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Abstract

The defense from earthquakes in Italy would be considerably favoured by knowing where the next strong
shocks will most probably occur. However, to obtain this information a well-defined and widely accepted
method is not yet available. This work discusses the approaches so far proposed and tries to estimate the rela-
tive chances of providing reliable indications on this problem. Particular attention focusses on the methodo-

logy based on the concept of «strain migration».
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1. Introduction

From the known seismic history of Italy it is
plausible to expect that in the next few tens of
years (a reasonable time span for economic
planning) this region may be hit by a few (1-2)
strong earthquakes. To know in advance where
these events will occur would considerably
simplify and make more efficient the planning
of prevention initiatives of Civil Protection
(like, for instance, the reinforcement of old
buildings). Unfortunately, obtaining this kind
of information is no easy task. A number of
statistical, empirical and deterministic method-
ologies have been so far proposed in the world
to try to estimate the time pattern of seismic
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hazard, but the reliability of the results ob-
tained cannot be easily assessed, often due to
the limited time intervals available for check-
ing the proposed predictions.

In this work an attempt is made to under-
stand which one of the proposed approaches
has the highest chances of giving interesting
results in the Central Mediterranean tectonic
context.

2. Statistical methods

This kind of approach is based on the statis-
tical analysis of seismic catalogues, through
which one tries to obtain significant informa-
tion on the behaviour of seismic activity in a
given zone. This information, usually repre-
sented by the statistical distribution which is
presumed to satisfactorily fit the data set, is
then used to estimate the probability of occur-
rence of future earthquakes in the near future
in the zone considered within a given time.

This methodology was recently applied to
the Italian region by Boschi et al. (1995), who
tentatively identified the most probable sites of
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larger crustal earthquakes in the next 5, 20 and
100 years. As underlined by the above authors,
the estimate of the reliability of the results ob-
tained by this kind of approach is not easy
since there are several possible sources of un-
certainty whose effective contribution is poorly
known. For instance, the analysis of seismicity
data for hazard estimates requires a division of
the Italian territory in zones, which is necessar-
ily made in a subjective way, even if plausible
seismotectonic considerations are taken into
account. This choice involves an intrinsic diffi-
culty: the larger the zones considered the
greater the probability of having a numerous
data set with a consequent mitigation of the
uncertainty on hazard estimates. However, it is
not clear what the practical usefulness may be
of knowing the average hazard level in a large
zone, where the distribution of seismic activity
may be significantly heterogeneous. This prob-
lem obviously decreases when smaller Zones,
more coherent with the dimensions of real ac-
tive structures, are taken into account, but in
this case the number of events within each
zone is more limited and consequently the un-
certainty of the computed parameters, such as
the average return times, may considerably
increase.

The approach of Boschi et al. (1995) was
based on the regionalization of Italy proposed
by the «Gruppo Nazionale per la Difesa dai
Terremoti» of the Italian Research Council
(Scandone, 1992). This choice involves a rela-
tively low number of events in the zones con-
sidered (from 1 to 9, with an average of
roughly 3). This is probably due to the long re-
turn periods of strong earthquakes in the Italian
seismogenetic structures, as also suggested by
paleoseismological studies (e.g., Pantosti et al.,
1993). Given the paucity of the above data
sets, one could believe that reliable estimates
of return time probability distribution may
hardly be obtained.

An interesting example of this problem is
provided by the results obtained by Boschi
et al. (1995) concerning the Abruzzi Apennines
zone, i.e., one of the two zones recognized as
most prone to intense earthquakes in the near
future (5 years). The «seismic behaviours of
this zone for events with M > 5.9 has been de-

rived from a data set constituted by three earth-
quakes spaced by two very similar interevent
times (61 + 2 years). This led to estimate a
very high short-term hazard for this zone,
where no M > 5.9 shocks have occurred for the
last 200 years. In this case, a delay of roughly
140 years with respect to the expected time of
occurrence of the «next» event suggests a very
low confidence on the reliability of the return
times obtained for this zone.

The problems of probabilistic methods men-
tioned above are also underlined by the fact
several cases have been reported of recent
large earthquakes in the world which occurred
in zones classified as poorly dangerous (e.g.,
Wakefield and Pendick, 1995; Stiros, 1995;
Pavlides et al., 1995).

