prone to strong earthquakes
are identified by the methodology based on pattern
recognition [9]. This approach has been applied to many
regions of the world for the recognition of earthquake-
prone areas [3, 9, 15, 16, 17, 18, 19, 20, 21}, and the
predictions made by this methodology in the last 3
decades have been followed by many events (84% of
the total) that occurred in some of the nodes previously
recognized to be the potential sites for the occurrence of
strong events [22, 23].

[n this study we recognize seismogenic nodes for two
magnitude thresholds, M >6.0 and M >06.5.

Pattern recognition is used to identify the nodes
capable of earthquakes with M > 6.0, as done earlier by
Caputo et al [3] for the Italian territory. The update of
Caputo et al [3] investigation is made necessary by two
main of reasons;

oo The new data about active faults, geotectonics and
seismotectonics of Italy, become available during
the last two decades and

o The availability of reconsidered and updated
earthquake catalogues of Italy. This study 1s
performed on a more detailed level (morphostruc-
tural zonation performed at the scale of 1:1,000,000)
than the one by Caputo et al [3] and gravity data
are used m the recognition of the nodes prone
to earthquakes with M > 6.0.

In the studied region, pattern recognition 1s not
applicable to identify the nodes prone to M >06.5
earthquakes because the number of such events is
insufficient for the learning stage of the pattern
recognition. Because of this, in order to identify the nodes
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prone to the Af >6.5 quakes, we use the criteria of high
seismicity (M > 6.5) defined by pattern recognition in the
Tien Shan-Pamirs region [24]. The criteria have been
already tested in other parts of the Apline-Himalayan
seismic belt, namely in the Greater Caucasus [19], in the
Carpatho-Balkan mountains [25] and in the Kopet Dagh
region [26]. In all these regions, the nodes hosting M > 6.5
quakes were properly recognized.

2. Methodology

Two principal steps compose the methodology. In the first
step, the subjects of the analysis-the morphostructural
nodes- are delineated by the morphostructural zonation
method. In the second one, the seismic potential of each
node is evaluated with the help of the pattern recognition
algorithm “CORA-3". Hereby we report only the basic
definitions necessary to facilitate the reading of the paper.

2.1. Identification of the Nodes

The nodes are delineated by means of the methodology
called morphostructural zonation (MZ), which is based on
the widely accepted concept that the lithosphere i1s built
up by different-scale blocks separated by mobile
boundaries. Special attention 1s paid to the present-day
topography, a clear expression of the recent tectonics.
By the MZ the territory 1s divided into a system of
hierarchically ordered areas, characterized by certain
homogeneity of the present-day topography and of the
tectonic structure. Three types of morphostructures are
distinguished by MZ:
X Areas (block) of different ranks:
o Their boundary zones, called lineaments;

o2

X Sites where boundary zones intersect, called nodes.

The present-day topography is chiefly analyzed in
terms of its morphometry, and the following topographic
features are taken into consideration

*

+  Elevation, orientation, and slope of topography;

¢ The drainage pattern and its variations;
»  Linear elements of the Earth surface such as rectilin-
ear segments of rivers, ravines, escarpments, etc.
MZ is hierarchically ordered, hence the territorial units
(blocks) and the boundary zones are assigned with ranks.
The regional structures with a common orogenesis (e.g.,
the Apennines as a whole) are considered as the highest
(first) rank units; in MZ they are called mountain
countries. They are divided into second rank areas called
megablocks. The megablocks are further subdivided mnto
areas of third rank called blocks. The neighboring blocks
should differ at least in one of the three considered
characteristics of the present-day topography. The
megablocks are the territories within which all the three
features of the present-day topography are similar or
change with a common regularity.
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A boundary zone is of first, second or third rank, if it
limits first- or second - or third-rank areas, respectively.
With respect to the regional trend of the tectonic structure

and topography, two types of boundary zones are distin-
guished;

X Longitudinal and

*

o ITransverse lineaments

Longitudinal lineaments are approximately parallel to
the regional strike of the tectonic structure and of the
topography and include long pieces of the prominent
faults. Transverse lineaments intersect the regional trend
of the tectonic structure and of the topography. They
appear on the Earth® surface discontinuously and are
represented by tectonic escarpments, by rectilinear parts
of river valleys, and partly by faults.

The nodes are formed at the sites where the block
boundaries of different orientation intersected, and are
characterized by particularly increased fragmentation of
the crust and contrasting geotectonic movements with a

resulting mosaic pattern of the tectonic structure and of
the topography.

2.2. Recognition of Seismogenic Nodes

In the framework of our methodology, the problem of
pattern recognition is formulated as follows. Given a set of
patterns each of them belongs to one and only one of a
few classes. This general set of patterns contains some
sample patterns (“training ser’”) whose classification is a
priori known. The goal is to select the distinctive features
of each class and, using these features, to classify all
Incoming patterns.

In our case, each pattern is a node represented by a
vector. The components of each vector are measured
values of the parameters of the nodes. This parameter
vector is exploited as an input of a classifier.

The identification of earthquake-prone areas is a
two-class recognition problem since any node is either
prone or non-prone to an earthquake wit a certain magni-
tude. The goal of pattern recognition is to divide all the
nodes delineated in the studied region in the two classes:

i Class D, constituted by the nodes where strong
earthquakes may be nucleated (hosted);

I Class N, constituted by the nodes not capable of
strong earthquakes.

The recognition process includes two stages:
|. Learning stage:
Selection of the distinctive features of each class
on the basis of the training set composed by D
and N, 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, described by Gelfand et al [17] and Cisternas et
al [ 16] has been used 1n this work. The distinctive features
(charactenistic traits) for classes D and N are selected as
follows.

Let / be the number of components of the binary

vectors representing the node. The trait 1s a matrix A4
defined as follows:

i iy I

5 &, 8

B
I

where #,,i,,i4, are natural numbers, such that 1</,<17,
<iy</and 6,,0,,0, are equal to 0 or to 1. We say the
node (binary vector) numbered ; .o = (o ,mg m} ) has
the trait 4 if

i i

The characteristic traits are selected by using four
parameters of the algorithm & .k, .k ,.k,, which must be
integer non-negative values. Let W be the set of all the
nodes considered and K (W, 4) the number of nodes
o' el , which have the trait A. The trait 4 is a character-
istic trait of class D if K (D, A)> k, and K (N, A)<k,.
and the trait A is a charactenstic trait of class N 1if K (N,
A)zk, and K(D,A)<k,.

The classification 1s made as follows. For each node
o' the number 7 ﬂf of the characteristic traits of class D,
the number N" of the ones of class N, and the difference
4 =n Df -n N" are calculated. Set D includes the nodes
o' , for which A. > A. The nodes, for which 4, < 4, are
assigned to set N. A, as well as kt_k_!,kz,and k_z 1S a
parameter of the algorithm.

Since the “CORA-3" algorithm works with binary
vectors, it is necessary to convert the vectors describing
the nodes (actual values of the parameters) into binary
vectors by means of discretization and coding. The
range of the value of each parameter 1s divided into two

or three parts (interval open to the left) by specifying
one or two thresholds of discretization. This leads to the
loss of some information but it makes the results of the
recognition more stable to the fluctuations in the data,
e.g. the non-uniqueness of the MZ. In one-threshold
discretization two intervals are considered for the real
component, which is converted into one binary
component with the value 1 (*small”) or 0 (“large”).
Correspondingly, in two-threshold discretization the
real component 1s converted into two binary components
with the values 11 (“small™), 01 (“medium”) or 00 (“large™).

