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ABSTRACT

The choice of the regions is essential in the application of the algorithm CN,
therefore a seismotectonic criterion for their definition is tested.

In the previous analysis (Keilis-Borok et al., 1990; Costa et al., 1995; Costa et
al., 1996), made using CN and taking into account both the distribution of the
epicentres and the seismotectonic model, three main areas are defined, where to
look for the premonitory instability patterns associated to an impending earthquake.
The separation among these areas is not marked by sharp boundaries, and it is
possible to identify intersection areas, which could be assigned to either bordering
main area; in each main area the TIPs duration decreases when the intersection
areas are included.

In a further step, to take into account the geodinamic complexity
characterizing the Italian peninsula, we established to follow strictly the
seismotectonic model, including in each region only zones with similar seismogenic
behaviour and the transitional zones connected to them. Three regions have been
succesfully defined in this way, corresponding approximatively to the North,
Centre and South of Italy. The reduction of the space-time uncertainty and the
increase of the stability of prediction results obtained with this regionalization, with
respect to the previous investigations, can be interpreted as a validation of the
seismotectonic model of the Italian territory.



1. INTRODUCTION

Algorithm CN has been originally designed by retrospective analysis of
seismicity in the California-Nevada region to diagnose the Time of Increased
Probability (TIPs) for events with magnitude above a fixed threshold M. Thanks to
the normalisation of the functions used by the algorithm, CN can be applied
without any adjustment of parameters to areas with different dimensions and
seismicity.

A first application of CN in Italy was performed by Keilis-Borok et al. (1990),
over an area chosen considering simply the completeness of the used catalogue.
Subsequently Costa et al. (1995) showed that seismological and tectonic arguments
permit to narrow the region, leading at the same time to a reduction of failures to
predict and of TIPs, while increasing the stability of the algorithm. In a further step
the analysis was extended to the whole Italian territory by Costa et al. (1996),
selecting three main areas, Northern, Central and Southern ltaly, accordingly both
to the seismotectonic model (Scandone et al.,, 1990) and to the spatial distribution
of epicentres. These experiments evidenced that the CN algorithm permits to deal
with the development of regional geodynamic models, involving relationships
between the structural features that control the seismicity and the selection of the
optimal causative fault system for prediction purposes (Rundkvist et al., 1994).

In this work we want to test the possibility to trace the boundary of regions
following closely the seismogenic zones, independently defined by GNDT
(Scandone et al., 1990), to check if it's possible to reduce the time-space
uncertainty and the number of false alarms.

A new catalogue, the CCI1996 (Costa et al. 1997; Peresan et al., 1997) has been
compiled revising and updating the PFGING catalogue (Postpischl, 1985; Costa et
al., 1995) to take into account recent informations, mainly concerning historical
seismicity, supplied by Boschi et al. (1995).

2. REGIONALIZATION

The choice of the area where a strong earthquake has to be predicted, 1s a
relevant factor to obtain reliable results and to minimise the time-space uncertainty.
Regions defined for prediction purposes have to be as small as possible and must
include the zones with higher seismicity level, where stronger earthquakes are
likely to occurr. This choice affects clearly the frequency-magnitude distribution
for events occurred within each region, because the log-linearity of the Gutemberg-
Richter relation is preserved only on a global scale or, according to a multiscale



approach (Molchan et al., 1996 and 1997), within a zone of the appropriate
hierarchical scale, depending on the maximum magnitude considered. To reduce
the spatial uncertainty of prediction, the area has to be relatively small, therefore
the frequency-magnitude distribution exhibits a good linearity only for lower
magnitudes, with increasing fluctuations due to the small number of events for
Jarger magnitudes. According to the standard procedure, the magnitude threshold
M,, for the selection of the events to be predicted, is chosen close to a minimum in
the frequency-magnitude distribution, and this guarantees the stability of results
(e.g. Costa et al., 1995). In other words, CN makes use of the informations given by
small and moderate earthquakes, having a quite good statistic, to predict the
stronger earthquakes, that are rare events.

The area selected for predictions, using the algorithm CN, must satisfy three
general rules: 1) its linear dimensions must be greater or equal to 5L-10L, where L
is the length of the expected source; 2) on average, at least 3 events with magnitude
over the completeness threshold should occur inside the region each year; 3) the
border of the region must correspond, as much as possible, to minima in the
seismicity (Keilis-Borok et al,, 1996). This indicates that the detection level
controls, to some extent, the time space uncertainty of prediction (Keilis-Borok,
1996) and then the possibility to reduce the spatial uncertainty is limited by the
difficulty to keep an high level of detection, due to unavoidable logistic problems.

The Italian peninsula and the whole Mediterranean area are characterised by a
very complex geodinamic behaviour (fig. 1), as revealed by the coexistence of
fragmented seismogenic structures of pgreatly different kind. Even if the
normalization of it's functions guarantees the applicability of the algorithm CN to
regions with a different level of seismic activity, it was designed by retrospective
analysis of seismicity in a region quite homogeneous, from the seismogenic point of
view. Compared to the California-Nevada region, that 1s characterized by strike-slip
source mechanisms, Italy exhibits a considerable heterogeneity in the focal
mechanisms and this aspect should not be neglected. As an example, the number of
aftershocks generated by an earthquake is not independent from the fault
mechanism, therefore mixing sources of different kind may alter the time clustering
of events (bursts of aftershocks).

In the regionalization proposed by Costa et al. (1996), the borders between the
three main areas, Northern, Central and Southern Italy, are not sharply defined. In
each main region, in order to analyze the effect on the prediction of the transition
domains seismicity, two different regions were tested, following blandly the border



of the seismotectonic zones. In all the cases considered, the best results were
obtained for the regions which include the transition areas.

Here, wishing to take into account the seismotectonic complexity of the Italian
peninsula, we propose to define the regions following strictly the seismotectonic
zones. Considering the general rules and the sizes of the seismotectonic zones, a
preliminary grouping appears necessary, so we established to include in each region
only adjacent zonmes with the same seismotectonic characteristics or with
transitional properties. A transitional zone is included in a region if it is between
zones of the same kind or if it is located at the edges of the region. In the latter case
we have taken into account the space distribution of the aftershocks to reveal if they
may be connected or not. For this purpose the selection of aftershocks is performed
(Molchan et al., 1995) using the "minimax" method proposed by Moichan and
Dmitrieva (1992).

3. CN ANALYSIS IN NORTHERN ITALY

Northern Italy is characterized by the presence of a main structure, the Alpine
arc, which is generally uplifting (Mueller, 1982) with some westerly strike-slip
motion (Pavoni et al., 1992) and therefore the majority of focal mechanisms are
COmpressive or transpressive.

The presence of many different political borders, across the Alpine arc,
introduces two problems. First of all the catalogue CCI1996 covers an area that,
toward to the North, follows the Italian border and consequently it's fairly
incomplete for our purposes; this problem has been solved (Costa et al., 1996)
filling the gap with data contained in two other catalogues, ALPOR (Catalogo delle
Alpi Orientali, 1987) and NEIC (1992).The catalogue obtained for Northern Italy
can be considered complete for M=>3.0 starting from 1960. The operating
magnitude is selected as follows:

MALPOR (ML’M[)
M = MAX Mppgpe (M, My, M;) ‘ (1)
MNEIC(ML’MS’mb)

This means that the operating magnitude is the maximum of the three
magnitudes selected for each catalogue according to the priority order given in
brackets. Magnitudes are indicated as follow: M, is the local magnitude, M, the
duration magnitude, M, is the magnitude from intensities, while Mg and m, are the
magnitudes from surface and body waves. Aftershocks are removed following the



criteria proposed by Keilis-Borok et al. (1980) and, according to the standard rules
of the algorithm CN, the magnitude for the selection of the events to be predicted is
chosen to be M, =5.4. The period 1960-1992 is analyzed, because of the
significant incompleteness of the catalogue before 1960 (Costa et al., 1996).

The second problem, due to the presence of political borders, arises from the
necessity to use an adequate seismotectonic zoning for the neighbouring countries.
Till recently the available zones for the Slovenian-Croatian region were designed
with different purposes and criteria (Lapajne et al, 1995), consequently the
easternmost border of the region could only be defined on the base of seismicity.
Recently, following criteria quite similar to those used for Italy by Scandone et al.
(1990), a seismotectonic zoning has been proposed by Zivcic et al. (1997) and
consequently it is possible to redraw the boundaries of the north-eastern part of the
region closely following the seismogenic zones (fig. 2¢ and fig. 3).

Our final choice of the region to be used with CN algorithm is based on the
prediction experiments described below. When performing prediction experiments,
with the aim to optimise the regionalization, we must preserve the predictive power
reached with the previous regionalizations. Therefore, since the old regionalizations
allow us to predict the strong earthquakes, in the following we consider satisfactory
only the experiments with no failures to predict.

Experiment 1. We consider the region defined by the compressional band and
the adjacent transpressive zones that cover the whole Alpine arc, from the Istrian
peninsula to Liguria (fig.2a-1 and tab. 1). This experiment is unsuccessful,
probably due to the different completeness of the catalogue (Molchan et al., 1995)
and to the different level of seismic activity in different parts of the Alpine arc.

Experiment 2. Within the smaller region defined by Costa et al. (1996) for
Northern Italy (fig. 2a-2) we keep only the compressional and transpressive
adjacent zones in Italy, while in Austria, Slovenia and Croatia we keep the
boundaries proposed by Costa et al. (1996), except towards the North, where we
follow the minimum of seismicity located in correspondence of the 47°N parallel.
The seismogenic properties of the zone at the west side of Garda's lake (central part
of Southern Alps) have been subject of debate, as can be seen by recent revisions of
the seismotectonic model (Scandone et al., 1990 and 1994). Therefore we define
two regions, one including and the other excluding the zone west of Garda (GZ), as
shown respectively in fig. 2a-3 and fig. 2a-4. The results obtained for these two
regions are given in table 1 and can be considered satisfactory only for the region
shown in fig. 2a-4. Then we deduce that the seismicity contained in this small zone



plays a critical role, revealing a certain instability with respect to the choice of the
areas represented in fig. 2a-2, 3 and 4 (see also fig. 4).

Experiment 3. For a deeper analysis of the instability detected with experiment
2, we remember the hypothesis that the seismicity at the Northern edge of the
Apennines may be related to the seismicity of the Alpine Arc (Costa et al,, 1996),
that led to define the region in fig. 2b-5. Therefore we extend the region of fig. 2a-4
to the transition seismogénic zone at the northern edge of the Appennines, even if
it's not directly connected to the others (fig. 2b-6). In such a way the percentage of
total TIPs is reduced. Subsequently the area is further extended to the whole
compressional band along the Adratic coast (fig. 2b-7). With this extension the
destabilizing effect of the zone at the west side of Garda's lake zone is removed
(fig. 2a-3, 4 and tab. 1).

Experiment 4. The north-eastern border of the region shown in fig. 2b-8 is
modified considering the seismotectonic zoning for the Slovenian-Croatian territory
(Zivcic, 1997) and including only compressional and transpressive zones. Where
there is an overlapping of the two zonings the priority is given to the model
proposed by Scandone et al. in 1994 (fig. 2c and fig. 3).

The results obtained for the area finally selected (fig. 2c) can be summarised as
follows: both events with M = M,, occurred in the period under analysis (M=6.5,
May 6, 1976 and M=5.4, February 1, 1988), are predicted with 20% of the total
time considered occupied by TIPs and 2 false alarms. The M=6.0 September 15,
1976 event is a strong aftershock, identified as Related Strong Earthquake by
Vorobieva and Panza (1993), and therefore it is not a target of the CN algorithm.
The improvement with respect to the results obtained by Costa et al. (1996) 1s a
reduction in the percentage of TIPs (from 27% to 20%) and in the spatial
uncertainty (around 38%). The diagram of the time distribution of TIPs, obtained in
the monitoring with the catalogue updated to July 1997, is shown in figure 10-a.
These results are stable with respect to changes in the learning period and to the
exclusion of the transition zone containing the Ortona-Roccamonfina line (fig. 4).

The new regionalization is compatible with the cinematic model of rotation and
subduction of the Adratic microplate and supports the hypothesis of a possible
connection between the earthquakes that occur within the compressional band,
marking the zone of subduction along the Southern Alps and Northern Apennines
(Ward, 1994; Anderson and Jackson, 1987).

A common feature to the different successful regionalization experiments
performed is the persistence of a TIP in the time interval from 1972 to 1976.



Starting in January 1973, remarkable tilt perturbations have been recorded by the
horizontal pendulums of Grotta Gigante, near Trieste (Zadro, 1978). These
anomalies have been interpreted as a "slow earthquake" (Dragoni, 1985) and
therefore it seems reasonable to formulate the hypothesis that the persisting TIP,
from September 1972 to January 1976, is related to these creeping phenomena. In
this case, the symptoms of instability detected by the algorithm CN could reveal a
stress accumulation, partially released through events of small and moderate size
(M<4.5) and not ended with a strong earthquake, because of creep. This
interpretation is an alternative to the explanation given in the framework of the
dilatancy model, where a volume increase is expected under the effect of tectonic
stresses, due to fluid migration in a volume of cracked rocks; accordingly the
anomalies are viewed as precursors, indicating accumulation rather than relaxation
of stress.

4. CN ANALYSIS IN CENTRAL ITALY

The central part of the Italian peninsula along the Appennines, is characterised
by a band with tensional seismotectonic behaviour, with prevailing dip-slip focal
mechanism. Two belts run parallel to it: the western one is composed by the tensive
zones near to the Tyrrhenian coast and the eastern one by the compressional zones
along the Adriatic sea, from the Ortona-Roccamonfina line (fig. 1) to the Po plain.
Costa et al. (1996) evidenced that the central band may be considered individually
and this fact seems to be supported by the model proposed by Meletti at al. (1995)
for the deep structure of the Northern Appenines. The model indicates a connection
at depth between the Adriatic compressional front and the uplifting astenosphere
along the Tyrrhenian sea, in agreement with the geometries of the litosphere-
astenosphere system outlined by Calcagnile and Panza (1981), Della Vedova et al.
(1991) and Marson et al. (1995) on the base of the available relevant geophysical
data (surface waves, body waves tomography, heat flow, gravity). According to the
seismogenic zoning, the foreland Gargano region must be excluded from the region
of Central Italy.

The CN algorithm has been initially applied to Central Italy (Keilis-Borok et al.,
1990), because the catalogue PFGING is rather complete there; subsequently a
regionalization based on seismotectonic consideration has been proposed by Costa
et al.(1995).

The new region defined for Central Italy is presented in fig. 5-3. In this region
the catalogue CCI1966, starting from 1950, can be considered complete for M 2 3.0



(Molchan et al., 1995). The operating magnitude is chosen following the priority:
M, , M,, M,. Aftershocks are removed as in Northern Italy and, according to the
general rules of the algorithm CN, only crustal earthquakes are considered, and the
threshold for the selection of strong events is M, =5.6. In any case, the inclusion,
according to the model proposed in Marson et al. (1995), of the few deep and
intermediate earthquakes occurred in Central Italy, does not affect the results, since
their number and size is small. The events to be predicted inside this region (fig. 5-
3) are three: M=5.8 and M=6.0, both on August 21, 1962 and the Irpinia'‘s
earthquake, with M=6.5, on November 23, 1980. All of them are predicted with
TIPs covering 19% of the total time and with two false alarms (tab. 2). The
distribution of TIPs is shown in fig. 10-b. The exclusion of the transition zones at
both edges of the extensional band doesn't affect significantly the results, that are
very stable over this area (Costa et al., 1995).

The whole extensional band, running along the peninsula, from the Po plan to
the Messina strait, can be considered to form a single region (fig. 5-2), but this
leads only to an increase of the spatial uncertainty (tab.2 and fig. 6). On the
contrary, the attempt to divide this tensional band along the Ortona-Roccamonfina
discontinuity shows that, in this case, a proper retrospective description of
seismicity i1s impossible, because the strong Irpinia's earthquake and its precursors
seem to affect significantly the activation in the whole peninsula. Comparing the
region defined in fig. 5-3 to that defined for Central Italy by Costa et al. (1996), we
observe that even if the same seismogenic structures are considered, the new
criteria allows us a reduction of the spatial uncertainty by about 30%.

The results obtained using different regionalizations for Central Italy (Ketlis-
Borok et al, 1990; Costa et al., 1996), all show the persistence of a false alarm
within a period that goes from July 1984 to March 1988. Similarly to the case
observed in Northemm Italy, anomalous deformations, modelled as aseismic
dislocations processes (Dragoni, 1988), have been recorded in this region during
1985 (Bella et al., 1987).

5. CN ANALYSIS IN SOUTHERN ITALY

The extremity of the Italian peninsula, together with Sicily, is characterised by a
seismotectonic profile connected with the sinking of the Adnatic-Ionic plate under
the Southern Appennines and the Calabrian arc. The cinematic model proposed by
Scandone et al. (1990) for Southern Italy seems to indicate a possible relation
among the events occurring along the arc that goes from Ortona-Roccamonfina



discontinuity to the western edge of Sicily. This hypothesis is supported by the
unsuccessful experiment reported by Costa et al. (1996) for the region that excludes
the Irpinia's area (fig. 7-2 and tab. 3).

The role played by foreland zones is particularly critical in the south of Italy,
because their inclusion in the analysis leads to unsuccessful or very unstable
experiments. When they are excluded, both in the Gargano region and in Sicily, the
algorithm gives satisfactory results (fig. 7-3,4 and tab. 3).

The transition zone corresponding to the Ortona-Roccamonfina line 1s not
included in the South Italy region, thought it is adjacent to the region, since the
distribution of the aftershocks for strong events occurred over this area (Molchan et
al., 1995) indicates a strong connection between the transition zone and the
northward part of the tensional band, but not with its southward extension (fig. 9).