3. Empirical and deterministic methods

3.1. Independent and «regular» seismic
sources

This kind of approach is based on the as-
sumption that no significant interaction exists
between different sources and that the be-
haviour of seismogenetic zones presents some
regularities, connected with the homogeneity
over time of some source parameters. The most
popular examples of this approach are the
«time» and «slip predictable» and the «charac-
teristic earthquake» models (e.g., Bufe er al.,
1977; Shimazaki and Nakata, 1980; Sykes and
Quittmeyer, 1981; Schwartz and Coppersmith,
1984; Nishenko, 1985; Papazachos, 1989).

The «time predictable» model assumes the
static stress as constant on the fault. This fea-
ture, if associated to a uniform accumulation
rate, implies the possibility to predict the time
interval which will separate the last event,
characterized by a given stress drop, from the
subsequent one.

The «slip predictable» model assumes in-
stead a constant dynamic stress on the fault.
This condition would allow to predict the
amount of seismic slip (and then the presumed
magnitude) of the expected event, on the basis
of the time elapsed from the last shock (still
assuming a uniform accumulation rate).
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A widely accepted definition of the «char-
acteristic earthquake» model is not yet avail-
able. In general, this concept implies that most
of the seismic moment on a fault is released in
repeats of earthquakes of essentially the same
size. However, it is not yet clear if the predic-
tion must be only confined to the magnitude of
the next shock, as suggested by the original
definition of Schwartz and Coppersmith
(1984), or whether it may also involve other
parameters, like the return time (see Kagan and
Jackson, 1995, for a recent discussion about
this problem).

This kind of approach has been mainly ap-
plied to zones of the world where seismic ac-
tivity is associated with large tectonic struc-
tures, like for instance the S. Andreas fault sys-
tem in California (Bufe er al., 1977; Sykes and
Quittmeyer, 1981; Anagnos and Kiremidjan,
1984; Nishenko, 1985; Papazachos, 1989), but
no clear evidence is so far available on the ap-
plicability of this methodology to seismic
zones characterized by wide and complex frac-
turation, like the Italian region. Recent checks
on the capability of these simplified models to
represent the real seismic behaviour in some
zones of the World (Kagan and Jackson, 1995)
and in the Italian area (Mulargia and Gasperini,
1995) have mainly provided negative indica-
tions.

In our opinion, the major problem in apply-
ing this approach to Italy is that the underlying
assumptions about the uniformity over time of
the static and/or dynamic stresses and of the
accumulation rate can hardly be fulfilled. The
Apenninic-Maghrebian belt, where most of the
Italian seismicity is located, has experienced
very intense deformations, with considerable
reorganizations of masses, in the last millions
of years and thus it is reasonable to believe
that its structures are characterized by
widespread fracturation. In this context, the
probability that the dimensions and/or the ge-
ometry and/or the slip of seismic faults in a
given zone may remain constant from one
shock to the next does not appear to be very
high, due to the possible variations of «inter-
nal» features, like the total frictional forces
along the fault, and «external» conditions, like
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the regional stress field, in response to seismic
activations in the surrounding zones during the
seismic cycle.

3.2. Seismic gap

Various definitions of «seismic gap» have
been reported in the relevant literature since
the initial proposal of Fedotov (1965). Origi-
nally this concept was interpreted as a conse-
quence of the «seismic cycle» hypothesis, in
the sense that «earthquake hazard» is small im-
mediately following a large shock and in-
creases with time from the last strong event on
certain active fault segments or plate bound-
aries. This version of the model was used for
long-term forecasting by Sykes (1971) in the
Alaska-Aleutian area and by Kelleher er al.
(1973) and McCann et al. (1979) in the whole
Pacific rim. The forecasts of Kelleher er al.
(1973) and McCann et al. (1979) were statisti-
cally tested by Kagan and Jackson (1991) who
pointed out a scarce success of these predic-
tions in the ensuing decade. These negative re-
sults were confirmed by further analysis by
Richardson et al. (1993), Nishenko and Sykes
(1993) and Kagan and Jackson (1994).

An attempt to use the old «seismic gap»
concept to infer earthquake potential in the
Mediterranean area was made by Purcaru and
Berckhemer (1982), who identified two major
gaps in the Iblean and Marmara seismic zones.
However, no strong earthquakes have so far
occurred in the above zones.

To overcome these problems, Nishenko and
Sykes (1993) proposed a new version of the
seismic gap model which, in addition to the
time elapsed since the last large event, takes
into account the size distribution of strong
events and their recurrence times, expressing
the earthquake potential in a quantitative way,
as the probability of earthquake occurrence in
certain time-space magnitude windows. This
model assumes that large earthquakes on a par-
ticular fault segment follow the characteristic
earthquake distribution (Schwartz and Copper-
smith, 1984; Davison and Scholz, 1985). This
«new seismic gap» model has been applied by
Nishenko (1991) to the circum-Pacific rim to
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estimate earthquake potentials for the next 5,
10 and 20 years. These predictions, referring to
the first 5 year period, were tested by Kagan
and Jackson (1995) who found that this
method tends to predict too many characteristic
carthquakes with respect to the real seismic se-
quences.