3. Morphostructural Zonation

The morphostructural map, shown in Figure (1), has been
implied using the G/S technology at the scale of 1:1:000,000
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by the combined analysis of topographic, tectonic,
geological maps and satellite photos. The designed map
shows the hierarchical block-structure, the network of the
lineaments bounding the different blocks, and the loci of
the nodes-sites where lineaments intersect.

The considered part of the Adria plate includes most
of the Italian Peninsula and the adjacent marine shelf. The
large-scale tectonic domains that build up the region have
been assigned to the first-rank areas. They are the
Apennines, Calabria and Sicily, which differ in present-
day topography (physiography), tectonic style, lithology
(stratigraphy), and geological history.

3.1. Apennines

T'heir borders are the Alps and the Tyrrhenian basin to the
west, the Po basin and the Adriatic-Apulian foreland to

44N —

the north and to the east. and Calabria to the south.
3.1.1. First-Rank Lineaments

The lineament 1-7, see Figure (1), corresponding to the
Sestri-Voltaggio fault zone [27], is the boundary between
the Apennines and the western Alps. In the north and in
the east, the lineament 1-98, that separates the Apennines
from the Adriatic foreland, it has been traced along the
footline of the Apennines, therefore its position and
configuration are slightly different from the fault line
marking the Apennine-Maghrebides Main Thrust Front
[28]. In the south, the lineament 103-106 is the boundary
between the Appennines and Calabria: it corresponds to
the Sangineto line [29] or to the Palinuro fault according to
Mantovani et al [30]. In the west, the junction of the
Apenninic structures with the Corsica-Sardinia block and

14E 18E

40N —

38N -—

' ' ' ' first rank, blue lines are the lineaments of the

Figure 1. Morphostructural map of the study area. Violet lines are the Imeaments qf the  blue | : | .
s secgnd rank, green lines are the lineaments of the third rank, continuous lines are thg iungltudlnal_Imgarnents. dlscmntmuqus
ones are the transverse lineaments. Nodes are numbered from 1 to 146. Ap, Apennines; AF, Adriatic foredeep; AP, Apulian

platform; BF, Bradanic foredeep; C, Calabria; G, Gargano Promontory; S, Sicily.
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the Tyrrhenian basin is very complex. The lineament 7-103,
marking this boundary, has been traced along the steep
slope between the shelf zone and the abyssal plains of the

Tyrrhenian basin. Some fragments of the lineament include
faults shown on tectonic maps [28, 31].

3.1.2. Megablocks and Lineaments of the Second Rank

Along the Apennines the topography changes sharply
over short distances and this indicates that very inhomo-
geneous and complex recent tectonic movements are
acting along the mountain chain. Due to the variety of
its topography, seven megablocks have been outlined
in the Apennines.

Megablock Ap/, see Figure (1), embraces the Northern
Apennines comprising three en-echelon ridges. The
megablock is divided into blocks by NE -SE transverse
third-rank lineaments. Blocks differ in the height of topog-
raphy and orientation of ranges. Their boundaries, trans-
verse lineaments 8-13, 12-19 and 17-18, coincide with the
transfer zones shown on the structural map of Carmignani
etal[32].

In the Central Apennines, the megablocks Ap2, Ap3,
Ap4 and ApS have been delineated. They differ in the
dominant orientation, in the elevation of the mountain belt
and they are separated by second-rank transverse
lineaments with a near £-W trend. The important role of the
E-W lineaments in the morphostructure of the Central
Apennines 1s one of the main results of this study. In the
previous version of the morphostructural map of Italy [3]
only the lineament 8-21 was shown, and according to
Philip [33], the Ancona-Anzio line is the most important
orthogonal discontinuity in the Central Apennines. This
line is shown on our morphostructural map as the
third-rank lineament 24-76, which controls a local change
of elevation of the Roman Apennines.

The lineaments 8-21 and 23-29 appear to be very
important structural boundaries between the Northern
and the Central Apennines (or even perhaps between

the “fast moving” peninsula and the “slow moving”
mainland north of 44" of latitude). The axes of the ridges,

located northward and southward of this boundary, are
remarkably shifted eastward suggesting left-lateral
displacements along the lineament. Additionally, the
strike of the eastern footline of the Apennines and of the
Adriatic foredeep changes sharply at the intersection with

this lineament. To the north and to the south of the
[iIneament, contours of gravity anomalies [34, 35] and of
the Moho discontinuity [36] display different pattern,
indicating deep-seated deformations within the zone of
the lineament. The deformations probably reach the
upper mantle as indicated by the properties of the upper
lithosphere (the lid), which exhibit a notable difference in
areas separated by this lineament [37, 38].

The E-W trending lineament 23-29 limits to the north
the Umbria-Marche Apennines. Wise et al [39] has
identified, in this area, topographic lineaments with such
orientation. The lineament 1is traceable to the east since
the orientation of the fault system in the North Adriatic
Sea floor changes from a NNW trend, north of the
lineament, to a WNW trend south of 1t.

The lineament 47-52 is the northern boundary of the
most elevated segment of the Apennines, the Gran Sasso
Mountain; it includes the £ -W Gran Sasso Front and an
active fault bordering the Rieti basin [40]. The eastward
extension of the lineament separates the shallow North
Adriatic basin and follows the trend of the faults shown
on the tectonic maps [28, 31].

The E-W lineament 58-62 delimits the Abruzzo
Apennines; it is traced along the northern border of
the Fucino Quaternary basin and it includes the
Velino-Magnola Mts. fault [41]. Its eastern extension, the
third-rank lineament 62-67, limits the Gargano Promoutary
to the north.

We consider the nearly £ -W lineament 72-75 as a
morphostructural boundary between the Central and
Southern Apennines. From the MZ point of view, the
Ortona-Roccamonfina line [e.g. 8, 30] does not satisfy the
requirements of a morphostructural boundary because
south of the line the topography exhibits the same trend
and elevation as the Central Apennines. In our opinion, a
sharp change of the topography pattern 1s associated with
the lineament 72-75. The zone of this lineament includes
the nearly E - W left-lateral strike-slip motion identified by
Salvini [42] near the town of Frosinone and a system of
young Quaternary intermountain basins.

In the Southern Apennines, megablock Ap6, the
topography 1s quite different from that in the Central
Apennines that are formed mainly by hills and small ridges
of chaotic orientation. The blocks, delineated by MZ,
mostly differ in the topography elevation and are bounded
by a system of nearly £ -W transverse lineaments partly
associated with faults. In particular, the lineament 82-89
near to the town of Avellino, includes an active fault
defined by Bousquet et al [43] who suggest the wide-
spread development, in the Southern Apennines, of
seismogenic structures oriented £ -W. The lineament 92-96
in the Southern Apennines includes faults shown on the
structural map of Italy [28] and it 1s traceable, for a long
distance, towards to the Corsica coastline in accordance
with the magnetic lineament defined by Marson et al [38]
within the Tyrrhenian Sea. The lineament 102-106
corresponds to the Pollino fault [44].

Unlike other segments of the Apennines, low topogra-
phy and young volcanic activity characterize the
megablock Ap7. The megablock 1s separated from the
high-topographic belt by the second-rank lineament 19-92
which passes along the western footline of the Apenninic
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ranges, in accord with the fault system shown on the
structural and neotectonic maps [28, 45].

The morphostructural analysis of the Apennines
tentatively indicates left-lateral motion along most of the
outlined £-W transverse lineaments. This motion is
evidenced in the topography by the eastward displace-
ment of the range axes and of the eastern footline of the
Apennines. These displacements led to situation that a
block, located south of each lineament, is slightly shifted
castward with respect to those situated north of the same
lineament. Of course, this is only a hypothesis on possible

recent kinematics of the Apennines and a more accurate
analysis has to be conducted.