Following the standard priority (M, M,, M,) for the operating magnitude, In
the region shown in figure 7-4 we can fix the completeness threshold for the
catalogue CCI1996, starting from 1950, at M=3.0 and choose M, =5.6. All the four
events (M=5.8, May 20, 1957, M=5.8 and M=6.0 on August, 1962; M=6.5 on
November 23, 1980) with M >M, are predicted with TIPs occupying 33% of the
total time interval and 3 false alarms. With respect to the region defined by Costa et
al. (1996) and shown in fig. 7-1, the reduction of the spatial uncertainty can be
estimated around 72%.

4. CONCLUSIONS

The new regionalization defined for the Italian territory and based on the
seismotectonic zoning allows us both to improve the predictions and to validate the
seismotectonic model.

Three regions have been selected, for Northern, Central and Southern Italy
respectively, following strictly the boundaries of the seismogenic zones; each
region contains only adjacent zonmes with the same characteristics or with
transitional properties.

The Northern Italy region appears compatible with the cinematic model of
rotation and subduction of the Adriatic microplate, and the results of the analysis
with the CN algorithm support the hypothesis of the connection between
earthquakes that occur within the compressional band along the subduction zone in
the Southern Alps and Northemn Apennines. Similarly, the Southern Italy region is
defined by the seismotectonic structures associated with the sinking of the Adriatic-
Ionian plate under the Southern Appennines and the Calabrian Arc. The choice of



the Central region, instead, is related to the deep structure of the Northern
Appenines, characterised by the subduction of the Adria microplate and by the
uplifting of the astenosphere along the Thyrrenian rim.

Since earthquake catalogues, as complete and homogeneous as possible, are
essential for intermediate-term prediction based on the representation of the
lithosphere as a non-linear system, we have used a revised version of the PFGING
catalogue, named CCI1996 (Peresan et al.,, 1997), obtained considering the most
recent available revisions of source parameters of individual events (Boschi et al,
1995; ISC, 1976-1990). Particularly relevant it appears the problem of
completeness and homogeneity of catalogues when the studied area is crossed by
political boundaries and this calls for the strengthening of data collection at
European level.

The results obtained for the three regions show a general reduction of time and
space uncertainty of the predictions of strong events, with respect to the
regionalizations not following the seismotectonic zones (Costa et al., 1996). In
addition, the new regionalization, based on the seismotectonic model, makes it
possible to apply the algorithm with standard and homogeneous criteria over the
whole area considered and it appears adequate for the forward monitoring since the
results of the retrospective analysis reach a score very close to the one obtained
globally.

Costa et al. (1996), on the basis of the results obtained, concluded that the
separation among the three regions proposed is not sharp, and that it is possible to
identify intersection areas, which can be assigned to either bordering main areas.
When these intersection areas are included in the CN analysis, an improvement of
the results 1s obtained. This improvement has been confirmed, for Southern and
Central Italy, by the results obtained using the new regionalization proposed here.
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FIGURE CAPTIONS.

Fig. 1 - Seismotectonic model of Italy (Scandone et al., 1994), revised version of
the preliminary zoning described in Scandone et al. (1990).

Fig. 2a - Regionalization for Northern Italy, considering simply connected
seismogenic zones: 1) first variant based on the seismotectonic model, including the
whole Alpine Arc; 2) small region defined by Costa et al. (1996); 3) second variant,
including the zone at the West of Garda's Lake (GZ); 4) third variant, excluding the
GZ zone.

Fig. 2b - Regionalization for Northern Italy, considering also disconnected
zones: 1) extended region defined by Costa et al. (1996); 2) first vanant based on
the seismotectonic model, including the transitional zone at the northern edge of the
Appennines; 3) second variant, including the whole compressional band, but
without the GZ zone; 4) third variant, including the GZ zone.

Fig. 2¢ - Regionalization for Northern Italy that takes into account the
seismogenic zoning of the sloveman-croatian territory (Zivcic et al., 1997); the
transition zones are included at both edges.

Fig. 3 - Preliminary seismogenic zoning of Slovenia and adjacent regions
proposed by Zivcic et al. (1997); the areas extend beyond the margins of the map.

Fig. 4 - Diagram of the percentage of total TIPs versus the percentage of failures
to predict { 7— r diagram) for the results obtained in Northern Italy for the different
regions shown in fig. 2a, 2b and 2c. Some other variants (not shown in pictures)
including or not the GZ zone have been considered. All the regions with GZ (zone
at the west side of Garda's Lake) give unsatisfactory results. The diagonal line
indicates the results of a random guess (Molchan, 1990).



Fig. 5 - 1) Regionalization for Central Italy defined by Costa et al. (1996); 2)
region including the whole extensional band; 3) new region defined for Central
Italy, including the transition zones at the edges.

Fig. 6 - Errors diagram for the results obtained in Central Italy considering the
different regions shown in fig. 5.

Fig. 7 - 1) Region defined for Southern Italy by Costa et al. (1996); 2) region
tested by Costa et al. (1995); 3) région defined following the seismotectonic model
and including the foreland zones of Sicily; 4) region defined for Southern Italy,
excluding all the foreland zones.

Fig. 8 - Diagram 7-t of the results, obtained using algorithm CN, for the
different regions tested for Southern Italy and shown in fig. 7.

Fig. 9 - a) Map of the mainshocks (dots) and corresponding aftershocks
(triangles) selected with the "minimax" method proposed by Molchan et al. (1995).
Only events with at least 10 aftershocks and occurred in the period of time 1900-
1993 are considered. The small box indicates the area shown in detail in part b)
centered around the transitional zone corresponding to the Ortona-Roccamonfina
line. Aftershocks evidence a connection only with the northward part of the
extensional band, but not with its southward extension.

Fig. 10 - Diagrams of the TIPs obtained with the updated catalogue (up to 31
March 1997), over the regions defined for: a) Northern (fig. 2¢-9), b) Central (fig.
5-3) and ¢) Southern Italy (fig. 6-4). The learning period is indicated in brackets,
while the times of occurrence of a strong earthquake is indicated by a triangle with
a number above, giving its magnitude. These diagrams corresponds to the results
indicated in tables 1, 2 and 3, respectively.

TABLE CAPTIONS

Tab. 1 - Table of results obtained with the algorithm CN in Northern Italy, using
the different regions represented in figures 2a, 2b and 2c. For regions 2 and 5 the
catalogue PFGING has been used by Costa et al. (1996). The last line indicates
results updated at July 1, 1997, whose corresponding TIPs diagram is shown in fig.
10-a.

Tab. 2 - Results obtained over the regions defined for Central Italy and shown in
fig. 5. The first line indicates results given by Costa et al. (1996), using the
PFGING catalogue. The diagram of TIPs for the updated catalogue and with the
new region is shown in fig. 10-b.



Tab. 3 - Table of results given by the algorithm CN with the four variants of the
Southern Region shown in fig. 7. The results given by Costa et al. (1996) for the
regions 1 and 2 were obtained using the PFGING catalogue, including deep events
and considering their maximum magnitude. Updated predictions (July 1, 1997) for
the new region are represented with a TIPs diagram 1n fig. 10-c.



Northern Italy

Region Time Learning Mo Events Failure to TIPS False
Period predicted predict % alarms
1 1960-1995 1964-1995 54 0 2 32.5 6
2+ 1960-1994 1964-1994 5.4 2 0 34 2
3 1960-1995 1964-1995 5.4 1 1 35.1 4
4 1960-1995 1964-1995 B 54 2 0 28.8 2
5* 1960-1994 1964-1994 5.4 2 0 27 1
6 1960-1995 1964-1995 5.4 2 0 247 2
7 1960-1995 1964-1995 5.4 2 0 24.7 3
8 1960-1995 1964-1955 5.4 2 0 20.5 2
9 1960-1995 1964-1995 54 2 19.% 2
Pl 1960-1997 1964-1995 54 2 0 19.3 2
* Catalogue: PFGING ** (Jpdated Catalogue
tab. 1
Central Italy
Region Time Learning Mo Events Failure to TIPS False
Period predicted predict % alarms
1* 1950-1994 1950-1986 5.6 3 0 23 2
2 1950-1995 1950-1986 5.6 3 0 223 3
3 1950-1995 1950-1986 5.6 3 0 18.7 2
3= 1950-1997 1950-1986 5.6 3 0 18.4 2
* Catalogue: PFGING ** Updated Catalogue
tab. 2
Southern Italy
Region Time Learning Mo Events Failure to TIPS False
Period predicted predict % alarms
1* 1950-1994 1954-1994 6.5 3 0 33 5
2* 1950-1994 1954-1994 6.5 1 1 25 2
3 1948-1995 1952-1695 6.5 0 1 42.6 7
4 1950-1995 1954-1995 5.6 4 0 32.8 3
4=+ 1950-1997 1954-1995 5.6 4 0 32.7 3

* Marnitude=MAX  Catalogue: PFGING  Also deep events are included

** Updated Catalogue

tab. 3
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On Intermediate-Term Earthquake Prediction in Central Italy

V. I. KEILIS-BOROK'?, I. V. KUZNETSOV'?, G. F. PANzA?, 1. M. ROTWAIN'?,
and G. CosTA?

Abstract —The Time of Increased Probabitity (TIP) for the occurrence of a strong earthquake is
determined in Central Italy. This is done with an algorithm that has been successfully applied in other
regions of the world (algorithm CN, from the initials of California and Nevada, where the first diagnoses
of TIPs were made). The use of normalized functions allows direct application of the orginal algorithm
to the new region being studied, without any ed hoc adjustment of the parameters.

Retrospective analysis carried on until 1986 shows that TIPs occupy 26 percent of the total time
considered and precede four out of five strong earthquakes. Forward monitoring indicates the possible
existence of a TIP started in May 1988.

Several tests indicate that the results obtained are quite stable, even when using catalogues from
different agencies. Apart from obvious practical interest, this research is essential for the worldwide
investigation of self-similarity in the origin of strong earthquakes.

Key words: Seismology, earthquake prediction, self-similarity, algorithm CN, Central Italy.

1. Introduction

The algorithm is described in full detail by GABRIELOV et al. (1986) and
KEILIS-BOROK et al. (1988) and has been applied for the first time to the
California-Nevada (CN) region by ALLEN et al. (1983). Here, we consider the
specific version described by KEILIS-BOROK et al. (1988). The algorithm CN is -
designed to diagnose the Time of Increased Probability of strong earthquake (TIP)
from a set of traits of the earthquake’s flow. The traits considered are the level of
seismic activity (intensity of earthquakes flow), its variation in time, clustering of
earthquakes in space and time and their concentration in space.

! International Institute of Earthquake Prediction Theory and Mathematical Geophysics, Academy
of Sciences of the U.S.S.R., Warshavskoye, 79, K.2, 113556 Moscow, U.S.S.R.
? Universita degli Studi di Trieste, Istituto di Geodesia e Geofisica, Via dell’Universita, 7, 34123

Trieste, Italy.
? International Center for Earth and Environmental Sciences (ICS), 34100 Trieste Miramar.
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Table |

Function Definition

SIGMA (1)  SIGMA (1) = E 108M:i—==
The main shocks with m, < M, < M, — 0.1 and origin time (¢ — 3 years} <, <t are
included in summation; a =4.5, § = 1.00.
8§ S5 5 . .
Saax(D Sax () = max AT e where S, is calculated as SIGMA(?) for the events with
1 Y2 1¥3 '
the origin time (¢ —j years) s, < (¢t —(j — 1) years), and N, is the number of
earthquakes in the sum.

zZ Z, Z . .
A () Z (D = max{-N—%:,;, F;Tj’ N—;,; , where Z, is calculated as S, with g =0.5, and N,
is the same as in the definition of S, (0.
Ny () The number of main shocks with M = m,, which occurred in the time interval
{t —3 years, {).
N;(D The number of main shocks with M = m,, which occurred in the time interval

(t — 10 years, ¢ — 7 years).

K1) K() = K, — K,, where K, is the number of main shocks with M, 2 m, and origin
time (¢t —2 -/ years) S t, < (t — 2 - (j — 1) years).

B (1) The largest number of aftershocks for the main shocks with M, 2 my— 1.9 and
origin time within ((f — 3 years), ). Aftershocks are counted within a radius of
50 km for the first 2 days after the main shock and for M > M, —3.6.

G({) G(1) = | — P, where P is the ratio of the number of the main shocks with M, 2 m,
to the number of the main shocks with M; = m,. Only main shocks with origin time
{r — 1 year) < t; < ¢ are considered.

6
g(1) g(n) = Y, max{0, 6a, — n;}, where a, is the average annual number of main shocks
J=1
with M| = m,, n; is the number of main shocks with M, = m, and origin time

(t — (8 +) years) < ¢, < (1 — (2 + ) years)

For a given territory the traits are represented by certain functions of time
defined in Table 1; these are computed, within a sliding time window, using the
earthquakes contained in the catalogues. In the computations the aftershocks are
not considered, but the number of aftershocks is included as one of the parameters
(B_,.) characterizing a main shock. All functions depend upon magnitude (see
Table 1). The first three functions are evaluated counting each earthquake with a
weight proportional to the magnitude, while for the remaining six functions the
earthquakes are counted with equal weight, independently of their individual
magnitude.

The functions representing the traits are normalized so that these functions can
be applied uniformly to territories with different sizes and seismicities. The intro-
duction of normalization is also of obvious interest in connection with the possibility
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of identifying self-similarity in the flow of earthquakes. The normalization is
obtained by choosing three mangitude ranges, m,, m,, m,. These ranges are defined
by the condition that, in the territory analysed, the average annual number of
earthquakes with M 2 m, (or m,, or m;) is equal to a constant, a, (or a,, or a,),
common to all territories. In this way the intensities of flows of earthquakes are
equalized. The values @, =3, a, = 1.4 and a, = 0.36 were determined empirically for
the California-Nevada territory, and will be used in this paper also.

At each time, within the territory being considered, the flow of the earthquakes
is represented by the vector formed with the values of the different functions.

The problem of earthquake prediction can be formulated as follows: given the
values of the functions at a given time ¢, determine whether the time interval (7, ¢ + 1)
belongs to a TIP of a main shock, or of a foreshock with magnitude M greater
than a selected magnitude threshold M,. For each territory the value of M, is chosen
very close to the magnitude of the event with average return period of 5-7 years.
The values of M, that have thus far been determined by GABRIELOV et al. (1986),
DMITRIEVA et al. (1990), and KEILIS-BOROK et al. (1989) are in the range 4.5-7.5.

In our analysis of the flow of earthquakes, the time axis has been divided into
intervals termed D, N and X. Intervals D extend for two years before each strong
earthquake (M 2 M,). Intervals X extend for three years after each strong earth-
quake; intervals of type X can become intervals of type D if a strong earthquake
occurs within the three years. The remaining time intervals are termed N.

For a given region, the functions are discretized by defining the thresholds small,
medium and large, on the basis of the quantiles levels 1/3 and 2/3. For all
discretized functions, we estimate which combinations of the different functions are
more typical for intervals D, and which for intervals N. These combinations, named
characteristic features, were defined for the first time for California and Nevada by
the method of pattern recognition (GELFAND et al., 1976) with the purpose of
predicting earthquakes having local magnitude M, > 6.4.

Table 1 shows the list of the selected functions, which are evaluated in the
region under consideration. Following the procedure of pattern recognition, fea-
tures D are defined by the condition that, in general, they occur during time

intervals D, and not, during time intervals N. Features N are defined by the
opposite condition. Each feature corresponds to a discretized value of the function,

or to a combination of such values, for 2 or 3 functions.
The following rule was determined empirically by Keilis-Borok ez al. (1989): a
TIP is declared for one year at the time ¢ if

o(f) = 10~ FMa— 0T |FMi-a) « F = 49, (2)
where

=1, a=5 M zM,—14.
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Here n,(¢) is the number of characteristic features D that the flow of earthquakes
has at the time ¢, and ny(7) is the number of the features of opposite kind N. The
function a(r) is proportional to the total seismic energy released in the whole region
within a period of 3 years before time ¢, and normalized by the seismic energy of
an earthquake of magnitude M,. The TIP during which a strong earthquake does
not occur is defined, in this context, a false alarm. Consecutive TIPs may overlap
and therefore give rise to alarm periods longer than one year. TIPs are interrupted
if 6(f) > E, therefore false-alarm durations may be shorter than one year. A strong
earthquake that occurs outside the TIPs is termed a “failure to predict”.

The algorithm is formulated in a normalized manner; therefore, it can be
transferred from one territory to another without additional retrofitting of parame-
ters. In each territory only boundaries and the value of M, are defined with some
degree of freedom.

The algorithm has been successfully applied to several regions: Central Asia,
Caucasus, Western Turkmenia, Kamchatka and Kuril Islands, Eastern-Carpathians,
Belgium, Cocos plate, Gulf of California, and Northern-Appalachians (GABRIELOV
et al., 1986: DMITRIEVA et al., 1990; KEILIS-BOROK et al., 1989). The results can
be summarized as follows: on a worldwide scale, TIPs precede 27 out of 34 strong
earthquakes and, in different regions, occupy, on the average, about 24 percent of
the time interval analyzed.

For the Italian territory, clustering has been analysed by BOTTARI and NERI
(1983). Only earthquake prediction based on clustering has been considered by
CAPUTO et al. (1983) and CapuTO (1983). Here we apply the CN algorithm for
intermediate-term earthquake prediction in Central Italy.