In our opinion, the definition of «seismic
gap» which seems to be most plausible from
the physical point of view is that based on the
existence of a well known large seismic struc-
ture composed of a number of separated but
tectonically connected segments. Only in this
case does it appear plausible to suppose that
the delay of seismic release in a given seg-
ment, after most other sectors have been af-
fected by strong events within relatively short
time intervals, may imply a high seismic haz-
ard in the presumed «gap zone» in the near fu-
ture. Interesting examples of this kind of be-
haviour were reported by Anderson (1975) for
circum-Pacific seismic belts.

However, the condition mentioned above
would imply that the «seismic gap» method
may only be applied in a few regions of the
world, where large scale well known seismic
belts exist and that its application to regions
characterized by complex and largely unknown
fracturation like the Italian region, may hardly
provide reliable predictions.

The first application of this concept to the
Italian region was made at the beginning of
this century by Omori (1909), who identified
the Apenninic belt as a continuous active belt
constituted by a number of segments. On the
basis of the available seismic history he recog-
nized two possible seismic gaps: the central
and Southernmost Apennines. One of these
gaps was soon filled by the strong Avezzano
earthquake (1915), but the other prediction still
awaits confirmation. In the latter area, the
Pollino zone, paleoseismological studies sug-
gest the occurrence of Olocene seismic activ-
ity, but further investigations on historical
records did not provide any evidence of
seismic disasters (Valensise and Guidoboni,
1995).

In our opinion, the hypothesis of Omori
(1909), in spite of its initial success in predict-
ing the Avezzano earthquake, may hardly be

used as a basis for the application of the seis-
mic gap concept in the Italian region. The idea
that the seismic belt running from the Northern
Apennines to the Calabrian arc may be inter-
preted as a unique, even if segmented, seismo-
genetic structure, activated by a coherent tec-
tonic mechanism is not supported by the analy-
sis of the Neogenic-Quaternary deformation
pattern of this zone (Mantovani et al., 1996,
1997a, b). This analysis rather suggests that the
tectonic mechanisms responsible for seismic
activity in the various sectors of the belt, like
the Northern Central and Southern Apennines,
the Calabrian arc and Sicily, are different, even
though they are all consequences of the con-
vergence between the Africa/Arabia system
and Eurasia and the kinematics of the Adriatic
plate (Mantovani ez al., 1997a). In other words,
we believe that there are no precise tectonic
justifications for expecting that the delay of
seismic release in a given segment of the
Apenninic-Maghrebian belt, after the occur-
rence of strong earthquakes in the other sec-
tors, implies a high value of seismic hazard in
the near future. On the other hand, this kind of
interpretation does not find any systematic sup-
port from the analysis of the time-space distri-
bution of major earthquakes in the Italian area.
Some considerations can be made, in partic-
ular, for the Pollino zone, i.e. the potential seis-
mic gap recognized by Omori (1909), which
has attracted great attention during recent
years, inducing paleoseismological and histori-
cal investigations. This zone lies just at the
corner between the Calabrian arc, a seismotec-
tonic structure moving roughly SEward, and
the Southern Apennines, moving almost coher-
ently with the Adriatic plate (Mantovani et al.
1997a,b and references therein). Well differen-
tiated kinematic and tectonic behaviours of
these two sectors, allowed by transversal de-
coupling zones, were also proposed by other
authors (e.g., Finetti and Del Ben, 1986; Re-
hault ez al., 1987; Patacca er al., 1990). In this
context, it seems difficult to identify a common
tectonic mechanism possibly underlying the
concept of gap in the Pollino zone. Is it con-
nected with the motion of Calabria? or with
that of the Southern Apennines? or with the
relative motion between these two sectors?
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The idea that the apparently aseismic sec-
tors in the elongated seismic belt along the
Italian peninsula and Calabrian arc should be
filled soon or later might be reasonable, but
this hypothesis can hardly help to predict
whether the next seismic activation of the
Pollino zone is close or far in time.

