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ABSTRACT In the frame of the activities promoted by the National Group for the Defence against
Earthquakes, a four-year national project has been funded on the topic of determining
priorities in seismic risk mitigation at the national scale. This paper describes the
efforts to introduce individual faults and time-dependent issues in the seismic hazard
assessment developed within this project. The elaborations refer to the national scale
and use some original data produced and released for the project’s purposes, namely,
the Database of Italy’s Seismogenic Sources and a compilation of the Italian
instrumental earthquakes from 1981 until 2002. An integrated seismic hazard model
that combines the individual earthquake sources recognised by geological and
seismological studies with the information obtained by the national seismographic
network is proposed and applied to the seismic hazard assessment. Individual sources
are assumed to follow the characteristic earthquake model and their rates of
occurrence derived from geometric and kinematic considerations. The minor seismic
activity defined in terms of background sources is represented by Gutenberg-Richter
relationships calibrated on the instrumental dataset. Then, the conditional probability
of occurrence of characteristic earthquakes for each individual source is modelled by
the Brownian-Passage-Time distribution. The simple time-dependent hypotheses
introduced are used to derive equivalent fictitious seismicity rates: they can be entered
into traditional seismic hazard codes for having maps that are referred to the time
when the analysis has been performed. The results are heavily controlled by some
arbitrary choices like the regional distribution of slip rate (applied to all individual
sources lacking detailed information), or the uncertainties a priori attributed to the
mean recurrence time. Nevertheless, the maps of conditional probability of earthquake
occurrence and the seismic hazard maps, under Poisson and time-dependent
hypotheses, enhance the role of moderate earthquakes in driving the seismic hazard.
The databases have been updated during the life of the project and the new versions
became public after the project ended. The elaborations presented here refer to the data
available during the project and were not updated to be consistent with the final
products released by the project. The results obtained must therefore, be considered
mainly for their methodological approach to the problem, so their application to
seismic protection strategies has to be done with great care.
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1. Introduction

Italy has two generations of seismic hazard maps. The first one (Gruppo di Lavoro Scuotibilita,
1979) belongs to the historical probabilisms (Muir Wood, 1993) with expected shaking, in terms of
macroseismic intensity (MCS scale), computed on the earthquake catalogue (Postpischl, 1985)
using Gumbel statistics. These maps are the basis of the first seismic zonation (Petrini et al., 1980)
adopted by the government in the ‘80s. The second generation represents the so-called
seismotectonic probabilisms, with estimates in macroseismic intensity, peak ground acceleration
(PGA) and spectral acceleration (SA) and computations related to a traditional Cornell-type
approach (Bender and Perkins, 1987). Several maps have been realized and published in less than
10 years, from the original first version (Slejko et al., 1998), through the elaborations that guided
the proposal of updating the seismic zonation (Gruppo di Lavoro, 1999; Albarello et al., 2000)
introduced by law in 2003, to the most recent maps (Gruppo di Lavoro, 2004). All these results,
using different levels of complexity and slightly different databases, share the philosophy of using
polygonal sources, which gather individual faults and accept the assumption of stationarity of the
seismic process, making the prediction insensitive to the time of the analysis.

During the last decade, the Italian scientific community has faced a difficult transition to a third
generation of hazard maps, capable of addressing individual sources and introducing simple rules
of time-dependency from the time of prediction. Worldwide, the consensus on this matter is
generally poor and a few papers have been published for Italy (Peruzza et al., 1997; Peruzza, 1999;
Faenza et al., 2003; Marzocchi et al., 2003; Romeo, 2005). For many years in the Mediterranean
countries, the problem of completeness of the historical catalogue has been approached
independently of any reasoning about the velocity of the deformation, as the geological complexity
often inhibits surface recognition of individual earthquake sources. Nowadays, in most of Italy this
velocity has been shown to be from 1/10 to 1/100 smaller than those registered in other seismically
active regions (California, or the Anatolian Range, for example) with associated mean recurrence
times of big earthquakes longer than hundreds of years. In these cases, the identification of gaps
that are potentially seismic and the introduction of the time elapsed since the last event may
significantly alter the hazard estimates.

Other than seismic zoning purposes, seismic hazard maps using individual faults and time-
dependent assumptions are critical for planning the priorities in allocation of resources devoted to
retrofit the existing buildings and strengthen systems and infrastructures. On these topics, a four-year
project named, “Probable earthquakes in Italy from year 2000 to 2030: guidelines for determining
priorities in seismic risk mitigation” (Amato and Selvaggi, 2004) has been developed in the frame of
the activities of the “Gruppo Nazionale per la Difesa dai Terremoti” (GNDT), promoted and financed
by the National Civil Protection Department. The work presented here is one of the results obtained
by this project; the final results released by this study may be found in the “Prodotto N.14” at the web
site address http://gndt.ingv.it/Att_scient/Prodotti_consegnati/Amato_Selvaggi/prodotti_Amato.htm.