2. Earthquake Statistics

The algotithm CN has been applied to the catalogues ENEL, CSEM, ING and
PFG. In a first step we used the data until 1986, taken from ENEL, CSEM and
ING. Events contained in CSEM but not present in ENEL or ING were included
in the list of events used in this paper. Furthermore as far as magnitude is
concerned M, (local magnitude) has been used whenever available. If M, is not
available M, (surface waves magnitude) from CSEM is used; if even M, is not
available we used M, (body waves magnitude) from CSEM; for the events for
which even M, is not available we used M, (coda magnitude) from ING. Initially
we analysed the whole Italian territory. Tables 2—4 are constructed from ENEL,
CSEM and ING and show the distribution of earthquakes versus magnitude and
time, for different parts: Northern (lat. 48—45N), Central (lat. 45-39.5 N) and
Southern (lat. 39.5-35 N). The completeness of the catalogue we have constructed
for these parts is quite different. For Central Italy it is reasonable to assume that
our catalogue is sufficiently complete for magnitude greater than 4.0, after 1950.
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Table 2
Distribution of earthquakes in magnitude and time (Northern fraly)
Magnitude 2
Year 0 30 31 32 33 34 35 40 45 50 55 6.0
1940 10
1942 8 1 1 1 [ 1 1 . .
1943 21 4 4 4 4 4 4 4 3
1944 2 . . . . . . . .
1945 3 | I 1 1 1 1 { 1
1946 3 . . . . . ) . .
1947 10 1 1 1 I 1 i 1
1949 29 2 2 2 2 2 2 2 1
1950 6 . . . B . . B .
1951 8 3 3 3 3 3 3 3 1
1952 8 1 1 1 I 1 1 1 ‘
1953 2 | | 1 1 1 1 : .
1954 11 2 2 2 2 2 2 I 1
1955 15 I 1 | l 1 1 1 :
1956 7 | | I 1 1 1 1 1
1957 10 . . . . . . . .
1959 17 3 3 3 3 3 3 3 2
1960 4] 4 4 4 4 4 4 4 2
1963 16 1 1 1 1 1 1
1964 30 . . . . . .
1966 30 L 1 1 1 1 1 - :
1967 25 2 2 2 2 2 I 1 |
1968 30 3 3 3 3 3 3 2 2
1969 [7 2 2 2 2 2 2 1 :
1570 13 4 4 4 4 4 4 !
1971 29 8 8 8 8 8 7 2
1972 18 1 1 1 1 | 1 .
1973 14 4 4 4 4 4 3 2
1974 14 3 3 3 3 3 3 1 .
1975 7 5 5 5 5 5 4 3 l . -
1976 628 174 174 174 174 174 154 6l 21 11 5 3
1977 117 30 30 30 30 30 18 8 2 1 1 .
1978 56 26 26 26 26 23 19 6 1 : ‘
1979 62 20 20 20 20 19 17 6 3 g
1980 62 12 12 I2 12 9 8 4 I 1
1981 45 17 17 17 17 12 10 3 1 .
1982 54 5 15 15 15 12 10 2 .
1983 67 19 19 19 19 17 12 7 k!
1984 59 18 18 18 18 17 15 3 i
1985 61 H Il 11 il 9 6 I .
1986 151 34 29 24 20 i6 12 4 2
1987 155 29 18 1 9 4 4 2 - .
1988 182 23 20 15 9 7 6 3 2 |
1989 109 7 6 3 3 3 3 . ‘ ‘
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Table 3
Distribution of earthquakes in magnitude and time (Central Italy)
Magnitude 2

Year 0 03 31 32 33 34 35 40 45 50 55 6.0
1940 107 6 6 6 6 6 6 6 2 .
1941 191 4 4 4 4 4 4 4 2 1
1942 59 . - . . . . - . .
1943 52 5 5 5 5 5 5 4 2
1944 2 2 2 2 . - ‘ ‘ . .
1945 7 4 4 4 4 4 4 4 2 1
1946 9 2 2 2 2 2 2 2 . .
1947 40 6 6 6 5 5 5 5 3 1
1948 45 7 7 7 6 6 6 6 5 1
1949 54 4 4 4 3 3 3 2 ' '
1950 52 5 5 5 5 5 5 4 3 1
1951 34 10 10 10 10 10 10 10 4 1
1952 17 8 8 . 8 8 8 6 . .
1953 26 9 9 9 9 9 7 4 .
1954 17 4 4 4 4 4 4 2 2 .
1955 49 12 12 12 10 10 10 6 2 |
1956 9% 17 17 17 16 16 16 10 4 1
1957 105 21 21 21 19 19 19 12 5 .
1958 61 6 6 6 3 3 3 3 1 1 -
1959 89 6 6 6 6 6 6 5 3 1 1
1960 82 21 21 19 17 13 10 3 . . .
1961 74 26 26 26 25 25 25 16 9 . . .
1962 83 28 28 27 26 25 24 16 6 4 3 1
1963 137 48 48 43 39 35 32 17 6 4 2 .
1964 g6 I8 18 18 14 14 14 10 4 1 .
1965 69 35 35 34 34 32 29 15 4 .
1966 63 16 16 16 10 9 9 6 . - .
1967 56 19 19 17 15 15 14 11 5 1 1
1968 60 29 29 27 24 21 16 9 1 . .
1969 71 32 32 27 26 24 24 12 3
1970 113 39 39 37 34 32 26 13 1 .
1971 329 80 74 68 60 57 50 21 6 1
1972 355 183 144 129 112 76 52 25 5 2
1973 165 31 30 27 25 22 20 13 1 :
1974 208 74 67 61 53 50 44 16 3 1
1975 04 32 29 28 25 18 13 4 2 -
1976 137 61 49 49 41 39 36 14 5 2
1977 211 89 56 55 42 39 4 17 3 .
1978 108 81 66 65 46 45 38 14 5 . '
1979 465 234 142 142 91 88 75 19 5 2 I -
1980 745 234 213 185 159 141 120 60 24 6 1 1
1981 283 116 86 67 58 54 46 14 4 . . .
1982 185 95 83 74 68 57 49 18 5 1 .
1983 88 o4 56 46 41 31 29 10 4 2 1
1984 211 143 134 127 107 98 84 33 8 4 3
1985 120 79 71 58 53 43 36 10 2 2
1986 1247 193 154 120 92 67 57 17 4 .
1987 879 106 85 64 53 43 34 13 2 .
1988 971 66 49 44 36 30 22 8 2 1
1989 634 21 16 15 13 1 7 2 . .
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Distribution of earthquakes in magnitude and time (Southern Italy)

Intermediate-term Earthquake Prediction in Italy

Table 4

85

Magnitude =
Year 0 30 31 32 33 3.4 35 40 45 50 55 6.0
1940 7 2 2 2 2 2 2 2 2 . . .
1941 20 1 I I 1 1 1 1 1 I 1 1
1942 5 1 | | 1 1 I 1 . . . .
1943 3 1 1 1 1 1 1 1
1945 1
1946 6
1947 67
1949 4] 1 I 1 1 I 1 1 1 1 1
1950 41 5 5 5 5 5 5 3 1 1 :
1951 4 . . . . . . . . .
1952 22 5 5 5 5 5 4 1
1953 8 3 3 3 3 3 3 l . .
1954 26 5 5 5 5 5 5 4 2 1
1955 38 1 1 1 1 1 1 . . .
1956 4 2 2 2 2 2 2 I . ‘ .
1957 18 3 3 3 3 3 3 2 2 2 I
1958 7 . . ‘ . . . . ‘ ' .
1959 17 3 3 3 2 2 2 1 1 | I
1960 12 2 2 2 2 2 2 . . . -
1961 7 5 5 4 4 2 1 i I 1
1963 9 1 1 1 | l i l
1964 2 . . . . . . . .
1965 7 2 2 2 2 2 2 2 1
1967 7 4 4 4 4 3 3 3 3 I . .
1968 177 144 144 137 124 101 94 44 15 6 5 1
1969 22 5 5 5 5 5 5 1 . . : .
1970 16 2 2 2 1 | 1 1 1
1971 21 4 4 4 4 4 4 3 1
1972 23 | 1 1 1 1 1 1 .
1973 10 1 1 1 1 1 1 H 1
1974 40 20 19 19 18 16 IS5 7 I
1975 12 4 4 4 4 4 3 I .
1976 29 14 13 13 12 12 12 6 . .
1977 28 17 16 16 15 15 15 8 3 1 .
1978 153 86 72 72 61 61 55 18 3 2 2
1979 107 54 34 34 23 23 21 6 1 | .
1980 82 56 55 52 50 47 39 14 4 3 |
1981 36 30 27 27 26 25 21 14 5 1 .
1982 37 18 14 14 14 13 11 1 : . - :
1983 13 13 I3 13 13 13 13 7 3 1 1 1
1985 I7 14 14 13 13 13 11 8 2 - : .
1986 288 80 64 47 34 22 14 I .
1987 208 26 18 15 8 5 4 2 1
1988 375 5 12 11 6 4 3 . ‘
1989 302 12 9 7 6 5 4
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For the Northern and Southern parts a sufficient degree of completeness can be
seen only after 1976. Our definition of sufficient completeness is justified by the fact
that all functions, with the exception of B,...(¢), depend upon events with magni-
tude greater than m,. This threshold, on the basis of the flow of earthquakes,
deduced from catalogues ENEL, CSEM, ING, has been estimated to be equal to
4.4. The function B,,,(f) depends on events with magnitude greater than M, — 3.6.
In its definition, therefore, it is also necessary to use events with relatively small
magnitudes.
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Epicenters of earthquakes recorded in the period 1950-1985 (9, 10, 11}; 1—epicenters of earthquakes
with M = 4.5; 2—epicenters of earthquakes with M 256 identified by their date of occurrence;
3—boundary of selected region (Central Italy).
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On the basis of this preliminary analysis we decided to test the algorithm for
Central Italy. The boundaries of the territory considered are shown in Figure 1 as
thick solid lines and have been drawn on the basis of the spatial distribution of
epicenters, and the scheme of morphostructural zonation (CAPUTO et al., 1980). The
region chosen includes the zone along which there is interaction between different
lithospheric blocks (Figure 2) as outlined by surface wave dispersion analysis
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Figure 2

Schematic regionalization of the elastic properties of the lithospheric sub-Moho layer, the ‘lid’, as

deduced from surface waves dispersion analysis (CALCAGNILE and PANZA, 1981): 1—Iid thickness

not exceeding 105 km; 2—Ilid thickness not exceeding 75 km; 3—Ilid thickness not exceeding 45 km;

4—1lid thickness not exceeding 15 km. The three digits numbers indicate the average S-wave velocity
in the lid.
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(CALCAGNILE and Panza, 1981). Catalogues ENEL and ING contain useful
information only for longitudes less than 19 E. The extension to 20 E has been
made using CSEM for the time interval 1976—1988.

Before 1971, magnitude was determined only for a fraction of the earthquakes
with M < 4. The approximate number of all earthquakes listed up to 1971 is about
the same as for listed earthquakes with M 2 3 after 1971. Accordingly, in this
study, we have used all earthquakes that are listed before 1971, and earthquakes
with a magnitude greater than or equal to 3 thereafter.

We consider only earthquakes with focal depth H < 100 km, and we define as
strong earthquakes the events with M 2>5.6. In other words we choose the
threshold M, = 5.6. The list of such events is given in Table 5. This magnitude
threshold is chosen because earthquakes with M = 5.6 have an average return
period of about 6 years (see Table 6), as in most of the regions considered in
previous studies. Since events n.1 and n.2 of Table 5 have the same coordinates and
occurred on the same day they cannot be considered separately in our analysis.
Therefore the number of strong earthquakes to be actually predicted reduces to five.

Table 5
Strong earthquakes in Central Italy, M = 5.6, 19501989

Magnitude
No. Date ¢°, N A% E H M, M, M, M,
1 21. 8.1962 41.13 15.12 40 58 — — —
2 21. 8.1962 41.13 15.12 40 60 — — —
3 19. 7.1963 43.15 8.08 29 56 — — —
4 30.12.1967 44.80 12.05 35 58 — — —
5 23.11.1980 40.86 1533 18 6.5 — 6.28 6.7
6 7. 5.1984 41.76 13.89 16 — 5.4 5.43 5.7
Table 6

Average return period of strong earthquakes (Central Italy)

M2z 5.0 5.1 5.2 5.3 54 5.5 5.6 5.7 5.8 59 6.0

Years 1.1 2 2 2.3 2.5 35 5.7 7 9 9 17

3. Diagnosis of TIPs

As allowed by the normalization, algorithm CN is applied without any change
in the numerical parameters, with the purpose of testing the general validity of the
results obtained in other parts of the world. In fact, a proper change in the
parameters can lead to better predictions-—actually better data fitting—in each
region, but this requires that we assume different physical processes for the
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Table 7
Strong earthquakes and TIPs for Central Italy (V = 35, E = 4.9)

Start of Strong earthquake End of false Duration of
TIP Date M alarm TIP, months
1. 1.1958 1. 1.1959 12
1.11.1961 21. 8.1962 5.8, 6.0 10
22, 8.1962 19. 7.1963 5.6 11
30.12.1967 5.8 failure to
predict
1. 3.1972 1. 5.1975 k1]
1.11.1979 23.11.1980 6.5 : 13
1. 3.1984 7. 5.1984 5.7 2
8. 5.1984 1.11.1986 30
1. 5.1988 >15

occurrence of the earthquakes in different regions.

Aftershocks are identified by the algorithm described by KEILIS-BOROK et al.
(1980). The choice of M, = 5.6 and the discretization of functions is made on the
basis of the information contained in the catalogues ENEL, CSEM, and ING up to
1986.

TIPs diagnosed in such a way are compared with strong earthquakes (M = M)
in Table 7 and in Figure 3a. TIPs occupy 26 percent of the total time interval

V=5 E=4.9 5.8 5.8 6.5 5.7 @
60 5.6 l l l

l
A B I | l

AN T S N N N 2NN NN N N Y N N T T N A T N T A TN N T AN N N N N A

55 60 65 70 75 80 85 90

V=6 E=4.9
5.8 5.8 6.5 5.7
Glols‘s l l l
N N N T T N T N S T N T N N T T T T T T T T Y 5 Y
55 60 65 70 75 80 85 90
Figure 3

Part a). Results of the diagnosis of TIPs for Central Italy as deduced from catalogues ENEL, ING,

CSEM; M,=56, E=4.9, V =5; Part b). Results of the diagnosis of TIPs for Central Italy as deduced

from catalogues ENEL, ING, CSEM; M,=56, E =49, V =6; the time of occurrence of a strong

earthquake is indicated by an arrow and a number above giving its magnitude; TIP is indicated by black
rectangle,
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considered (1954—1986) and precede 4 out of 5 strong earthquakes. The value
reached by the function o(s) after the last strong earthquake (May 7, 1984,
M = 5.7) is not sufficient to interrupt the TIP. This gives rise to a false alarm. If V
is increased from 5 to 6 the total duration of TIPs is reduced by about 17 percent
with an additional failure to predict (Figure 3b). Even if we observe 3 false alarms,
i.e. TIPs not followed by strong earthquakes, the forward monitoring of TIPs may
give very useful practical information.

4. Forward Monitoring

Forward monitoring, utilizing the available data which describe the seismic
activity until August 1989 (ING and CSEM), shows that TIPs occupy 30 percent of
the total time interval (1954—1989) and that there is a current TIP started on May
1988. The current TIP is not identified if the threshold V is increased to 6.

5. Stability

To test the stability of the results shown in Figure 3, the procedure has been
repeated using catalogues PFG and ING. In this case there are only four strong
earthquakes (M 2 5.6) since in PFG and ING the events of December 30, 1967 and
May 7, 1984 have magnitude 5.4. TIPs, shown in Figures 4a and 4b, occupy 32 and

V=5 E=4.9 os @
6105.6 l

il N B HE

| I I OO O I I T T T N T O S Y N TN N N FUUUOF O vy (S U [ N U OO U S O Y A |

55 60 65 70 75 80 85 90

V=6 E=4.9 @
5.8 6.5
Slols.ﬁ l

(1N U VO TN N N T N O N A A N N N T N T T O N T T U S O O T OO
55 60 65 70 75 80 85 90
Figure 4

Part a). Resuits of the diagnosis of TIPs for Central Italy as deduced from catalogues PFG and ING
M, =5.6, E=49, ¥ =5; Part b). Results of the diagnosis of TIPs for Cetral ltaly as deduced from
catalogues PFG and ING M, = 5.6, £ =49, V = 6; the time of occurrence of a strong earthquake is
indicated by an arrow and a number above giving its magnitude; TIP is indicated by black rectangle.
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27 percent of the total time interval (1954—1989) for ¥ = 5 and V = 6, respectively.
The overall picture shown in Figure 4 is not significantly different from that
contained in Figure 3. The main differences are the failure to predict the event of
August 21, 1962 when catalog PFG and ING are used, and the absence of a current
TIP when catalogs ENEL, CSEM and ING are used with the threshold V = 6.

The false alarms in the time intervals 1972—-1975 and 1984—1986 have some
peculiar aspects. In fact, the first could be associated with the event with magnitude
5.4 which occurred, within the considered area, in October 1974. The assumption
for this magnitude value of an underestimate of 0.2 units will lead to the prediction
of the event, with a significant reduction of the duration of the subsequent false
alarm over the entire period of observation (1954-1989). The second false alarm
may be connected with the event of magnitude 5.6 which occurred in Thessaly,
Greece, on April 30, 1985. From this it is evident how critical the selection of the
area is within which TIPS are sought. Therefore we are now investigating the
possibility of using other variants of regionalization based on geological and
geophysical interpretations. This is made even more necessary by the existence of a
possible current TIP, declared on the basis of traits which are characterizing the
seismicity of a zone near the eastern border of the region we have defined as Central
Italy. The features are based on B,,,,, whose high value is associated with the 5.4
magnitude earthquake of April 26, 1988 with epicentral coordinates 42.31 N and
16.59 E.
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Seismotectonic Models and CN Algorithm: The Case of Italy

GI1OVANNI COSTA,"? IVANKA OROZOVA-STANISHKOVA, >
GIULIANO FRANCESCO PANZA!? and IRINA M. ROTWAIN?

Abstract —The CN algorithm is utilized here both for the intermediate term earthquake prediction
and to validate the seismotectonic model of the Italian territory. Using the resuits of the analysis, made
through the CN algorithm and taking into account the seismotectonic model, three main areas, one for
Northern Italy, one for Central Italy and one for Southern Italy, are defined. Two transition areas
between the three main areas are delineated. The earthquakes which occurred in these two areas
contribute to the precursor phenomena identified by the CN algorithm in each main area.