3.2. Calabria

Unlike the Apennines and Sicily, crystalline rocks
compose most of this mountain country, and the
topographic pattern 1s markedly different as compared to
the neighboring mountain countries.

3.2.1. First-Rank Lineaments

To the west and to the east, these lineaments are traced
along steep scarps flanking the deep marine basins. The
first-rank lineament 128-145 following the Messina-Giardim

fault and the Malta Escarpment separates Calabria from
Sicily.

3.2.2. Megablocks and Lineaments of the Second Rank

Two megablocks, marked C1 and C2 in Figure (1), have
been delineated in the region. The first one occupies the
peninsular part of Calabria, the second one embraces the
adjacent shelf of the Tyrrhenian Sea. The two megablocks
are separated by a longitudinal second-rank lineament
traced along the steep fault scarp between the shelf and
(Calabna.

[n Calabria, the structural setting 1s well evidenced by
the regional morphology. All the outlined transverse
third-rank lineaments are in agreement with the
morphostectonic lines shown by Moretti & Guerra [46].
The dense network of lineaments 1s conditioned by the
increased fragmention of the crust in this region.

3.3. Sicily

The topography and the structural setting of Sicily are
clearly different as compared to the Apennines and
Calabna. Low-elevated ranges with nearly £-W orientation

and hills dominate the present-day surface relief.

3.3.1. First-Rank Lineaments

Sicily 1s bounded by first-rank lineaments only to the north
and to the east since the western and southern
morphostructural boundaries of this first-rank block are
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outside the region considered. The northern boundary,
first rank lineament 119-121, is traced along the Aeolian
and Ustica Island. To the west and to the south, Sicily is
bounded by second-rank lineaments that separate the
1sland from the shelf zone.

3.3.2. Megablocks and Lineaments of the Second Rank

Two megablocks, §7 and S2, are delineated by MZ.
Megablock S7 occupied most of the island, while
megablock S2 includes the adjacent shelf zone. The
boundary between them, lineament 123-128, is traced in
accordance with the fault zone shown on the neotectonic
map of Italy [45].

The third-rank longitudinal lineament 134-140 delimits
the Kumeta-Alcantara Mountains. Transverse third-rank
lineaments with NW-SE orientation are associated with
the sharp changes of altitude of these mountains. The
transverse lineaments 122-141 and 136-142 correspond to
the Sciacca and the Comiso-Scicli faults [30], respectively.

3.4. Adriatic Foreland

The western edge of the Adriatic foreland along the
Apennines 1s marked on the morphostructural map by
the second-rank lineaments 1-49 and 70-97, the eastern
boundaries of the Adriatic (4F) and Bradanic (BF)
foredeeps, respectively. These lineaments are traced in
accord with the faults shown on the neotectonic map of
[taly by Ambrosetti et al [45]. The Apulian platform (4P)
1s bounded by the second-rank lineaments 70-97, 70-68,
and 68-87. The Gargano promontory (G) is delimited
by the lineaments corresponding to the high gradient
zones of horizontal i1sostatic anomalies [37] and to well
recognized active faults e.g. [8, 30, 45].

4. Nodes and Seismicity

Since the nodes have been outlined on the basis of
cartographic sources without field investigations, their
natural boundaries have not been defined. From
observations in the Pamirs-Tien Shan region [14] the
node dimensions have been established to be 40-60km
in length and 30-40km in width. In this work the nodes
are defined as a circle of 25km radius surrounding
each point of intersection of lineaments. Such node
dimension is comparable with the size of the earthquake
source for the magnitude range considered in this work,
since, a ccording to Riznichenko [47] and Wells &
Coppersmith [48], the source size of an earthquake with
M = 6.0 1s about 20km in length and about 10km in width.

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.

In order to evaluate the correlation between the
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nodes and the M > 6.0 quakes recorded in the region,
we used two earthquake catalogues N7 4.1.1. [49] and
CCI-1996 [50], covering the entire region and containing
events from 1000 to 1997. Although these catalogues
sometimes exhibit different values for the same parameters
(mainly magnitude) for the same events, they are the most
complete sources on the seismic history of Italy. Table (1)
contains the list of the nodes and of the earthquakes
falling within each of them. The parameters of the earth-
quakes (location and magnitude) are those listed in the
two used catalogues. The epicenters of the selected events
are slightly different in the two catalogues, and to plot
them on the morphostructural map, see Figure (2), we
arbitrarily used the coordinates given by the N74.1.1.
catalogue. Figure (2) shows only the events classified
with M > 6.0 1n both catalogues.

10E

14E

The epicenters of these earthquakes are located near
to the intersection of lineaments. With the only two
exceptions of the epicenter of the 1688 earthquake, located
near node 73, and the epicenter of the 1732 earthquake,
located between the nodes 84-85-90, the distance between
the epicenters and the points of intersection does not
exceed 25km (Table (1) Figure (2)). Thus it is possible to
apply pattern recognition for the node classification.

S. Identification of the Seismogenic Nodes

The seismic potential of the delineated nodes has been
evaluated for two magnitude thresholds, M > 6.0 and
M > 6.5 . The nodes prone to earthquake with M > 6.0 are
identified with the pattern recognition algorithm “CORA-
3" applied to the earthquake-prone areas determination
for the first time by Gelfand et al [9]. The nodes with larger

42N

T

Figure 2. Result of thg recognition of the nodes prone to earthquakes with M > 6.0. Dots are the epicenters with M>6.0 listed in
Table (1). Circles are the nodes recognized to be prone to earthquakes with M > 6.0. Numbering of nodes as in Table (4).
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Table 1. Earthquakes with M>6.5.