3.3. Pattern recognition

This kind of approach is based on the
assumption that the phase preceding strong
earthquakes is characterized by a significant
alteration of some parameters connected
with seismicity rate and space-time distribu-
tion of minor events (e.g., Keilis-Borok and
Kosobokov, 1986). A major problem of this
methodology is the high number of choices it
requires for the definition of the several param-
eters involved and the scarce possibility to
check the significance and reliability of the
values finally adopted. A statistical check of
the results provided by this methodology in the
Southwestern Pacific zone (Habermann and
Creamer, 1994) pointed out that the observed
variations of seismicity parameters are in fact
related to changes in the system for detecting
and reporting earthquakes rather than to actual
changes in physical processes occurring in the
Earth.

This approach (method M8) has been used
to recognize the «Times of Increased Probabil-
ity (TIP)» of earthquake occurrence in the
Italian region (Keilis-Borok et al., 1990; Costa
et al., 1995, 1996). The results obtained are
not encouraging, because of the high percent-
age of false alarms (generally greater than
50%) and of the relatively large extent of the
zones involved. Furthermore, plausible an-
swers to a number of questions on the physical
mechanism underlying this method have still to
be found. For instance, it is not easy to under-
stand why an alteration of seismicity parame-
ters in Central or Southern Italy should precede
the occurrence of a strong shock in Northern
Italy, as tentatively assumed by Costa et al.
(1995).

Understanding the underlying mechanism is
not strictly required, this being an empirical
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approach, but it would certainly increase confi-
dence in its chances of success. For instance, it
seems reasonable to think that the probability
of obtaining good results should increase as the
dimension of the zone considered becomes
smaller and smaller, up to possibly reaching an
overlap between the domain of precursors and
that of events to be predicted.

3.4. Multidisciplinary approaches

In order to mitigate the uncertainties associ-
ated with the methodologies described above, a
number of authors proposed the use of ap-
proaches which blend information from geol-
ogy, paleoseismology, space geodesy, observa-
tional seismology and synthetic seismicity
(e.g., WGCEP (Working Group on California
Earthquake Prediction), 1995; Ward, 1994).
Geology and paleoseismology may help in lo-
cating and estimating the long-term slip veloc-
ity of principal faults. Geodetic measurements
are used to obtain some constraints on strain
accumulation rates, especially in the zones
where no other information is available (e.g.,
blind faults). Observational seismology is used
to connect rates of geodetic strains with rates
of seismic moment release. Then, synthetic
seismicity is used to understand possible statis-
tical distribution of events in regions of wide
and multiple faulting.

So far, this kind of approach has mainly
been applied to California, i.e., a region for
which the estimate of seismic hazard presents
quite different problems with respect to Italy,
both concerning the tectonic setting and the
length of seismic catalogues. Thus the applica-
bility of this method to Italy can hardly be esti-
mated. The direct measure of strain accumula-
tion rates by geodetic observations may un-
doubtedly constitute an important privileged
piece of information with respect to other ap-
proaches. However, it must be considered that
an accurate monitoring of this parameter all
over the Italian seismic zones would require
considerable effort, in terms of long (several
years) observational campaigns. Furthermore,
even assuming that a reliable estimate of strain
accumulation rates can be finally obtained, it
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remains to be seen how to use this information
to recognize the possible sites of the next large
earthquakes. To this purpose, it is necessary to
make hypotheses on how the accumulated
strain will be released, for instance by one or a
few large shocks or by several intermediate-
minor events, and on the location of the even-
tual large earthquakes.

3.5. Interdependent sources

This kind of approach is based on the hy-
pothesis that strain/stress accumulation rates in
a given seismic zone and thus the probability
of earthquakes may be significantly altered by
the occurrence of strong earthquakes in the
surrounding tectonically connected regions.
This hypothesis might explain seismicity regu-
larity patterns observed in some regions of the
world (e.g., Dewey, 1976; Mogi, 1985; Manto-
vani and Albarello, 1997) and direct observa-
tions of strain migration (Kasahara, 1979).
Available evidence suggests migration veloci-
ties from some tens to some hundreds of km/yr.
Theoretical works (e.g., Bott and Dean, 1973;
Anderson, 1975; Albarello and Bonafede, 1990)
have shown that a stressed elastic lithospheric
plate riding on a viscous or viscoelastic layer
may be used to quantitatively interpret the ma-
jor features of the observed migration pat-
terns.

This phenomenon seems to be the most
likely one responsible for the regular migration
of earthquakes in the North Anatolian Fault
System (NAFS) which followed the large trig-
gering shock of 1939 in the easternmost sector
of this fault (e.g., Dewey, 1976). If, for in-
stance, large earthquakes occur again in the
easternmost sector of the NAFS, it seems plau-
sible to believe that seismic hazard in the adja-
cent sectors of the same discontinuity would
undergo a significant increase. Stein ef al.
(1997), by computing the changes of Coulomb
failure stress induced by some events of the
1939 sequence on the adjacent sectors of the
same fault, demonstrated that the seismicity
migration along the North Anatolian fault was
most probably influenced by the interaction be-
tween seismic sources.