Key words: Earthquakes prediction, seismotectonics, seismicity.

1. Introduction

The analysis of the Time of Increased Probability (TIP) of a strong earthquake
with magnitude greater than, or equal to a given threshold M,, based on the
algorithm CN, makes use of normalized functions, which describe the seismicity
pattern of the analyzed area. Therefore the original algorithm, developed for the
California-Nevada region, can be directly used, without any adjustment, in areas
with different size and level of seismicity.

It has been shown by COSTA et al. (1995) that a regionalization, supported by
seismological and tectonic arguments, leads to the reduction of the alarm duration
(TIP) and of the failures to predict, and increases the stability of the algorithm.
Therefore, the CN algorithm permits to deal with the development of modemn
regional geodynamic models, involving relationships between the key structural
features which control the seismicity, and the selection of the optimal causative
fault system for prediction purposes (RUNDKVIST and ROTWAIN, 1994).

The algorithm CN is described in full detail by GABRIELOV ef al. (1986) and
KEILIS-BorOK and ROTWAIN (1990). An application to Central Italy is given by

'Dipartimento Scienze della Terra, Universita degli Studi di Trieste, via E. Weiss 4, 34127 Trieste,
Italy.

?International Center for Theoretical Physics-ICTP, 34100 Trieste Miramar, Italy.

*International Institute of Earthquake Prediction Theory and Mathematical Geophysics, Academy
of Sciences of the U.S.S.R., Warshavskoye, 79, K.2, 113556, Moscow, U.S.S.R.
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Figure 1
Seismotectonic model of Italy (PATACCA et al, 1990) and regionalization into three main and two
transition areas.

KEILIS-BOROK et al. (1990), where the borders of the studied area are defined
simply according to the completeness of the used catalogue. The analysis of the
seismicity and seismotectonic considerations permit the definition of a more de-
tailed regionalization of Central Italy and the testing of the stability of the method
(CosTA et al., 1995).

In the present study the analysis is extended to the whole Italian territory. Using
the seismotectonic model of Italy (PATACCA er al., 1990) and the spatial distribu-
tion of the epicenters (Fig. 1), the country is divided into three main areas (Fig. 2).
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Figure 2
Seismicity map (M > 4.0) and boundaries of the three main areas in Haly, Dashed line marks varants
of the regionalization.

Each of them is characterized by a dominant seismotectonic behavior, with varying
seismicity pattern, therefore the appropriate M, is used in each area.

The catalogue used routinely for the application of the CN algorithm in Italy
has been compiled as follows: for the period 1900-1979 it is taken the PFG
(PosTpIsCHL, 1985) and since 1980 it is continued with the ING (Istituto Nazionale
di Geofisica, 1994) catalogue. This catalogue hereafter is referred as PFGING. M,
(magnitude from intensity), M, (duration magnitude) and M, (local magnitude)
are available in this catalogue.

2. Geodynamic Outline

The Italian territory can be divided into three main tectonics areas (Northern,
Central, and Southern Italy) with different types of recent motion (PATACCA and
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SCANDONE, 1989; DAL P1az and PorLiNno, 1989). Each of these main areas is
subdivided into several smaller seismogenic zones with different seismotectonic
characteristics and behavior (Fig. 1).

The first area, Northern Italy (north of 44°N), is characterized by the presence
of the Alpine arc, which is generally uplifting (MUELLER, 1982). The eastern part
of the area (Friuli), where one of the branches of the Southern Alps turns to the
south along the Adriatic Sea (Dinaric Alps), the western part of the area, and the
areas of contact between the Southern Alps and the Northern Apennines are
characterized by compression (DAL PIAZ and PoLINO, 1989). In the Friuli zone
some westerly strike-slip motion is also present (PAVONI et al., 1992). Therefore, in
Northern Italy the majority of the seismogenic zones are compressive or transpres-
sive (Fig. 1).

In Central italy two arcs of tectonic shortening, the North-Central Apennines
and the Calabrian arc, meet. According to PATACCA and SCANDONE (1989) the
deformation in this area has been strictly controlled by the sinking of the foreland
lithosphere beneath the mountain chain peninsula and not directly by the collision
between Europe and Africa. This hypothesis is strongly supported by surface waves
dispersion measurements (CALCAGNILE and PANzA, 1981; PANzZA et al., 1982;
SUHADOLC and PaNzA, 1988), and other more recent investigations (DELLA
VEDOVA et al., 1991; MARSON et al., 1995). The North-Central Apennines arc can
be divided into two main structures, parallel to its axis: the first one is a zone of
compression, and the second one is a zone of extension (Fig. 1). These two main
structures are crossed by few transfer zones. Previous studies (COSTA et al., 1991,
1995), have shown that the zones of extension and compression in Central Italy
should not be jointly considered in the regionalization.

According to PATACCA et al. (1990), the 41°N parallel divides the Apennines
chain in two completely different tectonic domains, and this line is proposed to
separate Central from Southern Italy. The division of the Apennines into two major
arcs may be related to the different sinking of the foreland lithosphere in the
Northern Apennines and in the Calibrian arc (MARSON et al., 1995). The passive
subduction of the Po-Adriatic-Ionic lithosphere, caused by gravitational sinking,
appears as a reasonable mechanism to explain contemporaneous geodynamic events
such as mountain building in the Apennines and the extension in the Tyrrhenian
area. . o

Southern Italy is characterized by very complex tectonics and different seismo-
tectonic zones with extensive, transfer, foreland and volcanic character, can be
recognized. The complexity here is even increased by the presence of several
intermediate and deep focus earthquakes (CAPUTO et al., 1970), related to the
Calabrian arc (Eastern Sicily, Calabria). This arc, which is the most important
tectonic structure in Southern Italy, is an old subduction zone, where the deep-focus
earthquakes are related to the existence of a lithospheric slab which may represent,
in its deepest parts, the remnant of the Adriatic lithosphere which subducted
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Figure 3
Different regionalizations, considered in the present study: a) first variant considered in Northern Italy
{area 1); b) second variant considered in Northern Italy (area 2); c) first variant considered in Southern
Italy (area 1); d) second variant considered in Southern Italy (area 2); e) Central Italy regionalization
according to CosTaA ef al. {1995) (area 1}; f) second regionalization considered in Central Italy (area 2).

Corsica-Sardinia before the opening of the Tyrrhenian Sea (PATACCA and SCAN-
DONE, 1989).

3. Regionalization

To minimize the spatial uncertainty, the area in which a strong earthquake must
be predicted, should be as small as possible, but there are two rules that limit its
minimum dimensions: 1) the border of the area must be drawn following to the
extent possible the minima in seismic activity; 2) the annual number of earthquakes
with magnitude greater or equal to the completeness threshold of the catalogue

must be greater or equal to 3.
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Table 1

Earthgquake catalogues used in Northern italy

Catalog Period Magnitude Priority
PFGING 1000-1992 M M, M, M, M, M,
ALPOR 1000-1985 M M, M., M,
NEIC 1900-1992 , my, M, M, M, ,M.,m,

MaLror),
Final 19001992 M prGING)» MAX
Mg
Note:

The priority M, M,, M, indicates that the magnitude A, has been used whenever available. If M, is
not available, M, has been used, etc. MAX = Max(M,, M,, M,).

The borders between the three main areas: Northern, Central and Southern,
described in Section 2, are not sharply defined and they can be better represented
by a transition domain. In fact, as we will see, the division of the Italian territory
into three main areas, separated by two transition areas, seems to be consistent with
the indications given concerning the properties of seismicity by the CN algorithm.
A synoptic representation of the different areas is given in Figure 2, while the
shapes of the two variants of each main area are given in Figure 3.

3.1. Northern Italy

The Alpine arc, the most important tectonic feature in Northern Italy, is crossed
by different political borders and consequently the catalogue PFGING is fairly
incomplete for our purposes. To fill in the gap it was necessary to add the
information contained in two other catalogues: ALPOR (1987) and NEIC (1992).
ALPOR is the catalogue of the Eastern Alps, compiled at the Osservatorio
Geofisico Sperimentale, Trieste, Italy. In this catalogue two magnitudes are re-
ported: M, and M. NEIC is the catalogue of the National Earthquake Informa-
tion Center (NEIC, USGS, Denver, USA). In this catalogue the body wave
magnitude, m,, the surface wave magnitudes, Mg, and M, are reported.

The catalogue which we used in the application of the CN algorithm to
Northern Italy is obtained merging ALPOR, PFGING and NEIC. Taking into
account the uncertainties, which are intrinsic in the three different catalogues
considered, the events differing in origin time by less than 1 minute and in
epicentral location by less than 0.5°, both in latitude and longitude, are considered
the same event. The priority in the choice of the magnitude to be used in the further
processing is given in Table 1. The aftershocks are eliminated, using the criteria
given by KEILIS-BOROK et al. (1980), and only the events with magnitude greater
than, or equal to 3 have been used.
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Figure 4
Results of the CN analysis in Northern Italy: a) area 1; b) area 2. The arrows indicate earthquakes with
M > M,, TIPs are marked by black rectangles.

According to the standards used in the CN algorithm (COSTA et al., 1995), the
magnitude threshold for the definition of the strong earthquakes is chosen to be
M, =5.4. In the present study the period 1960-1992 is analyzed because of the
significant incompleteness of the catalogue before 1960. In the region, only two
strong earthquakes occurred during the last 30 years (M = 6.5, May 6, 1976 and
M =54, January 2, 1988). The M = 6.0 September 15, 1976 event is a strong
aftershock, identified as Related Strong Earthquake by VOROBIEVA and PANZA
(1993), and therefore it is not a target of the CN algorithm.

There are two important tectonic features in Northern Italy: the intersection of
the Alps and the Dinarides in Friuli and the intersection of the Alps and the
Apennines in Liguria. Because of the complexity of the region, it is rather difficult
to define the appropriate borders of the area to be considered for the purposes of
the CN algorithm. To solve this problem, an hypothesis has been formulated that
the stress, responsible for earthquake occurrence, “propagates” along a major fauit
or tectonic structure and “accumulates” at the edges of this structure, and/for in the
areas of intersection with other important faults or tectonic structures. Therefore,
for the purposes of earthquake prediction, the events concentrated at the edges, or
in the areas of intersections with other structures, of a given tectonic structure
cannot be considered independent and should be all contained in the same area. In
the present study, the Alpine arc is considered as the structure along which the
tectonic stress propagates, and the events concentrated on both of its edges, western
and eastern, are assumed to be correlated, and therefore included in the same area.

The seismogenic region, thus defined, is shown in Figure 3a. The two strong
events are predicted and the TIP duration is 27% of the total time (see Fig. 4a).
There is only one false alarm after the strong earthquake of 1988.
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Figure 5
Results of the CN analysis in Southern Italy: a) area 1; b) area I, considering only the shallow events;
c) area 2. The arrows indicate earthquakes with M > M, TIPs are marked by black rectangies. The
magnitude 6.9 is referred to an intermediate-depth earthquake in the Tyrrhenian Sea, while the
magnitude 7 (taken from the PFGING catalogue) corresponds to the Irpinia, 1980, earthquake.

In order to test the hypothesis that the earthquakes, concentrated on the edges
of a tectonic structure or in the areas of intersection with other structures, cannot
be neglected for the purposes of earthquake prediction, a second regionalization
(Fig. 3b), which includes only the compressive domains in the Eastern Alps (Fig. 1)
is considered. The two strong events are predicted (Fig. 4b), but the TIP duration
increases to 34% of the total time, and there are three false alarms.

3.2. Southern Italy

If we take the magnitude priority MAX (see note of Table 1) the utilized
catalogue, PFGING, can be considered complete in this part of Italy only after
1950, and for magnitudes over three. The magnitude threshold in the definition of
the strong earthquakes has been chosen as M, = 6.5.

Following the idea of PATACCA et al. (1990), that the 41°N paralle] divides the
Apennines into two completely different tectonic domains, for Southern Italy the
area shown in Figure 3¢ has been delineated. The results of the CN algorithm
applied to this area are reported in Figure 5a. All three strong earthquakes
(M = 7.6, November 23, 1954, M = 7.0 November 23, and M = 6.9, November 24,
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Figure 6
Results of the CN analysis in Central Italy: a) area 1; b) area 2. The arrows indicate earthquakes with
M = M,, TIPs are marked by black rectangles.

both in 1980) are predicted and the duration of TIP is 33% of the total time. There
are five false alarms.

To study the influence of the relevant deep seismicity we consider only the
shallow earthquakes and thus the only strong event to be predicted is the M = 7.0,
November 23, 1980 earthquake. The diagnosis of the CN algorithm is given in
Figure 5b. The strong event is predicted, but the duration of TIP increases up to
44% of the total time and there are six false alarms. This result indicates that the
shallow and the deep seismicity in this area are not independent, in contrast with
observations in other parts of the world (KEILIS-BOROK and RoTWAIN, 1990).

As a second test, according to the regionalization for Central Italy proposed by
CosTA et al. (1995), the northern border of Southern Italy is traced along the 39.5°
parallel (Fig. 3d). In this area the two strong earthquakes to be predicted are the
M =7.6, November 23, 1954 and the M = 6.9, November 23, 1980 events. The 1980
earthquake is predicted with a TIP duration lasting for 25% of the total time; the
1954, M =77.6, event is a failure to predict and there are two false alarms (Fig. 5¢).

3.3. Central Italy

The CN algorithm initially has been applied to Central Italy (KEILIS-BOROK et
al., 1990; CoSTA et al., 1995), because the catalogue PFGING is rather complete
here. In the present study, utilizing the regionalization shown in Figure 3e, given by
CoSTA et al. (1995), we extend the analysis through the end of 1994 (Fig. 6a).

The definition of the areas in Northern and Southern Italy makes necessary a
revision of the regionalization of Central Italy. In fact, the regionalizations for
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Table 2

Final results

Northern Italy Southern Italy Central Italy

Area ] Area 2 Area 1 Area 1* Area 2 Area | Area 2

Events 2 2 3 | 2 3 4
Predicted 2 2 "3 1 1 3 3
False alarms 1 2 5 6 2 2 4
Failures to predict 0 0 0 0 1 0 1
% of TIPs 27 34 33 44 25 23 38

*Only shallow events.

Northern and Southern Italy, proposed in the present study, contain some zones
(see Fig. 2), previously included in Central Italy (CosTA et al., 1995). The new
regionalization for this area is presented in Figure 3f. Four strong earthquakes
occurred in the area: M = 5.8 and M = 6.0, both on August 21, 1962, M =35.5,
September 19, 1979 and M =54, May 7, 1984. As can be seen from Figure 6b,
three of the four strong earthquakes are predicted by the CN algorithm, while the
1979 event is a failure to predict; there are four false alarms and the TIPs increase,
with respect to the previous study (COSTA et al., 1995), from 30% to 38% of the
total time.

Only the crustal earthquakes which occurred in Central Italy are used to obtain
the results shown in Figure 6. According to the model proposed by MARSON et al.
(1995), few intermediate and deep earthquakes belong to Central Italy and should
be considered when using the CN algorithm. However, their inclusion in the data
set does not affect the results, and this is not surprising since the number of these
events and their size are small.

4. Conclusions

Three main areas in Italy (Northern, Central and Southern, each having a
distinct seismicity pattern) have been analyzed in the present study, utilizing the CN
algorithm. The separation among them is not marked by sharp boundaries, and on
the basis of different zonations, it is possible to identify intersection areas, which
can be assigned to either bordering main areas, The TIPs duration decreases in each
main area when the intersection areas are included in it (Table 2). On the basis of
these results, one can conclude that the fault systems belonging to the domains of
intersection are involved in the generation of strong earthquakes in the bordering
main areas and, therefore, for the purpose of earthquake prediction, they must be
considered together with the faulting system of the main areas.
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In Southern Italy, where numerous, intermediate and deep focus events occur,
all the earthquakes (shallow, intermediate and deep focus) should be used for the
purposes of intermediate-term earthquake prediction.

HABERMANN and CREAMER (1994) analyzed M8 (KEILIS-BOROK and Ko-
SOBOKOV, 1986), a prediction algorithm similar to CN, and suggested that the
algorithm preferentially identifies TIPs during periods of systematically increased
magnitudes. The systematic increase of magnitudes has the same effect of changes
in the completeness of the catalogue used in the prediction. The analysis of the
completeness of the PFGING catalogue, made by MOLCHAN et al. (1995), allows
us to state that the TIPs, diagnosed by the CN algorithm, cannot be obviously
associated with the changes in the completeness level of the catalogue.
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Stability of Premonitory Seismicity Pattern and Intermediate-term
Earthquake Prediction in Central Italy

G. CosTAa.'? G. F. PanzA'? and 1. M. RoTwAIN?

Abstract —The algorithm CN makes use of normalized functions. Therefore the original algorithm,
developed for the California-Nevada region, can be directly applied, without adjustment of the
parameters, to the determination of the Time of Increased Probability {TIP) of strong earthquakes for
Central Ttaly. The prediction is applied to the events with magnitude M > M, = 5.6, which in Central
Italy have a return period of about six years. The routinely available digital earthquake bulletins of the
Istituto Nazionale di Geofisica (ING), Rome, permits continuous monitoring. Here we extend to
November 1994 the first study made by Keilis-Borok er al. (1990b). On the basis of the combined
analysis of seismicity and seismotectonic, we formulate a new regionalization, which reduces the total
alarm time and the failures to predict, and narrows the spatial uncertainty of the prediction with respect
to the results of KEILIS-BOROK ef al. (1990b).

The premonitory pattern is stable when the key parameters of the CN algorithm and the duration
of the learning period are changed, and when different earthquake catalogues are used.

The anlysis of the period 1904-1940, for which M, = 6, allows us to identify self-similar properties
between the two periods, in spite of the considerably higher seismicity level of the earlier time interval
compared with the recent one.

Key words: Seismicity, earthquake prediction, seismotectonic, regionalization, [taly.