N od - Earthquakes
ode Number Region Date Lat N Lon E M * References
. 44.20 10.20 NT4
1* North Apennines | 1920.9.07 T4.1.1
y 44.20 10.25 2 6.7 CCI-1996
1688.4.11 44.40 11.97 6.2 NT4.1.1
44 .38 11.92 5.2 CCI-1996
. 1781.4.04 44 .23 11.75 0.2 NT4.1.1
17 North A L
PLTHIRES 44.23 11.80 5.4 CCI-1996
1661.3.22 44.03 11.90 6.2 NT4.1.1
44.03 11.95 3.7 CCI-1996
1919.6.29 43.95 11.48 6.3 NT4.1.1
(8 Central 43.95 11.48 5.6 CCI-1996
Apennines 1542.6.13 44.00 11.40 6.2 NT4.1.1
44.00 11.35 5.7 CCi-1996
20 Central 1584.9.12 43.93 11.93 6.2 NT4.1.1
Apennines 9.10 43.83 12.00 5.1 CCI-1996
< 1916.5.17 | 43.93 12.68 6.0 NT4.1.1
2 RO ApCIENOS 44.17 12.92 4.7 CCI-1996
)5 Central 1930.10.30 43.63 13.33 6.0 NT4.1.1
i Apennines 43.67 13.27 5.9 CCI-19906
43.25 12.75 6.7 NT4.1.1
26+ Central Li3}:ed? 43.23 12.75 0.1 CCI-1996
Apennmes 1747 4 17 43.20 12.82 6.2 NT4.1.1
o 43.20 12.83 5.1 CCI-1996
43.53 12.35 6.2 NT4.1.1
7% Central 1383, IR:14 43.50 12.25 5.1 CCI-1996
Apennines 1781 6.03 43.58 12.50 6.4 NT4.1.1
>4 43.58 12.57 6.3 CCI-1996
43.48 12.13 6.2 NT4.1.1
oyt mll S 12.15 5.1 CCI-1996
43.45 12.23 6.2 NT4.1.1
)8 Central 1438840 43.52 12.18 5.1 CCI-1990
Apennmes 1789.9 30 43.52 12.20 5.9 NT4.1.1
o 43.52 12.23 6.3 CCI-1996
43.48 12.12 5.9 NT4.1.1
3140l 12.12 6.3 CCI-1996
2 Central 1741.4.24 43.38 12.98 6.2 NT4.1.1
38 Apennines 43.42 13.00 5.6 CCI-1996
Central 1799.7.28 43.17 13.17 6.2 NT4.1.1
39 Apennines 43.13 13.13 5.6 CCI-1996
Central 1328.12.01 42.87 13.00 6.7 NT4.1.1
4 Apennines 12.04 | 4285 13.02 5.6 CCI-1996
1279.4.30 43.10 12.90 6.7 NT4.1.1
. Central 43.27 12.78 5.0 CCI-1996
" Apennines 1832.1.13 | 42.95 12.60 5.9 NT4.1.1
4298 12.60 (.8 CCI-1996
NEIC
1997.9.206 43.02 12.87 6.1 (mb) (GHDB)
1639.10.07 42.63 13.25 6.7 NT4.1.1
. Central 42.63 13.27 6.1 CCI-1996
. Apennines 1703.1.14 42.67 13.17 6.7 NT4.1.1
42.68 13.08 0.0 CCI-1996
Central 1792.10.06 42.31 13.59 6.2 NT4.1.1
29 Apennines 42.30 13.58 5.6 CCI-1996
x Central 1461.11.26 42.32 13.53 6.7 NT4.1.1
> Apennines 1127 | 4230 13.55 6.1 CCI1-1996
Central 1298.12.01 42.50 12.88 6.4 NT4.1.1
= Apennines 42.55 12.83 3.1 CCI-1996
Central 1349.9.0 42.27 13.13 6.4 NT4.1.1
5% Apennines 90.09 | 42.27 13.10 5.6 CCI-1996
Central 42.03 13.49 7.0 NT4.1.1
S Apennines AL T Gl 13.62 6.9 CCI-1996
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Table 1. Continued...

| 42 .00 14.18 6.4 NT4.1.1
1706.11.03 1.
- Central 11 42.10 14.05 6.8 CCI-1996
Apennines 1933926 42.10 14.10 6.2 NT4.1.1
& 42.05 14.18 6.1 CCI-1996
1223 41.84 16.04 6.2 NT4.1.1
| 41.85 16.03 56 CC1-1996
69 Gargano Regon
& €8 1646.5.31 41.83 16.00 6.4 NT4.1.1
41.87 15.92 5.6 CCI-1996
o 41.73 15.27 7.0 NT4.1.1
70* Apulian Re 1627.7.30 1.
pulian Region #.3 41.77 15.32 6.1 CCI-1996
1688.6.05 | 4132 14.57 7.3 NT4.1.1
73+ ("entral 41.33 14.67 6.1 CCI-1996
Apennines 1805.7.26 41.50 14.53 6.7 NT4.1.1
41.53 14.52 6.5 CCI-1996
1349.9.0 41.53 13.87 6.7 NT4.1]
744 Central 9.09 41.53 14.05 6.1 CCI-1996
Apennines 1654.7.23 |  41.64 13.7] 6.4 NT4.1.1
41.65 13.70 5.6 CCI-1996
1456.12.05 | 41.15 14.87 6.7 NT4.1.1
41.27 14.77 6.6 CCI-1996
1702.3.14 | 41.12 14.95 6.4 NT4.1.1
Q4+ Southern 41.15 14.97 6.1 CCI-1996
Apennmnes 1732.11.29 41.08 15.12 6.4 NT4.1.1
41.07 14.97 6.1 CCI-1996
1962.8.21 | 41.17 14.97 6.2 NT4.1.]
41.15 15.00 6.5 CCI-1996
1361.7.07 | 41.20 15.60 6.4 NT4.1.1
41.23 15.45 5.6 CCI-1996
g5+ Southern |851.8.14 40.95 15.65 6.4 NT4.1.1
) Apennines 40.97 15.67 6.8 CCI-1996
1930.7.23 |  41.05 15.30 6.7 NT4.1.1
41.03 15.35 7.0 CCI-1996
o 41.32 15.80 6.2 NT4.1.1
86 Apulia Regon | 1731.3.20 | ., "33 15.82 5.6 CCI-1996
4090 15.43 7.0 NT4.1.1
1694.9.08 1 4088 15.30 6.1 CCI-1996
Southesm 40.85 15.25 6.2 NT4.1.1
*
9 Apennines 1833409 | saig 15.22 5.6 CCI-1996
40.80 15.27 6.9 NT4.1.1
1980.11.23 | 40 g5 15.28 6.7 CCI-1996
40.75 13.89 6.2 NT4.1.1
92+* Iscoa Island 1883.7.28 4075 13 88 6.3 CCI-1996
1561.8.19 | 40.54 15.49 6.4 NT4.1.1
i Southern 40.50 15.55 5.6 CCI-1996
: Apennines 1857.12.16 |  40.35 15.83 7.0 NT4.1.1
40.37 15.83 7.0 CC1-1996
| | | . 6.4 1.1
106 Cakibsia 1836.4.25 ';’g g; :g ;‘;’ < (FCTIL%
39.42 16.20 6.4 NT4.1.1
”845*02*2 39.43 16.25 5.6 CCI-1996
o ' 39.27 16.27 6.4 NT4.1.1
109* Cakbtia 1854.212 | 355 il - Apr Soas
39.25 16.33 6.4 NT4.1.1
1870.10.04 | 3995 16.33 6.1 CCI-1996
o | 3908 16.28 73 NT4 1.1
112w Calabria 1638.3.27 39.08 16.28 6.6 CCI-1996
. 39.05 16.92 6.4 NT4.1.1
113 Calabria 1832.3.08 1 3903 16.95 5.6 CCI-1996
1626.3.27 | 38.82 16.42 6.2 NT4.1.1
4.04 38.82 16.42 5.1 CCI-1996
1659.11.05 | 38.70 16.33 6.4 NT4.1.1
o 38.68 16.27 6.1 CCI-1996
17+ Lo 1791.10.13 |  38.66 16.25 6.2 NT4.1.]
38.60 16.30 5.6 CCI-1996
1783.2.07 | 38.58 16.22 7.0 NT4.1.]
38.57 16.18 6.2 CCI-1996
| 1905.9.08 | 38.75 16.03 75 NT4.1.1
=
118 Cakbra 38.76 16.05 6.5 CCI-1996
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Table 1. Continued...

o 37.75 12.97 6.4 NT4.1.1
123* Sicil 1968.1.15
Y 37.77 12.98 7.1 CCI1-1996
| 38.15 14.98 6.1 NT4.1.1
S
[_7 Su:ﬂy 19?34]5 31827 15.10 5.8 CCl-1996
e 38.13 15.67 7.3 NT4.1.1
*
128 Calabria 1908.12.28 %8 1% Py - Al
| 38.27 15.92 7.3 NT4.1.1
* L 1
129 Calabra 1783.2.05 18.30 15.97 7.1 CCI-1996
L 18.63 15.98 5.9 NT4.1.]
29 e et | 250 16.78 6.0 CC1-1996
1818.2.20 37.62 15.10 6.2 NT4.1.1
16 aici 37.60 15.12 5.6 CCI-1996
y 1911.10.15 37.70 15.17 5.1 NT4.1.1
37.70 15.15 6.3 CCI1-1996
1169.2.04 37.33 15.20 7.3 NT4.1.1
. 37.32 15.03 6.1 CCI-1996
1447 Sicily 1693.1.11 37.33 15.10 7.3 NT4.1.1
37.42 15.05 7.5 CCI-1996

Note:

** For historical event M_is derived from M, by means of the relation (53): M, = 0.56(+/-0.017) |, + 0.94 (+/-0.13).

Nodes hosting events with M > 6.0 in both catalogues are marked by (*).