The observational evidence and the theoreti-
cal computations mentioned above strongly
support the plausibility of the phenomenon un-
derlying this kind of approach. However, the
applicability of this method to other zones,
such as Italy, where no large well defined fault
systems are recognized, has yet to be demon-
strated. For example, the computation of the
changes of failure stress in the NAFS after the
1939 event was favoured by the fact that in
that case the tectonic mechanism underlying
stress transfer and the geometry of the poten-
tial seismic sources to be activated are known
fairly well (Barka, 1992). This suggests that
the chances of estimating the accelerations of
strain/stress accumulation rates in the Italian
seismic sources, induced by significant releases
of seismic energy in the surrounding zones, are
strongly dependent on the level of knowledge
of the present tectonic mechanisms in the Cen-
tral Mediterranean region and of the geometries
of the major potential seismic sources in Italy.

In this regard, we think that during the last
few years the reconstruction of the recent geo-
dynamic evolution and of the present tectonic
setting of the Central Mediterranean region has
undergone a considerable improvement, due to
an efficient exploitation of the huge amount of
geological, petrological and geophysical infor-
mation which has allowed simple and coherent
explanations for the time-space distribution of
Neogene-Quaternary deformation events (see
Mantovani ef al., 1997a and references therein)
and for the present day seismotectonic evidence
(Mantovani ez al., 1997b). In the next section, we
synthetically describe the major aspects of the
proposed geodynamic interpretation and we ar-
gue that its seismotectonic implications might
help to recognize the periods of highest seismic
hazard in some Italian seismic zones.

4. Proposed deterministic approach
4.1. Present tectonic setting

Figure 1 shows the main tectonic features in
the Central Mediterranean area. It is possible to

note that the Italian region mostly lies on the
western border of the Adriatic plate, a Meso-
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Fig. 1. Tectonic/kinematic sketch of the Central Mediterranean region. 1) Africa/Adriatic domain; 2) main
orogenic belts; 3) thinned African margin (Ionian); 4,5,6) main compressional, tensional and transcurrent fea-
tures. AP = Apulian swell; C.A. = Calabrian arc; C.Ap. = Central Apennines; C.S. = Corsica-Sardinia massif;
I = Istrian zone; IB = Iblean plateau; Mac = Marche coast; N.Ap. = Northern Apennines; N.T. = Northern
Tyrrhenian; PA = Padanian zone; Po = Pollino zone; R = Rimini area; S.A. = Southern Alps; S.Ap. = Southern
Apennines; S.T. = Southern Tyrrhenian; S.V. = Schio-Vicenza line. Empty arrows indicate the movements of
major blocks with respect to Eurasia.
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zoic platform which seems to be still character-
ized by a coherent kinematic behaviour from
the Southern Alps to the Ionian zone (e.g.,
Mantovani et al., 1997a, b). The present shape
of this plate derives from a complex time-
space distribution of consuming processes
which considerably reduced its original exten-
sion and caused a strong bilateral flexure of its
southern part, with the consequent formation of
the Apulian structural high (see, e.g., Royden
et al., 1987; Kruse and Royden, 1994; Manto-
vani et al., 1997a,b). Uparching in the South-
ern Adriatic mainly developed during the up-
per Pliocene, just before the end of the con-
suming process in the Southern Apennines.
During this phase, in fact, the strong squeezing
that the Adriatic plate was undergoing in be-
tween the Aegean-Balkan system, moving
roughly westward, and Africa, moving roughly
NEward, was scarcely accommodated by the
consumption of its margins since the Adriatic-
Balkan border was inactive and the Adriatic
Southern Apennines border was gradually be-
coming inactive. Thus, during this period the
convergence of the surrounding blocks was
mainly accommodated by flexuring, with con-
sequent uparching, of the Southern Adriatic
platform. This deformation pattern underwent a
drastic change around the late Pliocene-early
Pleistocene, when the underthrusting of the
Adriatic plate beneath the Southern Dinarides-
Hellenides reactivated, accompanied by the
gradual unbending of the Adriatic platform
(Kruse and Royden, 1994).