I. Introduction

The algorithm CN, described in full detail by GABRIELOV er al. (1986),
KEILIS-BOROK ef al. (1988) and KEILIS-BOROK et al. (1990a), has been applied to
Central Italy for the first time by KEILIS-BOROK et al. (1990b). CN is designed to
define the Time of Increased Probability (TIP) of strong earthquakes. For this
purpose the traits considered are the level of seismic activity, its variation in time,
clustering of the earthquakes in space and time, and their concentration in space.
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2 International Center for Theoretical Physics, {CTP, 34100 Trieste Miramar, [taly.
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Table 1

Functions used in the algorithim CN

SIGMA(T)Y SIGMA(r) =% 10"M ~2; the main shocks with m, < M, < —0.1 and origin time (+ — 3
years) <, <t are included in the summation; o = 4.5, # = 100.

Snax () Semax(t) = max{S,/N,, S;/N.. 5;/N;} where S, is calculated as SIGMA(y) for the events
with the origin time (1 —j years) <7, <(1 - (j — 1) years), and N, is the number of
carthquakes in the sum.

ZaxlD) Zoan () = max{Z, /N3, Z,[N33, Z,jN3} where Z, is calculated as S,, but with §=0.5
and N, is the number of earthquakes in the sum.

Ny () Number of main shocks with M > m,, which occurred in the time interval {t — 3 years, 7).

Ni(n) Number of main shocks with M = m.,, which occurred in the time interval (¢ - 10 years,
t — 7 years).

K1 K{1) = K, — K, where K, is the number of main shocks with M, = m, and origin time

{r—2j years) <, < {t — 2(j — 1) years).

B (1) Maximum number of aftershocks for each main shock, counted within a radius of 50 ki
for the first 2 days after the main shock and for M > M, —3.6.

G(n G(1) =1 — P, where P is the ratio among the number of the main shocks with M, = m,
(my > m,) and the number of the main shocks with M, > m,. Only main shocks with origin
time ¢, in the interval (f — 1 year) <1, <¢ are considered.

g(t) q(1) = 3.7, max{0, 6a, — n,}, where a, is the average annual number of main shocks with
M; 2 my, n; is the number of main shocks with M; =m, and origin time {r — (8 +)
years) <, <(r — (2 4 j) years).

The functions which describe the traits for a given territory are defined in Table
I. These functions are normalized so that they can be applied to different territories,
with different seismicity, without ad hoc adjustment. The normalization is obtained
by choosing the three magnitude thresholds, m,, m, and m,, satisfying the condition
that, 1n the territory under study, the average annual number of events with M > m;,
is equal to the constants, a,, commeon to all seismically active territories.

The flow of the earthquakes is represented, at each time 7, by the vector formed
by the values of the different functions at time t. The value of the minimum
magnitude of the events to be predicted (strong earthquakes), M, satisfies in
general two simultaneous conditions: 1) to correspond to events with a return
period of about six years; 2) to be as close as possible to a minimum in the
histogram Magnitude-Number of events ( Fig. 1). Condition 1 is introduced accord-
ingly with the criteria used for the California-Nevada region; and condition 2 is
introduced to minimize the effect of the threshold introduced by the choice of M.
We will refer to those conditions as “CN rule.”

In the CN analysis of the flow of earthquakes, the time axis is divided into three
intervals: D (dangerous), N (nondangerous) and X (undetermined). The D intervals
extend for two years before each strong event (M > M,). Intervals X extend for
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Histogram Magnitude-Number of events, with step 0.2 in magnitude, in the years 1950~ 1989 for the new
regionalization proposed in this paper.

three years after each strong event; if a strong earthquake occurs within three years,
the X period becomes a D period. The remaining time intervals are N intervals.

The functions defined in Table 1 are discretized by defining the thresholds as
small, medium and large, on the basis of the quantile levels 1/3 and 2/3. We then
estimate the combinations of the different discretized functions which are more
typical for intervals D, and for intervals N. Following the procedure of pattern
recognition, features D are defined by the condition that in general they occur
during the intervals D and not during the intervals N. Features N are defined by the
reverse condition. Each feature corresponds to a discretized value of the function,
or to a combination of such values, for two or three functions.

A TIP is declared at the time 7 for one year if

Moy — Ay 2V =5
o(t) = lo—ﬁ(MU—:}Z [0PMi-0 « F =49 (N

where
=1, a=05

e 18 the number of characteristic features D which the flow of earthquakes has at
time f; ny, is the number of features N; in each main shock’s area, a(f) is a
function proportional to the total number of carthquakes, with magnitude M,
occurring within a period of three years before time . '
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Consecutive TIPs may overlap and induce an alarm period exceeding one year.
The TIP can be interrupted if o(f) > E, in which case the TIP can be shorter than
one year. If during a TIP we have no strong event we have a “false alarm,” if we
have a strong event outside the TIP we have a “failure to predict.”

All the constants and the definition of D and N features appearing in the
algorithm CN are determined from the retrospective analysis of the California-
Nevada seismicity (KEILIS-BOROK et al., 1990a).

2. Tectonics and Regionalization

Central Italy is characterized by the presence of two arcs, the north-central
Apennines and the Calabrian arc, of tectonic shortening. Starting from their
present-day structure and analyzing the time-space evolution of the thrust belt-fore-
deep-foreland system, PATACCA et al. (1990) reached the conclusion that the
deformation has been strictly controlled by the dipping of the foreland lithosphere
sinking beneath the mountain chain peninsula and not directly by the collision
between Europe and Africa. This hypothesis is strongly supported by surface waves
dispersion measurements (CALCAGNILE and PANzA, 1981; PANZA ef al., 1982;
SUHADOLC and PANzA, 1988; DELLA VEDOVA et al, 1991), and more recent
investigations which combine different geophysical data sets regarding aeromagnetic
and gravity anomalies with the available structural information concerning the
lithosphere-asthenosphere system (MARSON et al., 1994).

The arc present in the north-central Apennines can be divided in two main
structures parallel to his axis: one is an area of compression, and the second 1S a zone
of extension (Fig. 2). These two main structures are crossed by a few transfer zones.

The passive subduction of the Po-Adriatic-lonian lithosphere by gravitational
sinking appears as a reasonable mechanism to explain contemporaneous geodynamic
events such as mountain building in the Apennines and extension in the Tyrrhenian
area. The partition of the Apennines into two major arcs may be related to the
differential sinking of the foreland lithosphere in the Northern Apennines and in the
Calabrian Arc.

The regionalization is a very important factor in producing a useful prediction,
minimizing the spatial uncertainty. The area in which a strong earthquake must be
predicted must be the smallest possible, but there are some limitations to its minimum
dimensions: 1) the borders of the area must not cross continuous seismotectonic
zones, at least the ones easily identifiable, and, 2) the annual number of earthquakes
must be >3 for the magnitude for which the catalogue is completed.

The regionalization used by KEILIS-BOROK ef al. (1990b) (Fig. 3), based only on
the boundaries and completeness of ENEL catalogue, covers an area of about
6.3 x 105 km2 and allows us to obtain overall satisfactory results, but without
negligible false alarms and failures to predict (Fig. 4).
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Seismotectonic map of PATACCA ef al. (1990): E} extension areas, C) compressional areas, T) transition
areas, F) areas of fracture in foreland zone, TP) transpressive areas, V) volcanic areas, and U} undefined
areas.

The analysis of the occurrence, just before the TIPs, of the events with a
magnitude greater than the minimum magnitude, m,, used in the definition of the
functions in the CN algorithm, reveals that in all the three-year time intervals which
immediately precede the TIPs, it is possible to identify three distinct seismically
active areas: the Apennines, the Ancona zone and the Gargano region (compare
Fig. 5 with Fig. 6). The seismicity along the Apennines is present during all TIPs,
while the events along the eastern border of the Adriatic microplate in the Ancona
zone and in the Gargano region, occur only before the false alarms (Figs. 6c.d).
This may suggest that the earthquakes along the Apennines are independent from
the seismicity of the other two areas (Ancona zone and Gargano region) and that
the events in the Ancona zone and in the Gargano region are associated with
dynaniic processes of the lithospheric blocks, which are different than those
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ENEL-CSEM-ING, 1950-1980.
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Figure 3
Epicenters recorded in the period 1950-1990; small dots indicate events with magnitude M > 4.4; large
dots indicate events with magnitude M > M,=15.6; the poligon indicates the boundaries of the
regionalization proposed by KEiLIS-BOROK et al. (1990b}.

characterizing the Apennines. The events in the Ancona zone and in the Gargano
region can be correlated with the seismicity of the eastern border of the Adriatic
microplate (compare Fig. 5 with Fig. 6).

The map of the main shocks in Italy, obtained from the PFG-ING catalogue,
shows that there are two maxima in the number of events in the Apennines
(Umbria and Lazio) and, in general, a very large number of events along the
Apennines from Liguria to Campania (Fig. 7a); this area can be separated from the
other seismic regions in Italy. The map of the events with M >m, = 4.4, shown in
Fig. 7c, indicates that the earthquakes in the Ancona and Gargano regions can be
separated from the events located in the Apennines. The tectonic map by PATACCA
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Figure 4
Results of the diagnosis of TIPs, for the regionalization of Figure 2, as deduced from the catalogue
ENEL-CSEM-ING; M, = 5.6. The time of occurence of a strong earthquake is indicated by an arrow
and the number above it gives the magnitude; TIPs are indicated by block rectangles (KEILIS-BoRrOK.
et al., 1990b).

et al. (1990) illustrates two nearly parallel NW-SE elongated active areas (Fig. 7b)
in the Central Apennines (Toscana, Umbria, Marche). The alignment near the
Adriatic Sea is in a compressive state, while the other, more westerly, has an
extensional character. The Gargano region has, on the other hand, exhibited a
tectonic behavior characterized by the coexistence of mechanisms of dip-slip,
oblique-slip, and strike-slip type (PATACCA et al., 1990).

Boundary between
foreland and
external shelf
basin of Adriatico

EE Ancona zone
[E Gargano region
Apennines

I! Toscana coasts

Figure 5
Map showing the boundary between foreland and external shelf basin of Adriatic after HORVARTH and
CHANNEL (1976) and other geographical references, mentioned in the text.
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Main shocks (small dots) with M >m, =4.4 for three years before the TIP, and strong earthquake
(large dot). The polygon indicates the boundaries of the regionalization. Only the events inside the PFG
polygon are considered; a) the TIP started in 1979; b) the TIP started in 1961; ¢) the TIP started in 1958;
d) the TIP started in 1972.

Taking into account these seismotectonic features, and mainly considering the
analysis of the occurrence, just before the TIPs, of the events with a magnitude
greater than the minimum magnitude used in the definition of the functions, a new
rough regionalization is proposed, which does not cut very active regions and
includes the seismicity maxima present in the Apennines and the extensional areas
oriented NW-SE, and excludes the Ancona zone and the Gargano region (Fig. 7b).
The Ligurian Sea, Tyrrhenian Sea and the coasts of Toscana are excluded, since the
very low seismicity in these areas does not occur in the periods just before the TIPs
(Fig. 6), and therefore does not influence the functions used by the CN algorithm.
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New regionalization for the diagnosis of TIPs superimposed to: a) map of seismicity. In the map it is
represented by the total number of earthquakes, smoothed within a 0.6° diameter circle. Each smoothing
circle is centered on the knots of a grid of 0.2° x 0.2". It has been used as the main shocks catalogue
from 1000 to 1990 from the PFG-ING catalogue, using the criteria proposed by KEILIS-BOROK er al.
(1980) for the aftershock identification; b) seismotectonic map of Patacca; ¢) main events with magnitude

M = 4.4. Catalogue ENEL-CSEM-ING,

The borders deliberately only roughly follow the main seismotectonic features, since
we are interested here in describing the results of a first-order refinement of
regionalization. A more detailed regionalization, made following the borders of
each seismogenetic zone and taking into account their character, will be the subject
of a forthcoming paper.
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Figure 8
Results of the diagnosis of TIPs for the new regionalization. The time of occurrence of a strong
earthquake is indicated by an arrow and the number above it gives the magnitude; TIPs are indicated
by block rectangles, a) catalogue ENEL-CSEM-ING, M, = 5.6; b) catalogue PFG-ING, M, =5.6.

The area of the new regionalization is only about the 15% of the one used by
KEILIS-BOROK ef al. (1990b), consequently, the number of earthquakes is signifi-
cantly reduced. The repetition of the analysis made by KEILIS-BOROK ef al.
(1990b), using the new regionalization and the catalogue ENEL-CSEM-ING,
allows us to predict the four strong events with a total alarm period of about 32%
of the total time with no failure to predict (Fig. 8a).

In global application, the CN algorithm places about 80% of the strong
earthquakes into the alarms occupying 20-40% of the space-time considered
(KEILIS-BOROK et al., 1990b). The predictive power of this algorithm is of course
stronger than those figures since the expectation time (the volume of alarm until the
strong earthquake) is much shorter, around 10 to 20%.

The statistical significance is established strictly to date only for one component
of CN algorithm, namely the abnormal clustering used as an independent precursor
in different formalizations. The statistical significance of the algorithm CN as a
whole is being tested by forward prediction but no final conclusions are reached,
and, among others, the forward prediction in Central Italy, performed using the
new regionalization proposed in this paper, is a base test for the statistical
significance of the algorithm CN.

3. Stability

The test of the stability of the premonitory seismicity pattern and of the
feasibility of the prediction has been carried out with respect 10 changes: 1) in
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catalogues, 2) in regionalization, 3) in the length of the learning period, and 4) in
the thresholds for the rules to declare a TIP.

A new catalogue (PFG-ING}) has been prepared. For the period 1900-1979, the
new catalogue is formed by the PFG catalogue, which is the revised version of the
ENEL catalogue; from 1980, the ING catalogue has been used. The magnitude M,
(local magnitude) has been considered whenever available; if M, is not available,
the values M, (magnitude from intensity), in the PFG catalogue, and M, (duration
magnitude), in the ING catalogue, have been applied.

The learning period, which must extend at least twenty years and have a
balanced number of N and D periods, is the period in which the catalogue is
analyzed in order to define the values of the thresholds my, my, my and the values
of the functions in the periods immediately before a strong earthquake (D periods)
and in the periods without strong earthquakes (N periods). The stability of the
premonitory pattern has been successfully tested using two different learning
periods, 1954—1980 and 1954—1986. Since within the time interval 1980--1986 there
is only one D period, the stability of the results is mainly relevant with respect to
changes of m,, m,, m,. The properties that must be satisfied by the learning periods
do not permit to consider other larger differences in the time interval employed.

The differences which are present in the available catalogues are quite signifi-
cant, as can be seen from Figure 1; for example, in the catalogue ENEL-CSEM-
ING there are four strong earthquakes with A > 5.6, while in the PFG-ING
catalogue there are only three earthquakes with M > 5.6. Since the histogram
Magnitude-Number of events for the PFG-ING catalogue has a minimum slightly
less than M = 5.4, and the events with a magnitude above this threshold have a
return period of about six years, the analysis is made using the value of M,=54
also. The results of the processing of both catalogues, for the two different
regionalizations and for two different values of M,, are reported in Table 2. The
results are satisfactory and stable, mainly when the regionalization which takes into
account seismotectonic considerations is used. In particular, using the PFG-ING
catalogue all strong events are predicted and the total alarm occupies about 23% of
the total time, a percentage significantly less than the one obtained with the analysis
performed with the ENEL-CSEM-ING catalogue (Fig. 8b). The results of the
stability analysis confirm that the revision of the ENEL catalogue produced a
higher quality data file: the PFG catalogue.

In general, the number of predictable failures is zero or one, and the total alarm
time is less than 35% of the total time. In only two cases {variants 4 and 5 in Table
2) is there a large number of failures to predict. In these two cases the catalogue
used is the PFG-ING and the regionalization is the one based only on catalogue
boundaries and completeness.

The thresholds for the rules to declare a TIP are given by equations (1). The
value of the parameters £ and V obtained empirically in the California-Nevada
region, and subsequently used with success in other regions of the world, are
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Figure 9
Diagrams [percent of failures to predict] — [percent of TIPs] duration obtained varying the parameters
Vand E in the tests of Table 5. Between brackets the values of ¥ and £ are given in the order. In each
test, random results are represented by points outside the triangle (0, 03, (100, 0} (0. 100) shown, for
example, in TEST | as gray area.

E =49 and V =5, as shown in Table 2 (KEILIS-BOROK er al., 1990a). To test the
stability of the premonitory pattern, the values of £ and ¥ have been changed with
respect to the default values. The results obtained changing these two values, for all
the variants given in Table 2, are shown in Figure 9. The results are very stable even
for variations of £ and V in a rather large range. The stability is lost only for
extreme values of the two parameters. Figure 9 supplies a measure of the non-
randomness of the different predictions: in each test random results are represented
by points outside the triangle (0, 0), (100, 0),'(0, 100), shown, for example in TEST
I as gray area. For instance random results are obtained in test 4 with V=35,
E=1.6 and with V=8, E=4.9, and test 9 with ¥ =5, E =08,

4. Period 1904—- 1940

The analysis of the PFG catalogue reveals that information, sufficiently com-
plete for the use of the algorithm CN, is contained also in the period 19041940,
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Histogram Magnitude —Number of events in the years: a) 1900-1994; b) 1935-1955.

the incompleteness of the catalogue in the period 19411953 being strongly
correlated with World War 2 (Fig. 10). Therefore the algorithm CN has been
applied to the period 19041940, using the same time interval as learning period.
The seismicity in this time interval is higher than in the period 19541991 and
therefore the magnitude, M, corresponding to events with a return period of about

15
1900-1940

I PFG

Number of Events

50 52 54 56 58 60 62 64 66 68 70
Magnitudo

Figure 11
Histogram Magnitude — Number of events, with step of 0.2 in magnitude, in the years 19001940 for the
new regionalization proposed in the paper. Catalogue PFG.
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Table 3

Results ohtained from the analysis of two different periods, 1904-- 1940 and 1954— 1990, characterized by
different scismicity levels. A is the number of events to be predicted, B is the rumber of failures 1o predict.
C is the percent of total time occupied by alarms, D is the number of fulse alarms

Learning Analysis Threshold
M, period period parameters Results

1904 1954 1904 1954
NY 5.6 6.0 1940 1980 1940 1990 V E A B C D

1 X X X 3 4.7 3 ] 38.0 7
2 X X X 5 4.7 2 1 336 5
3 X X X 5 49 3 0 237 2
4 X X X 5 3.1 7 4 223 5
5 X X X 5 31 7 3 40.0 8
6 X X X 5 4.9 3 2 16.1 2

six years and to a minimum in the histogram Number of events -~ Magnitude, 1.e.,
the M, satisfying the CN rule, is around 6.0 (Fig. 11).