44N

42N

10E

14E

18E
1

oGS

38N

J

Figure 3. Result of the identification of the nodes prone to earthquakes with M>6.5. Dots are the epicenters with M>6.5 listed In
Table (1). Circles are the nodes recognized to be prone to earthquakes with M > 6.5. Numbering of nodes as in Table (4).
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quakes potential (M > 6.5 ) are identified by the criteria of
high seismicity derived by Kossobokov [24] from pattern
recognition in the Pamirs-Tien Shan region.

5.1. Recognition of Nodes Prone to Earthquakes with
M > 6.0

5.1.1. Parameters of the Nodes Used for the Recognition
and Their Discretization

[n order apply recognition algorithm (see section 2.2)
each node is described by the set of parameters listed in

Table (2). The parameters are very simple and are based on
widely available morphometric, gravity and morphostruc-
tural data. They have been tested in previous mvestiga-
tions by pattern recognition of earthquake-prone areas
and have been found sufficiently informative to identify
the seismogenic nodes [3,9, 15,16, 17, 18, 19,20, 21].
The parameters, see Table (2) referring to the topo-
graphic altitudes and to the area of soft sediments
characterize indirectly the intensity of recent tectonic
movements, and those referring to density of lineaments
and gravity indicate the degree of the crust fragmentation

Table 2. Parameters, used for pattern recognition, and thresholds of their discretization.

Parameters

A) Topographic parameters
Maximum topographic altitude, m (Fmax)
Mmimum topographic altitude, m (Hmin)

Relief energy, m (A H) (Hmax-Hmin)

Slope, (A H/L)

B) Geological parameters

The portion of soft (Quaternary) sediments, %, (Q)

C) Gravity parameters

Difference between Bmax and Bmin, mGal, (A B)

D) Parameters from the morphostructural map

The highest rank of lineament m a node, (HR)

Number of Imeaements formmg a node, (NL)

Distance to the nearest node, km, (Dn)

E) Morphological parameter (Mor)

|- mountam and plam (m/p)

2- mountam and piedmont (m/pd)
3- mountam and mountam (m/m )
4. piedmont and plam (pd/p)

5. piedmont only (pd)

6. plam only

Distance between the points Hmax and Hmm, km (L)

Maximum value of Bouguer anomaly, mGal, (Bmax)

Mmimum value of Bouguer anomaly, mGal, (Bmin)

Distance to the nearest 1* rank Imeament, Am, (D/)

Distance to the nearest 2™ rank lneament, km, (D2)

This parameter is equal to one of the following six values
m accordance with the morphology withm each node:

Thresholds of Discretization
1500
- 230 80
1500 2000
35
0.040 0.065
] 5
10 47
-46 7
44 66
|
.
0 50
0 50
23 30
2 4
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and dislocation.

T'he values of the parameters have been measured from
topographic, geological, gravity and morphostructural
maps within the areas of radius of 25km around the points
of intersection of the lineaments.

The discretization has been done with the a priori
division of the nodes into sets D, and N. The histogram
for each parameter has been constructed and the thresh-
olds for the discretization have been defined, see Table (2)
so that the nodes are divided into two or three groups.
Fach group includes approximately the same number of
nodes. The discretization of the morphological parameter
Mor, see Table (2) has been made with two thresholds: 2
and 4. After the coding this parameter is converted into
three binary components: 100,010, and 001, if its value in
Table (2)1s(1 or2),(3 or4)and (5 or 6), respectively.

5.1.2. Recognition of the Nodes Capable of Earthquakes
with M > 6.0

5.1.2.1. Selection of the Training Set

In total, 146 nodes have been delineated by MZ. Within
43 nodes earthquakes with M > 6.0 already took place
according to at least one of the two catalogues used, see
Table (1).

At the learning stage (see Section 2.2) all the nodes are
a priori divided into three sets. To make the results more
robust, we include in the set D, only the nodes, marked
by (*) in Table (1), hosting earthquakes with M >= 6.0 in
both catalogues. The nodes, where events with M> 6.0
have not been recorded till present, are assigned to the set
N,. The set X" includes 1) the nodes hosting earthquakes
with M >=6.0, in at least one of two catalogues used, and
2) the nodes situated in flat areas of low seismicity (Adriatic
foreland and Tyrrhenian shelf). The training set for “CORA-

3" algorithm is formed by D, and N, sets. The nodes of the
set A are not used for the selection of the characteristic
traits of D and N nodes.

The results of the learning stage are shown in Table
(3). The characteristic traits of D and N nodes have
been obtained by “CORA-3" with the following values of
the thresholds: k, =4, k, =2k, =13, k, =0. The
classification obtained with these parameters of the
"CORA-3" algorithm is the most stable of the analyzed
variants of classification.

The obtained characteristic traits, represented in Table
(3), are defined by six parameters of the nodes: relief
energy (A4 H ), gradient of topography (AH / L), minimal
value of Bouguer anomaly (Bmin), highest rank of linea-
ment (//R), distance to the nearest second rank lineament
(D,), and morphology (Mor). The relatively small values
of the thresholds 4, and k, as compared with the numbers
ofobjects in D and N, sets are justified by the preliminary
analysis that allowed us to reduce the whole list of param-
eters describing the nodes to these six parameters only.

The classification has been made with A= 0 (see
Section 2.2), 1.e. a node is assigned to the D set, if the
difference between the number of D - and N - traits, which
a given node possess, is greater or equal to 0 (decision
rule 1).

81 (55%) out of the 146 nodes considered are
recognized to be capable of M > 6.0 earthquakes. They
are marked by (+) in Table (4) and shown by circles
with identification numbers in Figure (2).

It follows from Table (4) that the decision rule 1 can be
simplified as follows: a node is assigned to the D set if it
does not possess N -traits at all, if a node possesses at
least one N -trait of those five listed in Table (3) then it is
assigned to the N set. This confirms with the zero value of
the threshold £ , because, as follows from the definition

Table 3. Characteristic features of D and N nodes.

i AH AH/L Bmin HR D2 Mor
Characteristic traits of class D (D-traits)

I | <2000m | =>0.065 m/m or pd/p

2 | <1500m | > 0.040 m/m or pd/p

3 <2000m > TmGal

m/m or pd/p

Characteristic traits of class N (N -trait)

I >0.040 not (m/m or pd/p)
2 | <1500m <0.040 | < 7mGal

3 <7mGal not (m/m or pd/p)
4 < not (m/m or pd/p)
5 >50km not (m/m or pd/p)
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of the characteristic traits (section 2.2) 1f k_z = () than
N-traits should not be found in the nodes of the set D,
The stability of the classification obtained has been
tested 1n the series of control experiments, which were
implemented in other studies on pattern recognition of
earthquake-prone areas [e.g., 3, 16, 17, 18,19, 20, 21]. The
results of these experiments are given in the Appendix.