At present, the Central Mediterranean zone
is stressed by the westward motion of the Ana-
tolian-Aegean-Balkan system and by the NE to
NNE motion of Africa with respect to Eurasia
(fig. 1). These kinematic boundary conditions
are accommodated by a complex pattern of
shortening processes, as suggested by geologi-
cal and geophysical evidence (see Mantovani
et al., 1997a,b and references therein):

a) The underthrusting of the Northern Adri-
atic plate beneath the Southern Alps (e.g.,
Slejko et al., 1989; Roure et al., 1996). The
lateral decoupling between the northern part of
the Adriatic block, moving roughly NNW to
NW, and the adjacent Padanian-Apennines and
Dinaric zones are accommodated by transpres-

sional fault systems (e.g., Castellarin and Vai,
1986; Royden, 1988; Slejko e al., 1989).

b) The underthrusting of the Southern Adri-
atic plate beneath the Southern Dinarides-Hel-
lenides (e.g., Biju-Duval ez al., 1977; Mercier
et al., 1989; Anderson and Jackson, 1987).

¢) Lateral escapes of crustal wedges and
uplift in the Calabrian arc and Apennines. The
convergence between Africa and the Adriatic
plate is accommodated by the roughly north-
ward escape of the Iblean wedge, the eastward
escape of Calabria and by the oroclinal bend-
ing (through outward displacements and rela-
tive block rotations) of the Apenninic belt
(fig. 1). This last phenomenon is particularly
evident in the sectors of the belt, like the
Northern Apennines, which are facing the Cen-
tral-Northern Adriatic foreland zones where
the flexural bulge, located in the Istrian zone
(e.g., Royden er al., 1987), is still relatively far
from the external front of the chain and thus
the consumption of the Adriatic lithosphere
does not encounter great resistance (Mantovani
et al., 1997a).

In the Southern Apennines, instead, any fur-
ther outward displacement of the belt is inhib-
ited by the Apulian swell (see, e.g., Patacca
et al., 1990) and thus this sector of the chain
moves almost coherently with the adjacent
Adriatic plate (fig. 1).

4.2. Seismotectonic implications

From the kinematic-tectonic setting de-
scribed above (fig. 1) and from mechanical-
theological considerations (e.g., Anderson,
1975), one could expect that each seismic acti-
vation of peri-Adriatic decoupling zones, pre-
sumably associated to dislocations at the re-
lated borders, may have some influence on
strain accumulation in the other periAdriatic
potential seismogenetic structures.

Northern Adriatic
When significant seismic slip occurs at the

Northern Adriatic border (fig. 2) in the South-
ern Alps, one could expect that stresses and
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Fig. 2. Seismotectonic regions representing the lateral decoupling shear zones (A, C) and the northern com-
pressional border (B) of the Adriatic plate. Epicenters of events with M > 5 for the period 1650-1980 are re-
ported in the figure. Data from Shebalin ez al. (1974) and Ribarich (1982) for the Dinaric zone and from Ca-
massi and Stucchi (1996) for the Italian zones. A) Northern Dinarides. This zone is characterized by systems
of mainly SE-NW strike-slip faults which decouple the main Adriatic body from the Pannonian-Carpathian
system. B) Southern Alps. Along this border the main Adriatic plate underthrusts the Alpine edifice. C) North-
ern Apennines-Po Valley. The complex deformation of this zone allows sinistral transcurrent decoupling be-
tween the main Adriatic body and the Northern Apennines-Padanian system (see Mantovani et al., 1997b).

strains increase along the lateral transcurrent seconds or minutes that they must support an
guides of the Adriatic plate (in the Padanian- increase in stress. In an elastic layer overlying
Northern Apennines zone on one side, and in a ductile layer, which seems to be the probable
the Northern Dinarides, on the other side), with structural setting in the Adriatic plate (Viti
a consequent rise of the probability of earth- et al., 1997), part of the strain perturbation
quake occurrence in those zones. This consid- travels more slowly, compatibly with the relax-
eration also holds in the opposite sense: when ation time of the viscous layer.
strong shocks occur along the lateral Apen- The above seismotectonic interpretation
ninic and Dinaric decoupling zones, stresses might help to explain some features of the
and strains are expected to increase at the seismicity time patterns (fig. 3) in the zones
Northern Adriatic border. (fig. 2) implied in the proposed tectonic mech-
In a purely elastic situation, the perturbation anism. In particular, the fact that seismic activ-
triggered by large events will flow at elastic ity in all zones is mostly concentrated in rela-