The results obtained for M, = 6.0 are reported in Table 3, variant 1. The
number of strong events is three; two of them are predicted, and the alarm occupies
about 38.0% of the total time (Fig. 12). If, breoking the CN rule, the value of M,
is decreased to 5.6, equal to the threshold M, used for the period with lower

PFG-ING (1904-1940)

M,=5.6 5.7
5.9 s.slf.a 5.76.3 6.5
T (! }
- m. I - = n -
EEEABEENESNNEEEEEEARE NN EERARRRRRRENEE
M,=6.0 ‘
6.8 6.3 6.5
' ' '
- — - . - -
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05 10 15 20 25 30 35 40

Figure 12
Results, based on catalogues PFG-ING, of the diagnosis of TIPs for the new regionalization; and for
two different thresholds AM,,. The time of occurrence of a strong earthquake is indicated by an arrow and
the number above it gives the magnitude; TIPs arc indicated by block rectangles.



274 G. Costa et af. PAGEOPH.

seismicity 1950-1994, the number of strong events becomes seven and the perfor-
mance of the algorithm is very poor: three events are predicted, and the alarm
duriation is equal to 22.3% of the total time (variant 4, Table 3).

Even if the level of seismicity in the time interval 1904-1940 is considerably
higher than in the period 19541994, the good results of the diagnosis of TIPs for
each interval separately indicate that self-similarity characterizes the seismicity of
the two periods.

5. Conclusion

A significant reduction of the spatial uncertainty in the identification of a TIP
has been obtained using a regionalization based not only on catalogue completeness
but also on seismotectonic evidences. The use of such regionalization, in general,
increases the stability of the premonitory pattern. All the stability tests demonstrate
that the CN algorithm in Central Italy produces very stable results.

Our research suggests use of the catalogue PFG-ING, the new regionalization,
and the threshold M, = 5.6, for the routine forward monitoring, which satisfies the
condition of having a return period approaching six years.

The analysis of the period 1904-1940 shows that even when the catalogue
completeness threshold corresponds to a magnitude as high as 4.0, the CN
algorithm still supplies useful information. The comparison of the results obtained
during the periods 19041940 and 19541994 supplies further evidence favoring the
existence of self-similarity in the occurrence of earthquakes (e.g., KAGAN and
KNOPOFF, 198]).
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8.

I
Seismic Input Modelling

for Zoning and Microzoning

G.F. Panza, F.Vaccari, G. Costa, P. Suhadole, and D. Fih

The strong influence of lateral heterogeneities and of source properties on the spatial
distribution of ground motion indicates that the traditional methods require an
alternative when earthquake records are not available. The computation of broad-
band synthetic seismograms makes it possible, as required by a realistic modelling,
to take source and propagation effects into account, fully utilizing the large amount
of geological, geophysical and geotechnical data, already available. For recent
earthquakes, where strong motion observations are available, it is possible to validate
the modelling by comparing the synthetic seismograms with the experimental
records. The realistic modelling of the seismic input has been applied to a first-order
seismic zoning of the whole territory of several countries. Even though it falls in the
domain of the deterministic approaches, the method is suitable to be used in new
integrated procedures which combine probabilistic and deterministic approaches and
allow us to minimize the present drawbacks which characterise them when they are
considered separately. Detailed modelling of the ground motion for realistic
heterogeneous media (up to 10 Hz) can be immediately used in the design of new
seismo-resistant constructions and in the reinforcement of existing buildings, without
having to wait for a strong earthquake to occur. The discrepancies between the ground
responses computed with standard methods and the results of our detailed modelling
cannot be ignored when formulating building codes and retrofitting the built
environment.

1. INTRODUCTION

The guidelines of the United Nations sponsored International Decade for Natural Disaster
Reduction (IDNDR), for the drawing up of pre-catastrophe plans of action, have led to the
consolidation of the idea that zoning can and must be used as a means of prevention in areas that
have not yet been hit by disaster but are potentially prone to it. The optimisation of techniques
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aimed at prevention will be one of the basic themes of the development of seismic zoning in the
21st century.

The first scientific and technical methods developed for zoning were deterministic and
based on the observation that damage distribution is often correlated to the spatial distribution and
the physical properties of the underlying terrain and rocks. The 1970s saw the beginning of the
construction of probabilistic seismic zoning maps on a national, regional and urban (microzoning)
scale. In the 1990s these instruments for the mitigation of seismic hazard are coming to prevail
over deterministic cartography.

The most controversial question in the definition of standards to be used in the evaluation
of seismic hazard may be formulated as follows: should probabilistic or deterministic criteria and
methods be used? At the current level of development in the modelling of seismogenesis and of
seismic wave propagation the best policy for the future is to combine the advantages offered by
both methods, using integrated approaches (e.g. Reiter, 1990). In this way, among others, we have
the main advantage of making possible the extension of seismic zoning to long periods, a period
band up to now almost totally ignored by all methods, but that is acquiring a continuously
increasing importance, due to the widespread existence in the builtenvironment of special objects,
with relatively long free periods.

Studies carried out following the most recent strong earthquakes (e.g. the 1985 Michoacan
earthquake) have proved to be important sources of basic knowledge and have acted as catalysts
for the use of zoning in seismic risk management. The impetus for this has come essentially from
politicians and administrators particularly interested in rapid reconstruction according to criteria
which reduce the probability of a repetition of disasters. These post-earthquake studies have led
to the conclusion that the destruction caused by an earthquake is the result of the interaction of
three complex systems: 1) the solid earth system, made up of a) the seismic source, b) the
propagation of the seismic waves, ¢) the geometry and physical conditions of the local geology;
2) the anthropised system, whose most important feature in this context is the quality of
constructions (buildings, bridges, dams, pipelines, etc.); 3) the social, economic and political
system, which governs the use and development of a settlement before it is struck by an
earthquake.

The most recent results have shown that in an anthropised area it is now technically possible
to identify zones in which, by virtue of physical parameters of source, propagation and local
conditions, the most serious damage can be predicted. Actual examples of this capability, closely
linked to the ability to calculate realistic synthetic seismograms, are illustrated in Section 2.4.

With the knowledge acquired to date, a drastic change is required in the orientation of
zoning, that must no longer be considered a post-disaster activity. It1s necessary to proceed to pre-
disaster surveys that can be usefully employed to mitigate the effects of the next earthquake, using
all available technologies. As clearly indicated by the recent events in Los Angeles (1994) and
Kobe (1995) we cannot confine ourselves to using what has been learned from a catastrophe in
the area in which it took place, we must be able to take preventive steps, extending, in a
scientifically-acceptable way, results obtained to areas in which no direct experience has yet been
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gained. An opportunity is offered in this direction by the scientific community’s ability to make
realistic simulations of the behaviour of the solid earth system through the computation of
increasingly realistic synthetic seismograms, with a broad frequency content. Thus seismic
zoning can use scientific data banks, integrated in an expert system, by means of which it is
possible not only to identify the safest and most suitable areas for urban development, taking into
account the complex interaction between the solid earth system, the environmental system and
the social, economic and political system, but also to define the seismic input that is going to affect
a given building. The construction of an integrated expert system will make it possible to tackle
the problem at its widest level of generality and to maintain the dynamic updating of zoning
models, made necessary by the acquisition of new data and the development of new model-
building methods.

2. DETERMINISTIC ZONING USING SYNTHETIC SEISMOGRAMS

The procedure for the deterministic seismic zoning developed by Costa et al. (1992, 1993)
represents one of the new and most advanced approaches and can, at the same time, be used as
a starting point for the development of an integrated approach that will combine the advantages
of the probabilistic and of the deterministic methods, thus minimising their drawbacks.

Synthetic seismograms are constructed to model ground motion at the sites of interest, using
the knowledge of the physical process of earthquake generation and wave propagation in realistic
media. In first-order zoning a database of seismograms covering the area of interest (at a regional
scale) is computed, taking into account the effects of lateral heterogeneities in a rough way.
Synthetic seismograms are efficiently generated by the modal summation technique (Panza,
1985; Florsch et al., 1991), so it becomes possible to perform detailed parametric analyses at
reasonable costs. For example, different source and structural models can be taken into account
in order to create a wide range of possible scenarios from which to extract essential information
for decision making. In this sense, an efficient technique, based on the analytical computation of
partial derivatives, is currently under development.

Once the parametric analysis is performed and the gross features of the seismic hazard are
defined, a more detailed modelling of ground motion, which can take into account the local
geological and geotechnical conditions at a specific site of interest, is possible using the hybrid
approach which combines, for the description of wave propagation in anelastic heterogeneous
media, the modal summation with finite differences techniques (Fah et al., 1990; Fah, 1992). This
deterministic modelling goes well beyond the conventional deterministic approach taken in
hazard analyses - in which only a simple wave attenuation relation is invoked - in that it includes
full waveform modelling.

2.1. FIRST-ORDER ZONING OF THE ITALIAN TERRITORY

Starting from the available information on the Earth’s structure, seismic sources and the
level of seismicity of the investigated area, it is possible to estimate the maximum ground
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2.1.1. Synthetic models

The detailed description of the input data used in the procedure shown in Figure 2.1is given by
Costaet al. (1993) and Panza and Vaccari (1994). The NT file prepared by GNDT (Stucchi et al.,
1993) and the ING (1980-1991) seismological reports are used for the definition of seismicity.
The smoothed magnitude distribution for the cells belonging to the seismogenic zones defined by
GNDT (1992) is given in Figure 2.2.

The synthetic signals are computed for an upper frequency limit of 1 Hz, and the point-
source approximation is still acceptable. This is justified by practical considerations, since, for
instance, several-story buildings might have a peak response in the frequency range around 1 Hz
(e.g. Manos and Demosthenous, 1992) and by the fact that modern seismic design approaches and
technologies, like seismic isolation, tend to lower the free oscillation frequencies of buildings.
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Figure 2.2 Smoothed magnitude distribution (Panza et al., 1990) for the cells belonging
to the seismogenic zones defined by GNDT (1992).
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described in Figure 2.1. Maximum frequency 1 Hz.



534

G.F Panza, FEVaccari, G. Costa, P. Suhadolc, and D. Fih

Figure 2.3b

Figure 2.3¢

40

38—

36

6 8 10 12 14 16 18 20

Horizontal DMAX distribution for Italy, obtained as a result of the applica-
tion of the procedure described in Figure 2.1. Maximum frequency 1 Hz.

a4

40 - ‘ ;—40
DMAX period () | i
. 20. - 3o, | [
. 10, - 20. | '
O 38
. 2. - 5.
L] - 2. a ok Ty %—
[-L2 T ey ]
36 -{—-—----r—-—T]—- ~----T-C1 : et Ko i O NPREE. |
] 8 10 12 14 16 18 20

Periods, in seconds, characterised by the maximum amplitude, determined

from the spectral analysis of the signals from which the DMAX values of
Figure 2.3b have been derived.



Seismic Input Modelling for Zoning and Microzoning 535

P-SV (radial and vertical components) and SH (transverse component) synthetic seismograms
are computed for a point-source with seismic moment of 107 Nm. The amplitudes are then
properly scaled to a finite dimension source according to the (smoothed) magnitude (to be
conservative we have assumed that all magnitude values given in the NT file are M,) associated
with the cell of the source, using the moment-magnitude relation given by Kanamori (1977) and
the spectral scaling law proposed by Gusev (1983).

Among the parameters representative of the strong ground motion we have, for the moment,
focused our attention on the maximum ground acceleration and displacement (AMAX and
DMAX) in the considered range of frequencies (i.e. for frequencies up to 1 Hz). Since we compute
the complete time series we are not limited to this choice, and it is also possible to consider other
parameters, like Arias intensity (Arias, 1970) or other integral quantities that can be of interest in
earthquake engineering or engineering seismology. Since recordings of many different sources
are associated to each site, different maps can be produced. If one single value is to be plotted on
amap (e.g. Figure 2.3), then only the maximum value of the analysed parameter is considered (e. g.
maxirmum accelerations and displacements respectively in Figures 2.3a and b). In Figure 2.3c the
periods associated with the displacements shown in Figure 2.3b are shown. It can be seen that in
some regions, tike for instance Central Italy around latitude 42°, long periods in the range between
20s and 30s are dominating. They are related with signals generated by strong earthquakes
occuring at large distance from the site (about 90km), while the magnitude of the closer events,
which are responsible for the higher frequencies (between 2s and 5s in our computations), is not
big enough to let high frequencies dominate the scenario.

The results of the deterministic procedure are particularly suitable for civil engineers as
seismic input for the design of special buildings. In fact, the relevance of the displacements at
periods of the order of 10s or so is a particularly relevant issue for seismic isolation and in general
for lifelines with large linear dimensions, like bridges and pipelines, where differential motion
plays a relevant role on their stability.

2.1.2, Validation of the synthetic models against independent observations

A quantitative validation is made using the observed accelerograms recorded during the
Irpinia earthquake on 23 November 1980 and the Friuli earthquake on 6 May 1976. The source
rupturing process of the Irpinia event is very complex (e.g., Bernard and Zollo, 1989) and the
dimension of the source has been estimated to be of the order of several tens of km. Nevertheless,
it seems that the signal recorded at the station of Sturno is mostly due to a single sub-event that
occurred rather close to the station itself, while the energy contributions coming from other parts
of the source seem unimportant (Vaccari et al., 1990). With the cut-off frequency at 1 Hz, the
horizontal components accelerograms recorded at Sturno have been low-pass filtered to be
compared with the computed signals for the Irpinia region. The example shown in Figure 2.4a
refers to the N'S component but the same considerations can be applied to the EW component of
motion. The early phases and the AMAX of the recorded signal (upper trace) and the synthetic one
computed in the point-source approximation (middle trace), are in good agreement. The later part
of the observed recording is more complicated and this is mostly related to the complexity of the



536 G. F. Panza, F.Vaccari, G. Costa, P. Suhadolc, and D. Fih

1.0 e T [
0 5 10 15 20 2 20
time {s}

Figure 2.4a Irpinia (Southern Italy). Comparison between NS acceleration recorded at the
Sturno station during the Irpinia earthquake of 23 November, 1980 (upper
trace), one synthetic signal computed for that area (middle trace) in section
2.1.2 and the sum of four synthetic sub-events built using the middie trace
(with proper weights and time shifts). Accelerations are low-pass filtered with
a cut-off frequency of 1Hz.
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Figure 2.4b Friuli (Northern Italy). Comparison between NS acceleration recorded at the
Tolmezzo station (upper trace) and two synthetic signals computed for that
area (middle and lower traces).
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source, which is deliberately neglected in the computation of the synthetic signal, to be used in the
first-order zoning. The lower trace is shown as an example of modelling of the source complexity.
It is the result of a superposition of four sub-events, each one modelled with the middle trace
properly weighted and shifted in time accordingly with the model by Vaccari et al. (1990).

The same approach has been used in the comparison between the NS component recorded
at Tolmezzo during the Friuli (1976) earthquake (Figure 2.4b, upper trace) and two synthetic
signals obtained for that area (middle and lower traces). In the case of the Friuli event, the point-
source approximation seems to be a sufficient approximation even for an event with Mg=6.1.

2.2. FIRST ORDER ZONING OF ETHIOPIA

Gouin (1976) produced the first seismic hazard map of Ethiopia using a probabilistic
approach. Since the production of that map, quite a large number of destructive earthquakes have
occurred in the country causing damages both to property and human life. Furthermore,
destructive earthquakes that occurred in the neighbouring countries are not included in the
production of the first map. Following the procedure described in section 2.1, Kebede and Vaccari
(1996), produced a new seismic hazard map of Ethiopia and northern neighbouring countries.

The smoothed magnitude distribution for the seismogenic zones is given in Figure 2.5. The
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Figure 2.5 Smoothed magnitude (M, ) distribution for the cells belonging to the seven
seismogenic zones, defined for Ethiopia after Kebede and Vaccari (1996).
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focal mechanisms and other related source parameters for the representative earthquakes that
occurred in the seven seismogenic zones and the three main lithospheric structures (one for the
rift and two for the eastern and western plateaux) used in this study, are based on the existing
literature. The different magnitudes present in the earthquake catalogue have been converted to
M, therefore, the magnitude-moment relation proposed by Boore (1987) has been used instead
of the relation by Kanamori (1977).

Figure 2.6a shows the zoning map obtained for the region under study from the calculated
AMAX, asafraction of g (acceleration due to gravity). A glance at the figure shows that the higher
values of AMAX (0.1 - 0.2g) are obtained for the main Ethiopian rift around latitude 8°N and in
Eritreaaround latitude 15°N, and are compatible with the values estimated by Gouin (1976) using
a probabilistic approach. The corresponding displacements DMAX can be found in Figure 2.6b.

Given that the main Ethiopian rift is a region where various economic development
activities are currently undertaken, and knowing that in this region the seismic hazard is high,
necessary precautions should be taken both in the development of the new built environment and
in the reinforcement of the existing one.

The seismic region of central and eastern Afar belongs to a different scenario. This area is
characterised by the occurrence of intermediate-size earthquakes with My never exceeding 6.2.
Even though the seismic activity rate is high (about 4 earthquakes per year with my, > 4.6), a
relatively low (as compared to that of the main Ethiopian rift) AMAX value is obtained for the
region. The probabilistic approach used by Gouin (1976) leads to more conservative results than
the deterministic one.