5.1.3. Identification of the Nodes Where Earthquakes
with M > 6.5 May be Nucleated

In order to identify the nodes where earthquakes with A
> 0.5 may occur, we use the morphostructural criteria
determined by pattern recognition of high seismicity nodes
n the Pamir-Tien Shan region [24], where according to
these criteria, the nodes prone to earthquakes with A > 6.5
possess at least two of the following four features:

1. The relief energy 1s greater than 2500m;

Z The combination of the morphology within a node

1s m/m, see Table (2);

L]

The highest rank of one of the lineaments forming

a node 1s either one or two;

4. The number of lineaments forming a node 1s greater
than two.

Previous studies proved the applicability of these
criteria to the identification of high potential seismic nodes.
The nodes of the Greater Caucasus [19], Carpatho-Balkan
mountain belt [25] and Kopet Dagh region [26] have been
classified, using these criteria, to define where earthquakes
with M > 6.5 may occur.

In these regions, all the nodes hosting the known M
> 6.5 events have been defined prone to earthquakes with
such magnitudes. The 1991 Racha earthquake with M =
6.8 proves the validity of the results for the Greater
Caucasus: the event occurred at the node previously
identified by Gvishiani et al [19] prone to M > 6.5 events.

The tested criteria have not a direct and intimate
connection with the geodynamical environments of the
region where they have been defined, and their applicabil-
ity to other seismic regions has been discussed by
Gorshkov et al [25], therefore the criteria can be used for
the identification of high seismicity nodes in the studied
region.

The topography on the Pamirs-Tien Shan region is
much higher as compared to the one in the region
considered, therefore the parameter “relief energy” has to
be normalized accordingly to the topography elevation n
the studied region. Following the normalization procedure
described by Gorshkov et al [25] for the Carpatho-Balkan
mountain belt, the threshold for this parameter, in the
recion considered, has been found to be greater than
[500m. In order to guarantee some robustness to our
results, we decided that each node prone to M > 6.5 events
must possess three out of the four features listed at the
beginning of this Section.

As a result, 53 (36%) out of the 146 nodes have been

classified to be prone to earthquakes with M > 6.5. They
are indicated by (e ) in Table (4) and shown by circles with
identification numbers in Figure (3).

The result of the classification of the nodes hosting
earthquakes with A > 6.5 in both catalogues is given in
Table (5).

In Calabria, only two nodes (118 and 128) hosting
earthquakes with M > 6.5, in both catalogues, out of four
are recognized, while i the Apennines and Sicily all of
them are recognized.

6. Discussion and Conclusion

The nodes have been delineated by morphostructural
zonation around the Adria margin in peninsular Italy and
Sicily. The nodes of high seismic potential and their
characteristic features have been defined by pattern
recognition. Many large Italian cities are situated within
the seismogenic nodes, see Table (0).

Seismogenic nodes (D) differ form non-seismogenic
ones (N) mainly in the morphology within the node,
see Table (3). According to the characteristic traits, D
nodes are mostly located either within mountain
chain (morphology m/m) or at the boundaries between
piedmonts and plains (morphology pd/p), while N nodes
are characterized by any other morphology listed in Table
(2), except m/m and pd/p. In addition, N nodes should be
positioned relatively far from the second-rank lineaments
(D2 >50km) see Table (3). In Figure (2) one can see that D
nodes are basically related with first- and second-rank
lineaments, while the overwhelming majority of N nodes
is formed by third-rank lineaments.

The classification of the nodes for both magnitude
thresholds considered do not contradict the recorded
strong earthquakes. All earthquakes assigned to M =26.0
in both catalogues are located at the nodes recognized
prone to M > 6.0. The same 1s true for most of the events
with M > 6.0 at least in one of the catalogues, except those
situated at the nodes 17, 20, 21, 28, 38, and 39, see Table
(1). But in close vicinity of these nodes, except node 21,
there are other D nodes, see Figure (2) and corresponding
earthquakes in fact can be connected with them. Thirteen
out of the fifteen nodes hosting M > 6.5 events in both
catalogues are properly classified, the failures being
nodes 112 and 129 in Calabria.

The classifications for both magnitude thresholds
are in a good agreement: nodes prone to M >6.5
earthquakes are simultaneously capable of M > 6.0 events,
except node 47.

[t total, 81 nodes have been recognized to be prone to
earthquakes with M > 6.0, see Table (4). At 44 of them
strong events have not been recorded till present,
however some of them are associated with paleoseismicity.
In particular, (1) near to nodes 99, related to the Pollino
fault, and 105, related to the Palinuro fault [30], which 1s
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Table 4. Voting and classification of the nodes. Table 5. Classification of the nodes with earthquakes with M >
______ 6.5 in both catalogues.

Node pusafcssmli by lnudes Number of Everts withl  Nurmber of the
B D-traits N-traits _ ' Result of
Resion M>65in Node with Classification £
Nodes of set D, o Both Catalogues Events of :1} ?: '
Il + e () 124 + o 0 0 Used M >65 =
20 + o 2 0 125+ @ 0 0 : :
27+ 0 0 126+e 0 0 . X ' Soedpe
13+ 2 0 131 +e 0 0 25 Recognized
45 + @ () 0 132 + @ 0 0 .
51+ 0 0 133 + ® 0 0 45 Recognzed
50 + e ] 0 134 + o 0 0 59 Recognmed
6] + @ 0 0 135 + @ 0 0 7 .
70 + | 0 TN, 0 2 Remgmmd
3+e | 0 138 + 0 0 84 Recognized
74+ e 0 0 139 0 2 85 Recognzed
34 + e () 0 140 0 3 ;
85+ 0 143 0 1 " Recogen
90 + e l 0 145 + | 0 95 Recognzed
02 + e 2 0 146 0 2 )
05 + @ () 0 Nodes of set X Cahbra . 12 Not Recognized
109 + 0 0 3 0 2 118 Recognwed
112 + | 0 7 0 2 .
e - 5 o 3 - 128 Recognized
118 +e 0 0 14 0 2 129 Not Recognized
123 + () 0 15 0 2
128+ 0 0 16 0 2 Si | 144 Recogind
129 + 0 0 17 0 1 i
144 + @ (0 0 18+ e 0 0
Nodes of set N 20 0 1
I 0 l 21 0 I
2 0 l 22 0 2 1 , oaf ! : :
4 0 3 23 0 2 Table 6. Large cities situated within seismogenic nodes.
S5+ e 0 0 24 0 2
H+ e 0 0 25+ e 0 0
R+ e 0 0 28 0 l Cit Node Estimated
;f_i' g *; i; e ? g'} l}’ Number Magnitude
|
£ : 2 % : : 500,000-1,000,000
29 0 2 4] + 0 0 Inhabitants
30 () I 48 0 1
33 0 t 50+ e 0 0 Genova 6 > 0.5
34 0 1 52+ e I 0
i.;f + 3 ﬁ gg g f Palermo 124 >6.5
37 0 2 58+ e 0 0
40 0 4 63 + 0 0 100,000-500,000
42 0 3 64 0 l Inhabitants
44 + o 0 0 65 + 0 0
46 + o (0 () 66 + 0 0
3 68 + 0 0 .
‘i? g | 60 + 1 0 Catania 136 >0.5
56 0 2 71 0 | |
57+ e 0 0 78 0 2 Cosenza 109 > 6.0
GO + e () 0 79 U 3
2% g : gg i - H g Firenze 18 206.5
75 + o 0 0 86 + 1 0 ,
706 0 2 87 + 0 0 Foggia 70 = 6.0
77 0 | B8R + 0 0
81 0 1 93 + ! 0 La Spezia 3 >6.5
53 0 2 97 0 [
o1 0 : 10340 0 o | Messina 128 26.5
M4+e 0 0 106 +e 0 0 _
96 0 4 113 + 0 0 Perugia 36 26.0
08 0 4 119 + (0 0
09 + 0 0 120 + 0 0 Pescara 48 2 6.0
101 + 0 0 121 + o 0 0
Tl : <2 .- - Reggio di Calabria 128 >6.5
105 + e () () 130 + @ 0 0
107 0 4 136 + 0 0 Salerno 94 >06.5
108 + 0 0 141 0 1
110 () ] 142 + 0 () Siracus 145 > 0.0
11l +e 0 0
3P > . Taranto 97 >6.0
116+ 0 0 1
Terni 52 >0.5
Note:

+ - Nodes recognized to be potential for M > 6.0. Note: Roma and Napoli are situated at the distance of 30-50km
e - Nodes recognized to be potential for M= 6.5. from the nodes 58 (M > 6.5) and 92 (M > 6.5), respecitvely.
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referred also as Sangineto line by Ghisetti & Vezzani [29],
paleoseismological evidences of high-intensity events
have been determined by Michetti et al [S1], (2) evidences
of Holocene activity of the neighboring Castrovillari fault
are reported by Cinti et al [52], and (3) near to node 44,
close to the Rieti basin, paleoseismological evidences have
been identified by Michetti et al [40]. Most of the nodes of
high seismic potential fall into the seismogenic zones
outlined by Meletti at al [8], with the exclusion of the
nodes located in the Apulian region and within the
Adriatic and Tyrrhenian shelf.

The space distribution of seismogenic nodes, mainly
for the ones capable of events with M > 6.5, mimics quite
well the belt marking the transition from normal to soft/
thin lid delineated by Calcagnile & Panza [37], and 1t 1s
relevant for seismic hazard assessment. In fact, according
to the recorded seismicity (see e.g. the seismicity map by
Meletti et al [8]), some seismogenic nodes are located in
low seismicity or aseismic areas, like node 86 in the Apulian
region, and nodes 32, 80, 93 at the boundary between the
Tyrrhenian basin and the shelf zone.

[n the Northern Apennines, D nodes are clustered
in their western part. In the central Apennines, the
seismogenic nodes are mainly situated inside the
high-topography belt and along the contact of mountains
with low or flat topography areas; most of them are prone
both to M >06.0 and M > 6.5 events. In the Southern
Apennines, most of the nodes are 1dentified to have high
seismic potential. In Calabria, the nodes having the higher
potential (M > 6.5) are associated with the first- and
second-rank lineaments surrounding the mountain
country. In the inner part of Calabria, the seismogenic
nodes are identified prone to M > 6.0 quakes but non-
prone to M > 6.5 events. In Sicily, the seismogenic nodes
form two linear zones along the northern and eastern
coastlines. In the Gargano region, the seismogenic nodes
surround the promontory and are prone to events with
M > 6.0, but are not capable of larger earthquakes (M > 6.5).
The same 1s true for nodes 86, RS, 123, 142, and 145
situated within the Adrna-Africa foreland. The nodes in
the Adnatic Sea (65, 66, 67, 68, and 87) at the border of the
study area are classified as D (for M >6.0). There are no
epicenters of earthquake with A > 6.0 in the vicinity of
these nodes, and even if earthquakes with M > 5.0 have
been recorded nearby nodes 66, 65, and 67, we are not sure
that the nodes within the Adratic Sea are really prone to
M > 6.0 earthquakes, and their recognition may be affected
by some kind of border effect. Seismic potential of these
nodes will be re-evaluated in separate study of the region,
which will include other nodes within the Adriatic Sea.

We have compared the nodes recognized in this study
to be potential for M > 6.0 with those determined by Caputo
et al [3]. Obviously we compare the spatial distribution of
the seismogenic nodes only within peninsular Italy and
Sicily. Due to the different scale of the morphostructural

zonation performed in the two studies, the total number of
nodes and their geographical position are not the same.
Our decision rule for the classification of nodes into D and
N has been formulated in a simple way on the basis of only
the five NV -traits given in Table (3) (see section 5.1.2) while
7 D -traits and 7 N-traits are used in the decision rule
adopted by Caputo et al [3]. Sufficiently good agreement
can be seen 1n the Central Apennines, central Calabria
and northern Sicily, while there is some difference in the
Northern Apennines and in the inner part of Sicily. In the
Northern Apennines the seismogenic nodes determined
by Caputo et al [3] form a relatively large zone, while in our
study only two nodes 11 and 18 have been classified as D.
In Sicily, there 1s agreement in the northern part of the
island but, unlike us, Caputo et al [3] recognized some
nodes as D in the inner part of Sicily.

Some nodes are recognized as D by our study in the
areas where the nodes have not been delineated by Caputo
et al [3] due to the smaller scale of the morphostructural
zonation. They are nodes 25, 26, 36, 41, and 43 in the
transition zone between the Northern and Central
Apennineses, nodes 88, 94, 95 and 102 in the Southern
Apennines, and the nodes located along the eastern
offshore of Calabria. The main difference between the
results concerns the classification of the nodes located
within the Tyrrhenian and Adriatic seas. Many of these
nodes are recogmzed by our study to be potential for the
occurrence of events with M > 6.0, while all the nodes
within the marine shelf have been classified as N by Caputo
etal [3].

We consider the results illustrated in this paper as a
first step in the study of earthquake-prone areas around
the Adria margin. This step will be a major interdiscipli-
nary effort and attempt to explain how the structure and
the dynamics of the lithosphere 1n the region brings into

existence the seismogenic nodes at the sites determined in
this work.
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Appendix

Control Experiments

The following control experiments have been performed
to test the stability of the result of recognition of the nodes
prone to earthquakes with M > 6.0. The node classifica-
tion reported in Table 4 will be called the main variant.

“Seismic Future” (SF). The experiment 1s performed
using as training, instead of D and N, the sets D and N,
determined by the main variant, and the following four
sets of values for the thresholds:

SF(a)k, =33, k,=0,k,=21, k,=0;
SF(bYk, =20, k,=1,k,=21, k,=1;
SF(c)k, =6, k,=2,k,=15, k,=2;

SF(d)k,=61, k,=2,k,=21, k,=0.

A =0 in all cases. In cases (a) and (d) the results of the
experiment coincide with the main variant. The classifica-
tion changes for two nodes (97 and 123) in case (b) and for
three nodes (71, 72, and 97) in case (¢) as compared to the
main variant. Therefore for only 2% of the nodes the

Ih.l

|

b

classification changes.

“Training X Set” (TX). The experiment is performed
usig instead of D, the nodes of the set X which were
recogmzed as D, and instead of N, those which were
recognized as N. This experiment has been made with
two sets of values for the thresholds:

TX (a)k, =11, k,=0,k,=6, k,=0;
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TX(®)k, =5, k,=1,k,=9, k,=1.

A =1 1n the both cases. In case (a) for 8 nodes (26, 34,
43,70, 81, 85, 110, and 145) and in case (b) for 12 nodes
(10,19,32,34,81,85,91,110, 122,137, 1423, and 145) the
classification changes. It is less than 9% of the total
number of the nodes.