wave speeds and the other decoupling zones of tively short periods of 10-20 years (see fig. 3),
the Northern Adriatic plate will know within separated by relatively long periods of low
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Fig. 3. Seismicity patterns in the last three centuries in the zones shown in fig. 2. It is possible to note that
most seismic activity in the three zones considered is concentrated in short time intervals (evidenced by
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seismicity or quiescence. Outside the periods
mentioned above intense earthquakes are rare,
the only exception concerns the active period
in the Northern Dinarides around 1900. This
distribution suggests a discontinuous character
of seismicity in the zones considered and the
tendency of the active periods in the various
zones to overlap or to occur within a few years
one from the other. It might be interesting to
note that the major seismic activations of the
Southern Alps have been almost regularly pre-
ceded by a number of earthquakes with M > 5
in the Northern Apennines and Northern Di-
narides. In the last active period, around 1970,
the activity in the Northern Apennines appears
to be lower than in the previous seismic crises;
however, it must be pointed out that in 1972 a
long series of events, with magnitudes com-

prised between 3.5 and 5, occurred in the seis-
mic belt running just off the Marche coast.
This case could indicate that the activation of
the above decoupling shear zone (whose possi-
ble tectonic significance is discussed by Man-
tovani et al., 1997b) is not necessarily marked

- by intense earthquakes.
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Southern Adriatic

As extensively argued by Mantovani et al.
(1997a,b), Southern Italy and the Adriatic plate
are squeezed in between Africa and the
Aegean-Balkan system (fig. 1). These bound-
ary conditions are accommodated by uplift in
the whole collision zone, from Sicily to the
Southern Apennines through the Calabrian arc,
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and by the underthrusting of the Eastern Adri-
atic margin beneath the Hellenides-Dinarides
belt. The latter phenomenon, in our opinion, is
mainly responsible for the seismic activity in
Southern Italy (see Mantovani ef al., 1997b)
through the mechanism tentatively sketched in
fig. 4.

The seismic slip associated with intense de-
coupling earthquakes at the Adriatic-Balkan
border causes a release of the Adriatic uparch-
ing, with a consequent downward motion of
the Adriatic margin underlying the Apenninic
belt (Mantovani et al., 1997b). The latter phe-
nomenon may be accompanied by a collapse of
the eastern side of the Southern Apennines,
favoured by the seismic activation of normal
faults, as occurred in the last strong Irpinia
event of 1980 (e.g., Westaway and Jackson,
1987; Pingue et al., 1993; Giardini, 1993; Pan-

tosti and Valensise, 1993). The migration of
deformation triggered by the Hellenides-Dinar-
ides decoupling earthquakes may also reach
the Calabrian arc favouring the activation of
normal and strike-slip faults. The above inter-
pretational scheme may help to explain the
very regular time correspondence between the
most intense earthquakes in the Southern Di-
narides and those in Southern Italy (fig. 5)
pointed out by Mantovani and Albarello
(1997). The values of the delay between the
‘triggering’ Dinaric events and the induced
Apenninic earthquakes in fig. 5 suggest that
the maximum intensity of the effects of the
Adriatic unbending described above takes gen-
erally 1-2 years to reach the Italian zones.
The regularities in the seismicity patterns
shown in figs. 3 and 5 seem to indicate that the
phenomenon of «strain migration» exists and

BRADANIC
FOREDEEP
APENNINES
APULIAN
SWELL

X c d
— d
h
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ADRIATIC SEA

L

Y

Fig. 4. Tentative sketch of the proposed «unbending» of the Southern Adriatic plate, in response to a decou-
pling earthquake (star) at the Adriatic-Dinarides compressional border. The transition from the initial (a, b, c,
d, e, f, g) to the final (v, ¢’, d’, ¢’, ', g’) flexural configurations is expected to develop by a velocity compati-
ble with the relaxation time of the ductile layer (dotted) underlying the elastic-brittle Adriatic upper crust
(dashed). It can be noted that this mechanism involves both horizontal and vertical displacements. When the
migrating deformation reaches the westernmost zones underlying the Apennines, subvertical shear stresses
may be induced inside the belt. This may cause the activation of normal faulting, as tentatively indicated in the
figure by faults compatible with the mechanism of the last strong 1980 Irpinia earthquake.
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produces appreciable effects in the peri-Adri-
atic seismic zones. These results, and eventual
other indications which could derive from fur-
ther investigations on the time-space distribu-
tion of earthquakes in the Central Mediter-
ranean area, might encourage the use of the
above phenomenon to recognize the periods of
highest seismic hazard in some Italian seismic
zones.