2.3, FIRST ORDER ZONING OF THE BULGARIAN TERRITORY

The same methodology (Section 2.1) has been applied to the Bulgarian territory by
Orozova-Stanishkova et al. (1996), who discuss extensively the necessay input data. The map
showing the smoothed distribution of seismicity within the seismogenic zones is given in
Figure2.7.

As shown in Figure 2.8a, the highest values of AMAX are obtained in southwestern
Bulgaria(0.3-0.4g), Struma zone, where the strongest earthquake in Bulgaria (Ms=7.8) occurred.
Values between 0.2g and 0.3g have been estimated also in Southern Bulgaria and in the north-
eastern part of the country. Near Trun, Sofia, and the western and central part of Maritza zone,
as well as in Gorna Oryakhovitza zone AMAX varies in the range 0.1-0.2g. The northwestern and
southeastern parts of Bulgaria are the less dangerous zones: AMAX is below 0.05g.

The largest Bulgarian cities, with relevant economical and cultural importance, such as
Sofia, Plovdiv and Varna are situated in the zones with high seismic hazard. The values of AMAX
calculated there are about 0.1-0.3 g. The corresponding displacements are shown in Figure 2.8b.
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Figure 2.7 Smoothed M magnitude distribution for the cells belonging to the seismogenic

zones, defined for Bulgaria after Orozova-Stanishkova et al. (1996).

2.4 DETAILED ZONING COMBINING OBSERVATION ANDMODELLING OF GROUND
MOTION

It is not possible to refine the results obtained with a first-order zoning by simply assuming
a higher cut-off frequency (> 1 Hz) in the computation of the synthetic seismograms. A more
detailed zoning requires a better knowledge of the seismogenic process in the region. Furthermore,
to model wave propagation in greater detail the structural model used in the computation of
synthetic seismograms must take into account lateral heterogeneities.

Detailed numerical simulations play an important role in the estimation of ground motion
in regions of complex geology. They can provide synthetic signals for areas where recordings are
absent. Numerical simulations are, therefore, useful for the design of earthquake-resistant
structures, in particular when seismic isolation techniques are applied. In fact the number of
available strong motion recordings containing reliable information at periods of a few seconds is
very small, and will not increase very rapidly, since strong earthquakes in densely instrumented
areas are rare events.

The computations that are at the base of the maps shown in Figures 2.3, 2.6 and 2.8 allow
us to determine immediately the ground acceleration response spectra for periods, T, larger than
1 s, that are of special interest for seismically isolated buildings. For practical purposes, these
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results can be generalized to higher frequencies by the use of the existing standard codes. For
instance, Eurocode 8 (1993) defines the normalized elastic acceleration response spectrum, §(T),
of the ground motion, for 5% critical damping. Therefore, the matching of the long-period portion
of the normalized spectra with the ones computed from synthetic accelerograms, allows us to
obtain, for any portion of the considered territory, an absolute spectrum, provided a satisfactory
classification of soils is available. An example is given in Figure 2.9. The preliminary soil
classification of Eurocode 8 (1993) considers three classes, A, B, and C, ranging from hard rock
to loose uncemented sands. Accordingly with Eurocode 8 (1993) for sites with soil conditions not
matching the three classes A, B and C, special studies for the definition of the ground acceleration
response spectrum are necessary (examples of such special studies are given in section 2.4.1).

SOIL A
ACCELERATION RESPONSE SPECTRA
(5% damping}
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——  gynthetic
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—— dasign A
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Figure 2.9 Elastic acceleration response spectra. Absolute values (thick line) have been
obtained scaling the normalized Eurocode8 response spectrum for subsoil
A with the long period response spectrum (thin line), determined from the
synthetic signal obtained in section 2.1 for the Irpinia (Southern Italy) area.
The spectrum of the NS component observed at Sturno during the 1980
Irpinia earthquake is shown by the dotted line.

When detailed special studies are required by Eurocode 8 or by the presence, in the built
environment, of special objects, the standard seismic prospecting techniques, used for the detailed
definition of the elastic properties of sub-surface geology, do not give satisfactory results since
they treat wave propagation in laterally heterogeneous structures with asymptotic forms for high
frequencies. These methods, called “ray methods”, can only be applied to smoothly varying
media, where the characteristic dimensions of the inhomogeneities are considerably larger than
the prevailing wavelength. They fail to predict ground motion at sites close to lateral heterogeneities
such as edges of sedimentary basins and at sites above irregular bedrock-sediment interfaces,
where excitation of local surface waves and resonance effects can become important.
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Far away from lateral heterogeneities, a local structure can sometimes be approximated by
a horizontally-layered structural model, and the mode summation method is the most powerful
tool for computing broadband synthetic seismograms. This method is still suitable when lateral
variations can be schematized with vertical discontinuities (Vaccart et al., 1989), butitis presently
not applicable to local irregular structures, which cannot be reduced to plane-layered models.
When dealing with special detailed investigations the influence of these local and irregular
heterogeneities must be included in the numerical modelling. This can be done combining the
modal summation and the finite difference techniques (Fih et al., 1990; Fah, 1992).

2.4.1. Modelling strong ground motion observed in Mexico City

Mexico City has experienced extensive damage in the recent past from strong earthquakes
with hypocentres in the Mexican subduction zone. The Michoacan earthquake of September 19,
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Figure 2.10 a) Observed horizontal and vertical components of displacements recorded

at two stations (1 and 2} in the valley of Mexico City. N denotes the North-
South, E the East-West and Z the vertical component. b} Synthetic
displacements computed with the hybrid technique (Fih et al., 1990; Fih,
1992). R is the radial, T is the transverse and Z is the vertical component. The
signals are normalised to a seismic moment of 107 Nm, and the peak
displacement is indicated in units of cm (modified from Féh et al., 1994a).
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1985 (Mg=8.1), together with its aftershocks, produced the worst earthquake damage in the
history of Mexico. More than 10,000 people died in Mexico City, 300,000 people were rendered
homeless, and about 1,000 buildings were destroyed (Beck and Hall, 1986). Although the
epicentre of the earthquake is close to the Pacific coastline, damage at coastal sites was relatively
small. The reason for this is that most of the populated areas near the coast are sited on hard
bedrock. In contrast, Mexico City, which is about 400 km from the epicentre, suffered extensive
damage. This can be attributed to the geotechnical characteristics of the sediments in the valley
of Mexico City. As the Michoacan earthquake was one of the most precisely-monitored events
affecting a large metropolitan area, it is of particular interest to compare observed (Figure 2.10a)
and computed (Figure 2.10b) strong ground motion, containing reliable information also at long
periods.

The area of severe damage in Mexico City is characterized by the increasing thicknesses of
the deep sediments and of the clay layer. The large impedance contrast between these two units
causes strong resonance effects in the clay layer, as it is shown by the computed seismograms
(Figure 2.10b) which are characterized by almost monochromatic wavetrains of long duration
and large amplitude in the horizontal components, but absent in the vertical. The small influence
of sedimentary basins on the vertical component of motion is frequently observed, and the
computations (Fih et al., 1994a) give a solid theoretical explanation of this fact.

The model used by Fih et al. (1994a), directly obtained from the exisiting litterature,
explains the observed difference in amplitudes for receivers located inside and outside the lake-
bed zone in Mexico City, the ratio being in the range from 5 to 7 between the computed and the
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Figure 2.11 Michoacan earthquake (1985). Comparison between (A) the record at
station CD and synthetic signals, computed at the eastern edge of the basin,
409.5 km from the source, corresponding to (B) one point source, (C), three
point sources, with different strength and shifted in time (after Fih and
Panza, 1994).
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observed time series. The use of an instantaneous source time-function gives rise to synthetic
signals that contain too much energy at high frequency (above 0.6 Hz). This drawback can be
removed by applying the ®? scaling law for the seismic moment rate spectrum, proposed by
Kanamori et al. (1993) for the events occurring in the Mexican subduction zone:

M = MywXw* + w?)”!

M is the seismic moment and @, is the comer angular frequency. Following Kanamori et al.
(1993), »:=0.196 s-! and M=0.5-102! Nm. These values permit to obtain a good reproduction of
the shape of the observed signals over the entire frequency spectrum, but the absolute observed
accelerations are underestimated by a factor ranging from 6 to 3. This last discrepancy can be
reconciled considering the errors affecting the estimates of @, and M, and taking into account the
subsequent rupture episodes of the Michoacan earthquake, mainly the one occurring about 26 s
after the origin time, as shown in Figure 2.11 (Fih and Panza, 1994). This data fitting is, however,
unrelevant for the computation of spectral amplifications and for the more general purpose of
defining the seismic input for engineering purposes.

Atthe site of interest, spectral amplification, computed with respect to areference site, gives
a good representation for micro-zoning purposes, especially from the engineering point of view.
Fih and Panza (1994) computed the spectral amplification, i.e. the relative spectral accelerations
and velocities for one hundred frequencies of the oscillator in the frequency range 0.1-1.0 Hz.
From these values the maximum spectral amplification (MSA) for the entire basin has been
computed and is shown in Figure 2.12. The results for the relative spectral accelerations and
velocities are similar, due to the approximate relation existing between them: Sa(w) = ® Sv(w),
where © is the angular frequency of the oscillator. In the following we will therefore limit
ourselves to the relative spectral velocities, which we will call spectral amplification.

In two-dimensional modelling, the SH-waves (transverse component of motion) and the P-
SV-waves (radial component of motion) are two independent wave fields. The direction of
propagation of the local surface waves in the sedimentary basin is therefore well correlated with
the source-receiver direction. In Mexico City, the local surface-waves are excited at different
locations of the interface between the bedrock and the sediments, and the direction of propagation
of the local surface-waves in the lake-bed zone may not correspond anymore to the source-
receiver direction. Therefore, to justify the comparison between the observed ground motion and
the synthetic signals, the spectral amplification for the complete horizontal ground motion must
be computed. This has been done by Fih and Panza (1994), who applied the horizontal ground
motion to an oscillator with two degrees of freedom. The results for the synthetic signals are shown
in Figure 2.12. Due to the large amplitudes of SH-waves, the MSA obtained for the horizontal
ground motion are similar to the result obtained for the transverse component. The maximum
peaks in the MSA in Figure 2.12 can be attributed to sites where a strong interaction between the
deep sediments and the surficial clay layer occurs. Atsuch sites, the resonance frequencies of the
two layers are almost the same. The MSA obtained from the numerical simulation is rather
independent from the shape of the seismic moment rate spectrum, as can be seen in Figure 2.13,
where the results obtained with the seismic moment rate spectrum proposed by Kanamori et al.
(1993) are compared with the results obtained for a frequency-independent spectrum.
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oscillator with two degrees of freedom for the horizontal ground motion.
The synthetic signals are scaled assuming the seismic moment rate spec-
trum proposed by Kanamori et al. (1993) (after Fih and Panza, 1994).

The relation existing between the properties of strong motion records, the geological setting
and the distribution of damage in Mexico City widens the spectrum of the possible applications
of synthetic seismograms for seismic zoning purposes, allowing us the use of earthquakes for
which instrumental data are not available (historical events). An example of such possibilities is
given in Section 2.4.2.
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scaled by assuming the seismic moment rate spectrum proposed by Kanamori
et al. (1993) (a,c) and by assuming a constant, frequency independent,
spectrum (b,d) (after Fih and Panza, 1994).

2.4 2. Microzoning of Rome

A large quantity of descriptions of earthquakes that have been felt in Rome is available
(Ambrosini et al., 1986; Molin et al., 1986; Basili et al., 1987). The use of the hybrid method (Fih
etal., 1993) allows us to give a simple and natural explanation of the damage disribution observed
as a consequence of the the January 13, 1915 Fucino earthquake - one of the strongest events that
have occurred in Italy during this century (Intensity XI on the Mercalli-Cancani-Sieberg, MCS,
scale). The well-documented distribution of damage in Rome, caused by the Fucino earthquake,
is successfully compared by Fih et al. (1993) with the results of a series of different numerical
simulations, using AMAX and the so called total energy of acceleration, W (Jennings, 1983),
which is proportional to the Arias Intensity.

Highrelative AMAXs are obtained where the impedance of the surficial sediments is small,
whereas relative AMAXs are low where the volcanic rocks are thick, and this is in good agreement
with the observed damage distribution. An even better correlation with the observed damage 1S
obtained considering the relative W. There are four peaks: at the edges of the Tiber basin, within
the alluvial valley of the Aniene, and a broad peak at the end of the Siciliano low-velocity zone.
An additional important result of Fih et al. (1993} is the demonstration that sharp variations in the



548 G. F. Panza, E.Vaccari, G. Costa, P. Suhadolc, and D. Fah

12*30' 1 13*30°

4230 |- £2°30°

42¢ I

‘ 42

41%30" - ~1 41°30°

. 30 km
———
Tyrrhenian Sea “//"\) .
1 1 1
1230 13’ 19730

Figure 2.14 Epicenter locations of the events considered in the numerical simulations
used for the microzoning. The source positions are (1) the epicenter of the
January 13, 1915 Fucino earthquake, (2) the Carseolani Mountains, and (3)
the Alban Hills.

spatial distribution of the spectral ratios can be due to the polarization of P-SV waves in the
sediments, even when the geometry of the different sedimentary layers is relatively regular. This
is a quite logical explanation of the often observed concentration of damage in very small,
scattered zones, and is easier to accept than the often invoked presence of unlikely abrupt
variations in the geotechnical properties of the subsoil.

Since the correlation is good between AMAX, W and the damage statistics, it is possible
to extend the zoning to the entire city of Rome, thus providing a basis for the prediction of the
expected damage from future strong events.

In addition to the Central Apennines, whose earthquakes caused in the town maximum
intensity VII-VIII (MCS) and may generate significant perturbations at long period, the most
important seismogenetic zone (Figure 2.14) which can cause structural damage in Rome are the
Alban Hills (observed maximum MCS in Rome VI-VII) (Molin et al., 1986). Therefore, Fih et
al. (1993) used the sources shown in Figure 2.14: (1) the epicenter of the January 13, 1915 Fucino
earthquake, (2) the Carseolani Mountains where, from the study of pattern recognition (Caputo
et al., 1980), a strong earthquake is expected to occur, and (3) the Alban Hills. The source
mechanisms assigned to these earthquakes are the mechanism of the Fucino earthquake (Gasparini
etal., 1985) forevent 1 and 2, and the mechanism of arecent earthquake in the Alban Hills (Amato
et al., 1984) for event 3.

For a first order microzoning, in order to minimize the effects of the radiation pattern and
of the regional propagation, Fih et al. (1994b) consider the relative spectral accelerations or
spectral amplification Sa(2D)/Sa(bedrock), computed along the profiles of Figure 2.15. Sa(2D)
indicates Sa computed for the two-dimensional models of Figure 2.16, while Sa(bedrock) is the
Sa obtained for the one-dimensional reference bedrock models given by Fih et al. (1993).
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positions of the cross sections, for which numerical modelling is performed.
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microzonation is explained in the text (after Fah et al., 1994b).
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For general microzonation purposes, using the results obtained from the modelling of the
Fucino event, it is possible to define the six zones shown in Figure 2.16: (1) zone I includes the
edges of the Tiber river, (2) zone 2 extends over the central part of the alluvial basin of the Tiber,
{3) zone 3 includes the edges of the Paleotiber basin, and (4) zone 4 extends over the central part
of the Paleotiber basin. The zones 5 and 6 include areas which are located outside the large basins
of the Tiber and Paleotiber where we distinguish between areas (5) without and (6} with a layer
of volcanic rocks close to the surface. These zones can be recognized also in the sections,
considered in relation with the events located in the Carseolani Mountains and the Alban Hills
(Figure 2.16). ' '

For all the sites located in each of the six zones, and for all the two-dimensional models,
shown in Figure 2.16, and the studied events, located in Figure 2.14, the spectral amplifications
Sa(2D)/Sa(bedrock) have been computed. From these values the average and the maximum
spectral amplification, which are shown in Figure 2.17, for zero and 5% damping of the oscillator,
are determined for each given zone.

The zoning performed along the three sections can be extrapolated, with cautions, to a larger
arcausing the information available on geological and geotechnical conditions. The result of such
tentative extrapolation is shown in Figure 2.18.
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Figure 2.17 Maximum and average relative spectral accelerations for the zones defined
in Figure 2.16, for zero damping and 5% damping (after Féh et al., 1994b).
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Figure 2.18 Microzoning for the city of Rome.

Thus, in absence of instrumental data, and without having to await for a strong earthquake
to occur, a realistic numerical simulation of the ground motion, has been used for the first order
microzonation of the city of Rome. The highest values of the spectral amplification are observed
at the edges of the sedimentary basin of the Tiber, strong amplification are observed in the Tiber’s
river bed. This is caused by the large amplitudes and long duration of the ground motion due to
(1) low impedance of the alluvial sediments, (2) resonance effects, and (3) excitation of local
surface waves. The presence near to the surface of rigid volcanic rocks is not sufficient to classify
a location as a “hard-rock site”, since the existence of an underlying sedimentary complex can
cause amplifications due to resonance effects. A correct zonation requires the knowledge of both
the thickness of the surficial layer and of the deeper parts of the structure, down to the real bedrock.
This is especially important in volcanic areas, where volcanic flows often cover alluvial basins.

Up to now we have seen examples of the possibility to reproduce most of the features of
experimental records and to explain the damage distribution using as input data the information
that can be retrieved in the literature. The agreement between observatiors and models is not
obtained by an inversion procedure, that has not prognostic capabilities, butis the result of a direct
computation. The ground motion is theoretically predicted on the base of the available knowledge
about the seismic source and the medium through which waves propagate. In the following two
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sections we present examples of such predictions for areas where experimental data are not
available or extremely scarce.