“Sliding Control” (§C). In this experiment we check
whether classification of the nodes belonging to the train-
ing set 1s stable when they are excluded from this set. The
nodes are classified on the basis of the training sets
D,\o' and N, \@' ™M i=1,2,... max (n,,n,) where n,
and n, are the numbers of the nodes in the tramning sets D,
and N, respectively, D, \®' and N ,\o©'""! denote the
sets D and N, from which the nodes o' and @ *"! are
excluded. The first variant discards the objects
® €Dyand ®""' €N, the second variant considers
them but discards the objects w” € D, and o’™"' e N,
and so on. If one of the two sets D, or N, (with a smaller
number of objects) has already all its objects discarded
once, we proceed only with the other set. There is a change
of classification for four nodes of the set D, (27, 85, 95,
and 123) and for two nodes of the set N, (29 and 37) i.e.
for less than 7% of the number of nodes in the whole
training set.

“Equivalent Traits” (ET). We call two characteristic
traits 4, and A4, of class D as equivalent if they are
both found in the same nodes of the set D,. Similarly,
charactenistic traits 4, and A4, of class N are called
equivalent, if they are both found in the same nodes of the
set N 4. Algorithm “CORA-3" includes only one trait from
cach group of equivalent ones to the final list and the
result of the classification depends, generally speaking,
on the choice of the traits from the groups of equivalent
ones. The experiment evaluates how much the obtained
classification 1s stable with respect to such a choice. For
the node ®. letus denote by ”i),s the number of 1ts traits
belonging to the group of the ones equivalent to the j-1/
trait of class D, and by u,fﬁ the number of its traits
belonging to the group of the ones equivalent to the j-1h
trait of class N . Let us define on the basis of the numbers
u }; and u ,L:, the numbers of “votes™ in favor of the classes
D and N respectively. They are defined by the formulas

i_ " 1'.
. _‘E“&; i _,’f”hr;
p ® L5 Uy = K

. | : J
i=1Pp I=1PN

Here Pjand Py are the total numbers of traits equiva-
lent to the j -t/ trait of class D, and N, respectively.
The j -th trait itself 1s included in the calculation. In the
experiment the set D is formed by the objects, which
satisfy the condition u}, ~u) = A, and the remaining
objects form the set N . The classification obtained with
this experiment repeats the main variant.

“Clearance of D ” (CD). We have formed the set D,
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with the nodes which are the closest to the epicenters of  in the vicinity of the same epicenters. Table (A1) contains
the earthquakes with M > 6.0 in both catalogues. We can  all the nodes in the vicinity of the epicenters with M > 6.0
not be absolutely sure that the epicenters are connected  in both catalogs. The table shows that 15 nodes (11, 27,
with these nodes because possibly there are other nodes  45,59,73,74, 84, 85,90,92,95, 109, 112, 123, and 129) occur

Table A1: Nodes in vicinity of the epicenters with M > 6.0 in both catalogues.

bt o (Orgjriedsi?::;l:d;::: I:: ;]nfc:':Zs?ngiEg:::;cc}
Distance 25&km Distance between 25&m and 35km

1920 11 10, 8
1751 26, 37 38, 43
1781 27 28
1997 43, 41 26, 37
1639 45, 46 52, 42, 44
1703 45 52, 44, 46, 42
1461 51, 47, 59, 46 50
1915 59 51, 60
1706 01, 60 49, 62
1933 61, 60, 49 50
1627 70, 71 63, 72
|6GER 73, 84, 83
1805 73
1349 74
1456 x4
1702 R4
1732 84, 90, 85
1962 84
1851 8BS, 80 301
1930 85 90
1694 90, 85
1980 90
1883 92 93
1857 95
1854 109 110, 112
| 870 109 112, 110
1638 112 109, 111, 110
1659 117, 116 112, 118
1905 118, 111, 117
1968 123
1908 128, 129 133
1783 129 128
1169 144, 137 145, 143, 136
1693 144, 137, 143 145, 136
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to be the only within a distance of 25 km from the relevant
epicenters. In the experiment we apply “CORA-3”
algorithm keeping in set the D, these 15 nodes only and
moving the other nodes from D, to X. The classification
obtained with the experiment with the parameters given in
section 5.1.2 repeats the main variant.

“Clusters” (CI). In this experiment we apply
the algorithm “CLUSTERS™ [17] instead of “CORA-3".
“CLUSTERS™ 1s the modification of “CORA-3" designed
for the case when (1) the set D, consists of S subsets:

and (2) 1t 1s known a priori that each subset contains at
least one object of class D but some objects of the set D,

may belong to class N. In the learning step the algorithm
“CLUSTERS™ differs from “CORA-3": (1) by definition a
subset has a trait 1f at least one object among those, which
belong to this subset, has this trait; (2) the trait 4 is a
characteristic trait of class D 1f

KS(D,,A)2k, and K(N,,4)>k,.

Here K* (D,,A) is the number of subsets which have
the trait A. In the algorithm “CLUSTERS™ the determina-
tion of the characteristic traits of class N, the voting and

the classification are the same as in “CORA-3".

In forming the subsets we have considered two
variants. In the first case (Cl1-25) subsets associated
with the epicenters consist of nodes located at a distance
less or equal to 25km from a relevant epicenter. In the
second case (C1-35) this distance is 35km. the same
distance used by Caputo et al [3] to determine the subsets.
In both cases one can see from Table (A1) that, as
compared with the training sets used in section 4.1.2, some
nodes should be moved from N, to D,. The nodes
remaining in the set N, are used as a new training set
N 1n the application of the algorithm “CLUSTERS™.
The classification obtained in C1-25 with the thresholds
ky=6, k,=2, k, =12, fc_z =2and g = -1 differs from
the main variant in 21 nodes (25, 27, 35, 36, 47, 49. 63,
65, 66,67, 68,71,72, 82,87, 88,99, 122, 123, 137, 142)
1.e. in less than 15% of the total number of nodes. In
C1-35 classification obtained with the thresholds &, = 8,
k_, =1, %k, =8, k_z =3 and A= 0 changes for 27 nodes
(18,25,27,32,36,37,47,49,62,63,65,71,72,94,95,99, 103,
104, 105, 108, 110, 113, 122,127,130, 131, 138)1.e. for less
than 19% of the total number of nodes.

Following the empirical considerations of Gvishiani
et al [21] the general conclusion from the results of these
experiments summarized in Table (A2) i1s that the main
variant 1s reasonably stable.

Table A2: Results of control experiments.

Main variant | SFa | SFb | SFe [ sFa | ' [T} sc | Bt | cp | cras | cl3s
Nodes of set D,
11 +e + + + + - . + + + + .
e
26+e + + + + ]*-aﬁ%? + + + + < +
27+e + + + + + + : =+ + i 3
13+ + - - - ”Lf; | + - - - + .
45 +eo + + + + + + + + + + +
51 + + + + + + + + + + + +
59 +e + + + + + + + + + + +
61 +o + + + + + + + + + + +
70+ + + + + il + + + + + +
73 +e + + + i v + + + + + +
74 +e + + + + + + + + + + +
84 +e + + + + + + + + + + +
§5+e + + + + f-’m 4+ + + +
90 +e + + + i + + + + + + -
92 +e + + + + + + + + + + +
05+ e + + + + + + + + +
109 +e + + - + + - - + - - +
1712 + + + + + * + ~+ -+ + + .
.
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Table A2: Continued...
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Table A2: Continued..,
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Table A2: Continued...
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Table A2: Continued...
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14] | | ‘
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Note:

+ - Nodes recognized to be potential for M > 6.0;

e - Nodes recognized to be potential for M > 6.5;
If an object changes its classification in an experiment, then a relevant cell is shaded,

Numbers of nodes recognized to be potential for M > 6.0 in all experiments are given by
bold-italic.
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