Further improvements in the knowledge of
the tectonic setting and of the mechanisms of
stress/strain propagation in the Central Mediter-
ranean area may contribute to make this kind
of approach more and more reliable. In this di-
rection, we plan to make an extensive use of
numerical modelling (Albarello et al., 1997)
and analytical computations to try to recon-
struct the perturbations of the stress/strain field
caused by large shocks in each Central
Mediterranean seismogenetic area, possibly
tectonicall connected with the Italian active
zones. This could allow estimation of strain ac-
cumulation in Italian seismic zones induced by
each strong event in the Central Mediterranean
area. This estimate, carried out for all major
events in the known seismic history of the
zones considered, may give an idea of the cu-
mulative perturbation of seismic cycles in the
Italian seismic sources which has been so far
caused by the interactions with the surrounding
active belts.

The problem posed by the unavoidable lack
of information about the initial configuration
of the system could be mitigated by using
other kinds of data on the behaviour of seismic
sources, provided, for instance, by paleoseis-
mological and geomorphological studies. Fur-
ther information about this problem might be
obtained by using, through a trial and error
procedure, part of seismic catalogues to formu-
late predictions and the remaining part of the
catalogues to check the results obtained.

The results of the proposed approach could
be used to plan other kinds of observations,
such as the monitoring of minor seismicity
and geodetic campaigns, with local dense net-
works etc., in the zones suspected of being in
short-term alarm, in order to obtain more pre-
cise indications on the zones most close to
failure.
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5. Conclusions and discussion

At present, the chances of obtaining infor-
mation on which Italian zones are most prone
to next large earthquakes do not seem to be
very good especially with the approaches so
far proposed in the literature concerning Italy
and other regions of the world.

All statistical analyses of the Italian seismic
catalogues have clearly shown that the return
times of strong shocks in the various seismoge-
netic zones do not present any significant regu-
larity and that the associated probabilities may
be estimated with considerable uncertainties.
This leaves very little hope to recognize the
zones where large events will occur next only
on the basis of our present knowledge of Ital-
ian seismic history.

The identification of TIPs (Times of In-
creased earthquake Probability) by the pattern
recognition technique in the Italian area seems
to be characterized by relatively high probabil-
ities of false alarms and by a scarce resolution
on the location of the zones prone to the ex-
pected shock (Costa et al., 1996).

The recognition of possible «gaps» in the
Italian area would require the presence of
large-scale tectonic features, like a plate bor-
der, where most intense earthquakes in its dif-
ferent sectors are connected with a common
tectonic mechanism, which, however, is not
supported by any clear evidence. In fact, no
significant systematic results have so far been
obtained from attempts to apply this concept to
the Mediterranean area.

More deterministic methods, like those
based on the direct geodetic measurement of
deformation rates, seem to have, at least theo-
retically, more chance to recognize the zones
of highest strain accumulation rates and thus,
presumably, of highest hazard. However, the
availability of this information does not auto-
matically imply that one can recognize the
sites of the next disastrous earthquakes.

A promising approach, given the recognized
plausibility of its underlying concepts, is the
one based on the phenomenon of «strain mi-
gration». The chances of this approach to pro-
vide reliable indications in Italy are mostly
conditioned by the use of correct information
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on the tectonic processes and the mechanisms
of strain propagation in the Central Mediter-
ranean area. This work argues that the recon-
struction of the Central Mediterranean geody-
namic setting and the related seismotectonic
implications proposed by Mantovani et al.
(1997a,b) might be used as a basis for the
application of the strain migration method
to the Italian region. The goodness of this
choice can be evaluated by analyzing the valid-
ity of the arguments reported by the above
authors.

Encouraging evidence in this sense is given
by the observation of some significant regulari-
ties in the time patterns of seismicity in some
peri-Adriatic zones, whose possible tectonic
interpretations are fairly compatible with the
geodynamic hypotheses proposed by Manto-
vani et al. (1997a,b). The above regularities
suggest that the seismicity of Italy is strongly
dependent on the «accelerations» of the Adri-
atic block, triggered by decoupling earthquakes
along its borders. A monitoring of this phe-
nomenon, by geodetic and geophysical obser-
vations could allow a more precise reconstruc-
tion of the migrating stress fronts and, conse-
quently, of the expected effects in the Italian
region. For this last purpose, any information
on the location and previous strain accumula-
tion of potential seismic faults, provided by pa-
leoseismological, geomorphological and geodetic
studies, would be extremely useful.

Some information in this sense could also
be derived from computations of changes in
Coulomb failure stress (Nostro et al., 1997)
in the Italian region. However, the signifi-
cance of the results obtained by these computa-
tions is strongly conditioned by the reliability
of the rheological and tectonic modelling
adopted.
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