2.5. DETAILED ZONING FROM THE MODELLING OF GROUND MOTION, AND
COMPARISON OF 1-D VERSUS 2-D METHODS.

The standard one-dimensional method, developed by Thomson (1950) and Haskell (1953),
and by Schnabel et al. (1972) (computer program Shake), that uses incident SH-waves in a
structure composed of plane parallel layers, when applied to laterally heterogeneous structures,
is often not sufficient to account for effects such as the excitation of local surface waves,
resonances, and different incidence angles relative to the geometry of the heterogeneities. This
limitation produces significant discrepancies between the ground response predicted by one-
dimensional modelling, and the response computed for realistic two-dimensional structural
models and incident wavefields. Therefore, for the computation of the local seismic response,
here we use (1) the standard one-dimensional method (Schnabel etal., 1972), fromnow on method
1, and (2) the hybrid method (Fih et al., 1990; Fih, 1992), from now on method 2. The results
obtained with the two methods are compared in order to define the limits and possibilities of the
generally used standard one-dimensional method for reliable microzoning actions.

2.5.1. Modelling of ground motion in Naples

Naples is not within a seismogenetic area, but it has often been severely damaged by
earthquakes which occurred in the Southern Apennines. The last strong event, November 23,
1980 (M =6.9), produced serious damage in Naples, and mostly in the historical centre and in the
eastern area (Rippa and Vinale, 1983), where a ten-storied building was completely destroyed
causing tens of human deaths. For the historical buildings, the damage distribution is easily
explained by their degraded conditions, but for the most damaged buildings of the eastern district,
which are tall and made in reinforced concrete, it is necessary to consider the combined effects
of the incident wavefield, the local soil conditions and the properties of the buildings. The nearest
available accelerogram was recorded at a seismic station installed on a lava deposit at Torre del
Greco, on the flanks of Vesuvius, about 20 km closer to the epicentral zone than Naples. Thus,
at present, the only possibility for a detailed zoning for the town, that accordingly with historical
records may experience a shaking of intensity VIII on the MCS scale, is given by the use of
realistic synthetic seismograms.

Nunziata et al. (1995) performed the numerical modelling of the propagation of the
wavefield, generated by the main rupture event of the 1980 earthquake, up to a profile trending
N86°W, and located in a test area in the eastern district of Naples, and made an accurate and
realistic evaluation of the seismic ground motion.

The causative fault of the 1980 earthquake is located about 90 km from the cross-section,
representative of the eastern part of Naples, shown in Figure 2.19. The choice of the mechanism
of the seismic source is made accordingly with the mechanism of the main event: a normal fault



Seismic Input Modelling for Zoning and Microzoning 553
E Distance from the epicenter (km) W
} t r
29 a0 Piazza 91
Sites 51 520 Nazionale | $40
-0
A T e Frrs I/If /IIIII{I{(IIIIIIII!
5 ” "’ WO W v s F
e’ VWV W W WY W \ VoV
| WW W W WV W W W WV WY W VY v
e 0.050 R R R Y Y Y R RV v Y v EVEW
o
a
- 0.100
y man-made ground ashes stratified sand layers
p=1.800 g cm-3 7 =1.700 -3 =1.850 g cm-3
il O R
Qp=10 Qp=15 Qp=20
L1 ] 1
L1 1 1 1
" -|E peat loosc puzreolanas pozzolanas
- 7.000 =1.230 g cm-3 =1.700 - I 1.650 £
i e gimpent  Brr) pepesper
o " 4 e Qp=10 Qp=50 Qp=50
13 - 11
Source wifs bedrock bedrock
w7
' b o W =1.8{H) g tm-3 p=2.120 g cm-3 N p=2.120 g cm-3
e =0.6(0) km s-1 B=0.900 km s-1 L B=1.100 km -1
Qp=50 Qa=100 Qp=100
Figure 2.19 Geological cross-section in the eastern district of Naples, used in the

computations (after Nunziata et al.,

1995).

with little transcurrent component. Since there is no agreement between authors about the amount
of the strike-slip component (e.g. Bernard and Zollo, 1989; Vaccarti et al., 1990}, Nunziata et al.
(1995) adopt a pure normal fault with dip 65°, rake 270°, strike 315° and depth 7.0 km. The angle
between the strike of the fault and the epicenter-cross section line is 36°.

The propagation of the waves from the source up to the two-dimensional structural model
has been computed with method 2. The source is located in the laterally homogeneous part, and
the propagation of the waves from the source up to the 2-D structure (Figure 2.19) is computed with
the modal summation technique for the layered one-dimensional model representative of the path
to Naples (Vaccarietal., 1990). Acceleration time series for SH-waves (Figure 2.20) are computed
in several sites of different cross-sections: (1) a one-dimensional reference model for the bedrock,
which corresponds to the structural model for the region between the source position and Naples,
{2) atwo-dimensional model with a peat layer, and (3) a two-dimensional model without the peat
layer. All scaling values are related to a source seismic moment My =107 Nm, and in each column,
the signals are normalized to the same value. The time scale is shifted by 22 s with respect to the
origin time, and the distance between two sites is 100 m. If we scale the signals of Figure 2.20
following Gusev (1983) relation using Mg =2 1019 Nm, that is for M = 6.9 (Kanamori, 1977), we
obtain acceleration values, associated with SH waves, in the range 45cm/s2-60 cm/s2, in good
agreement with the regressions of Sabetta and Pugliese (1987).
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Figure 2.20 Acceleration time series for SH-waves computed for the reference model
(1D bedrock), the 2-D structural model with the peat layer, and the 2-D
structural model without the peat layer (after Nunziata et al., 1995).

The presence of unconsolidated sediments causes an increase of the signal’s amplitudes and
duration, more pronounced for the model without the peat layer. For the model with the peat layer,
betweensites | and 15, the maximum amplitudes are similar to the maximum amplitudes observed
for the one-dimensional bedrock model.

Looking at the spectral ratios at the sites §7, S17, 8§23, 526, 833 it is quite evident the large
variability of ground motion within a few hundred meters (Figure 2.21). The main peak moves
from frequencies less than | Hz, site S7, where the peat layer reaches the maximum thickness, to
frequencies slightly higher than 1 Hz, sites S17 and S33, and to frequencies around 2 Hz, sites S23
and S26. The amplification factor of the ground motion is in general around five, and this value
is exceeded only at site S17. A secondary significant peak is present at higher frequencies,
between 2Hz and 3Hz at site S7, between 3Hz and 4Hz at sites S26 and S33, and around 5Hz for
site S17.
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Figure 2.21 Smoothed spectral ratios computed with the hybrid method at the sites $7,
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Figure 2.22 Example of the effect of the peat at site S9 (see Figure 2.19 for its location),
with respect to its removal, Smoothing applied (after Nunziataetal., 1995).

The damping effect of the peat layer is clearly shown by the comparison of the spectral ratios
computed at the same site (S9) when the peat layer is removed (Figure 2.22). The maximum peak
increases in amplitude and is shifted towards higher frequencies, when the peat layer is removed.
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The peat layer, even though with a thickness of only 3 m, reduces significantly the amplification
effects induced by the unconsolidated sediments. '

The discrepancies between the amplifications computed with method 1 and method 2 are
clearly illustrated in Figures 2.23, 2.24 and 2.25 for sites S7, S23 and $26. At site S7, the main
peak is reached at the same frequency with both modellings, but the amplitude obtained with
method 1 is 30% smaller than that obtained with method 2. Moreover, other peaks, at frequencies
which are important for engineering purposes, and characterizing the results obtained with the
finite differences method, are absent in the results obtained with method 1. Atsite 823 a frequency
shift of the main peak is observed in addition to a disagreement for the other peaks. The picture
changes for site $26, as the spectral amplifications, computed with method 1, overestimate those
obtained with method 2, even if they have a similar shape.
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Figure 2.23 Spectral ratios (smoothed) and spectral amplification (not smoothed) for
zero damping computed with 1-D and 2-D methods at site S7 - see Figure
2.19 for its location (after Nunziata et al., 1995).
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Figure 2.24 Spectral ratios (smoothed) and spectral amplification (not smoothed) for
zero damping computed with 1-D and 2-D methods at site S23 - see Figure
2.19 for its location {(after Nunziata et al., 1995).
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Figure 2.25 Spectral ratios (smoothed) and spectral amplification (not smoothed) for
zero damping computed with 1-D and 2-D methods at site S26 - see
Figure 2.19 for its location (after Nunziata et al., 1995)

Therefore, the seismic vulnerability of a megacity like Naples, with alarge cultural heritage
and a very high number of people to safeguard, can be drastically reduced, withouthaving to await
for another strong earthquake to occur.

2.6. THE SEISMIC MICROZONATION OF BENEVENTO: ANEXAMPLE OFPARAMETRIC
STUDY

The average structural model for the region between the source position and the town of
Benevento, used as the reference structure for the bedrock, is given by Vaccari et al. (1990).
Following Fih and Suhadolc (1994), the ground motion computed with the hybrid method for the
different sites in the two-dimensional models is always discussed with respect to the results
obtained for the same seismic source and this one-dimensional structure.

& g\\?\\& N \

0

Benevento (ITALY) C \

Figure 2.26 Area of the city of Benevento with the location of the profile C-C’ used
for the numerical modelling (after Fih and Suhadolc, 1994).
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Atthe western border of the Benevento hill, a Pliocenic clay formation abruptly disappears,
probably due to the presence of a fault. To study the influence of this abrupt transition, different
geometries of the expected fault are considered, and since material properties of the different soils
are not well known, a parametric study for the shear-wave velocities is performed (Fih and
Suhadolc, 1994).

The locations of the different layers and the values of the seismic velocities, shown in Figure
2.26, are based on the information given in Marcellini et al. (1991). The resuiting cross-section
and the examined different geometries of the transition between pliocenic clay and cemented
conglomerate are shown in Figure 2.27. More details about the material properties which
characterize the different layers and the type of extended seismic source considered are given by
Fih and Suhadolc (1994).

Sio

200 m

§ pliocenic clay (1st 50m) E} cemented conglomerate silt
pliocenic clay (2nd 50m) '

uncemented conglomerate l made ground

recent alluvium

E pliocenic clay (last 100m) Z loose conglomerate

Figure 2.27 Two-dimensional model (1) of the studied Profile. Only the part of the
structure near to the surface is shown, where the 2D model deviates from
the 1D layered reference model. The assumed geometries of the transition
between pliocenic clay and cemented conglomerate are indicated by
numbers from 2 to 5, labeling the different thick dashed lines. The site
positions are shown by small triangles - Site S1 at the right edge of the
figure (after Fih and Suhadolc, 1994).

The results of the study of the spatial variation of the site response, as determined by W, are
shown in Figure 2.28a. The differences between the results obtained for the four geometries are
smaller than the variations along the four single cross-sections. The biggest differences between
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the four geometries are observed, as expected, just above the transition between pliocenic clay and
cemented conglomerate. The peaks of relative W values, observed at distances between 13.7 and
13.9 km from the source, become slightly smaller for the two cases considered in Geometry 4 and
Geometry 5. The result obtained for different shear-wave velocities are given in Figure 2.28b.

15 14.5 14 13.5 13 12.6

Zonation
L 1 L 2 L 31 4 [ 5 L 6 H
I 1 1 T T i
20 ............... Geometry 1
184
i 1 v F1 |- Geomelry 2
16 A --------- Geometry 4
%‘ 144 i
19;, 12 A I — Geometry 5
@ 1
£ 10 A
2 ] !
& 8 !
o 6 e % !
=
o] AR
¥ <
2
0 —

20: s GEOMELTY 1
18
3 —— Geometry 1 (low)
16
1 1 It | s8ll Gecemetry 1 {(high)
%144
<] ]
o 12
'g ]
=104
g 1
o B4
z 61—+
4
2 B
o+t
15 14.5 14 135 13 12.5

Distance from the source [km)]

A A A A

Figure 2.28 Relative energy of acceleration W: a) for different geometries, and b) by
assuming low shear-wave velocities (low b), or high shear-wave velocities
(high b) in the uppermost layer. The general zonation is explained in the text
(after Fih and Suhadolc, 1994).



560 G. F. Panza, FE Vaccari, G. Costa, P, Suhadolc, and D. Fih

The stability of the results obtained for the different models allows us to identify six zones,
each characterized by a typical strong ground motion response, indicated in Figure 2.28. Zone 1
extends over the lower valley of the Sabato river, where pliocenic clay is overlaid by a surficial
layer of recent alluvium, including in some parts a thin buried layer of loose conglomerates. Zone
2 represents the transition zone from the lower valley of the Sabato river to the hill zone of
Benevento, where we have assumed a surface layer composed of loose conglomerate of variable
thickness. Also present is a buried “silt lens”. The hill zone of Benevento is divided into: Zone 3
that includes the transition between pliocenic clay and cemented conglomerate, with a thick silt
deposit, “made ground” within the surface layer, and in some parts a thin layer of loose
conglomerate; Zone 4 that extends over the areas of the hill where a thick layer of loose
conglomerate is located close to the free surface; and Zone 5 that spreads over the eastern part of
the hill, where a silt layer is buried below the surface layer of “made ground”. Zone 6 is
characterized by areas with only a thin sedimentary cover, located above the cemented conglo-
merate (bedrock).

In each of the six zones, for all sites and for all two-dimensional models, Fih and Suhadolc
(1994) have computed the relative spectral amplifications, Sa(2D)/Sa(bedrock), and the average
and maximum spectral amplifications, that are shown, both for zero damping and 5% damping
in Figure 2.29.
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Figure 2.29 Maximum and average relative spectral amplifications, for the zones
defined in Figure 2.28, for zero damping and 5% damping. The results
include all computations made for the different two-dimensional structural

models (after Fih and Suhadolc, 1994).



Seismic Input Modelling for Zoning and Microzoning 561

3. CONCLUSIONS

Traditional deterministic methods for seismic zoning can only lead to akind of “post-event”
zoning whose validity cannot be easily extrapolated in time and to different regions and which,
therefore, must be considered obsolete.

On the contrary the computation of realistic synthetic seismograms, using methods that
make it possible to take source and propagation effects into account, utilizing the huge amount
of geological, geophysical and geotechnical data, already available, goes well beyond the
conventional deterministic approach and gives a powerful and economically valid scientific tool
for seismic zonation and microzonation.

Because of its flexibility, the method is suitable for inclusion in new integrated procedures,
a kind of compromise between probabilistic and deterministic approaches, that can be developed
in order to minimize the drawbacks of each of the two procedures.

The ability to estimate accurately seismic hazard at very low probability of exceedance may
be important in protecting, against rare earthquakes, the existence of special objects in the built
environment. The deterministic approach, based upon the assumption that several earthquakes
can occur within a predefined seismic zone, represents a conservative definition of seismic hazard
for pre-event localized planning for disaster mitigation, over a quite broad-band of periods.

The results of tests made against instrumentally recorded accelerograms show that, evenan
approximate knowledge of the geometry and of the mechanical properties of the uppermost layers
and the use of commonly available data on the seismic source geometry, is sufficient to make a
realistic prediction of the ground motion.

Severe discrepancies are found between the amplifications computed with the 1-D standard
method (method 1) and the 2-D hybrid method (method 2), and they cannot be ignored when
formulating building codes and retrofitting the built environment. For example, in the area of
Naples, in presence of a peat layer, the amplifications computed with method 1 are smaller then
the “true” ones computed with method 2, and this is a clear evidence of the danger intrinsic in the
application of method 1 for risk assessment. If the peat layer is absent, a similarity in shape exists
between the amplifications computed with the two methods, but the amplification determined
with method | overestimates the results obtained with method 2, with consequent implication of
not necessary larger costs for the reduction of vulnerability.

Similar conclusion can be drawn from the computations made in Benevento. For an
extended seismic source which is not located beneath the site of interest, in a faterally homogeneous
structure, vertical incidence of waves (method 1) significantly overestimates the local hazard,
with respect to the results obtained with the more realistic method 2. This is due to the different
incidence angles reiated to different phase velocities of a realistic wavefield. The hybrid approach
(method 2) allows us the simulation of the complete wavefield in given frequency and phase-
velocity bands, and, in these bands, it accounts automatically for all surface waves and body
waves, characterized by any incidence angle consistent with the bands considered. For a laterally
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heterogeneous area, one-dimensional modelling fails to correctly estimate the seismic hazard,
whereas for a seismic source which is not located beneath the site of interest, two-dimensional
modelling with vertical incidence of plane polarized body-waves does not allow us to correctly
estimate the frequency bands at which amplifications occur.

These considerations point to the problem of the definition of the seismic source in time-
domain computations, and to the differences that can be obtained when using an empirical
definition of the incident wavefield or a numerical simulation of the seismic source. Numerical
simulations of the seismic source are a more adequate technique than making estimates based on
recorded accelerograms (empirical Green furictions), since such records are always influenced by
the focal soil condition of the recording site. On the other hand, numerical simulations require the
knowledge or the estimate of many parameters for the definition of the source-site path and of the
source rupture process, which are often, but not always at hand. With method 2, it is possible to
obtain, at low cost and exploiting large quantities of already available data - like geotechnical
parameters, surface geology data, seismological and geophysical data - the definition of realistic
seismic input for the existing or planned built environment, including special objects. The hybrid
method is, at present, the only quantitative procedure that permits, for realistic seismic sources,
to compute reliable complete seismograms that take into account the propagation effects,
including detailed local conditions and the anelastic behaviour of soils.

The definition of realistic seismic input can be obtained from the computation of a wide set
of time histories and spectral information, corresponding to possible seismotectonic scenarios for
different source and structural models. Such a data set can be fruitfully used by civil engineers in
the design of new seismo-resistant constructions and in the reinforcement of the existing built
environment, and therefore supply a particularly powerful tool for the prevention aspects of Civil
Defence.

The procedure is scientifically and economically valid for the immediate (no need to wait
for a strong earthquake to occur), first order, seismic microzonation of any urban area, where the
geotechnical data are available. The possibility to model broad-band seismic input is a useful tool
for the engineering design and for the retrofitting of special objects, with relatively long free
periods, that is acquiring a continuously increasing importance, due to the widespread existence,
in the built environment, of special objects.
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