This paper aims to:

1) define a procedural scheme to assign earthquake occurrence rates to the individual sources
proposed by other investigators. As observations do not permit a tight definition of the
earthquake model throughout the country, the individual sources are modelled permitting
they follow the characteristic earthquake model (Schwartz and Coppersmith, 1984). The
largest event corresponds to the characteristic earthquake, while the low magnitude
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Fig. 1 - Database of Italy’s Seismogenic Sources (DISS), version 2.0.516 released at the beginning of the GNDT project
(Valensise and Pantosti, 2001): the integrated dataset addresses four kinds of sources: the geological ones (yellow
rectangles), the historical well-constrained sources (black rectangles), the historical badly-constrained sources (green
circles), the deep sources (red octagons).

earthquakes of the same region, referred to as “background seismicity”, are calibrated
independently on the instrumental earthquake catalogue for the last several years;

2) formalize, whenever possible, the uncertainties that enter into the seismogenic
characterization;

3) introduce, in a simplified manner, memory into the estimates, adopting the renewal process
model described by Brownian-Passage-Time (BPT) distributions;

4) compute some preliminary maps in terms of occurrence probability of earthquakes on
individual structures and in terms of probabilistic expected shakings.

517



Boll. Geof. Teor. Appl., 47, 515-548 Peruzza

The final considerations are therefore oriented towards describing the sensitiveness of these
studies on the selected models and parameters and give some suggestions for gathering, in Italy, data
useful for these studies. As some strong simplifications and approximations have been introduced
into the elaborations, the results must be considered a first, perfectible approach to the problem.

2. Individual sources

The individual sources used in this study are those gathered in the database commonly referred
to as the Database of Italy’s Seismogenic Sources (DISS). The first version 2.0.516 published in
2001 (Valensise and Pantosti, 2001), at the beginning of the GNDT project, has been used for the
present analysis, following the authors’ selection addressed like the dataset of the “integrated
sources” (Fig. 1).

The 242 DISS sources are ranked in four categories, in relation to the available knowledge.

The first kind of sources collects the best-known structures quoted as “geologically constrained
sources” (yellow boxes in Fig. 1). This fragmented collection of sources represents faults controlled
by morphotectonic features, geological and geophysical evidence, integrated in many cases by a
proposed earthquake association, and by paleoseismological data. There are 60 sources in this
category, in the magnitude range [M,, corresponding to M, see Valensise and Pantosti (2001) for
further details] between 5.2 and 7.0 (Fig. 2a): the biggest event is the 1908 Messina earthquake, 10
sources have an estimate of slip-per-event given by direct observations or coseismic modelling, for
11 sources the long-term slip rate is given by individual data. The date of the last event is given for
46 sources.

The second kind of sources is classified as “historical well-constrained sources” (109 boxes
marked by black rectangles in Fig. 1, magnitude distribution in Fig. 2b). Here, the dimensions of
the individual source are derived from the magnitude of the earthquake, by empirical relationships
(Wells and Coppersmith, 1994), the orientation of the box is controlled by the distribution of the
maximum damage. No slip-per-event, or slip rate is provided and the date of the last event is always
given, as each source uniquely corresponds to a record in the earthquake catalogue. The largest
earthquake that belongs to this kind of source is the 1693 one in eastern Sicily.

Then, DISS defines 65 “historical badly-constrained sources” (green circles in Fig.1, magnitude
distribution in Fig. 2¢). They represent the location of the earthquake records reported in the
catalogue: the dimension of the source (diameter of the circle) is again derived from magnitude, and
similarly to the previous case, only the date of the event is provided. For these events, the
distribution of the effects is poorly defined to fix the elongation of the source. The biggest event
was the one offshore the Calabrian arc in 1905, but some very recent events, like the 1990 Augusta
earthquake [Sicily, M=5.3, identification number (ID) of the source 724] have been assigned to this
kind of source.

Finally, 8 so called “deep sources” are mapped (Fig. 1, red octagons, magnitude is plotted versus
the year of the earthquake in Fig. 2d) and they refer to earthquakes that exhibited anomalously large
perceptibility areas, suggesting a deep (more than 40 km) focus. Deep events deserve peculiar
relationships to quantify the dimension of the source, as well as adequate attenuation relations for
modelling the PGA; these sources will not be used in the following analyses as they are rare and
scarcely contribute to the hazard.
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Fig. 2 - Magnitude distribution in the DISS sources: the magnitude type is equivalent to M,,, for the geological source
only [see details in Valensise and Pantosti (2001)].

The geological and historical individual sources defined in DISS follow “the basic assumption
that each seismogenic source tends to generate repeatedly and exclusively its largest allowed
earthquake, that is the assumption of “characteristic” behaviour [in the sense of Schwartz and
Coppersmith (1984)] for what concerns fault location, geometry and size” (Valensise and Pantosti,
2001, p. 802). Therefore, in this study the long-term seismic potential of a fault segment has been
modelled by the spike, or more precisely by the simple bell of a Gaussian distribution (Fig. 3),
corresponding to the largest allowed event stated by the characteristic earthquake model. All the
M<5.5 events, not represented by individual seismogenic sources in DISS, would be modelled in
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Table 1 - DISS geological sources: identification code (ID) and name.

Fig. 3 - Gaussian model of a
characteristic earthquake: a Gaussian
distribution (coloured small traits) is
anchored to the magnitude and
recurrence time of a hypothetic
characteristic event (black squares): the
magnitude continuous function is
sampled (step 0.3) in the interval
—3sd/+sd (grey bars), and then scaled
(coloured bars) to preserve to total
amount of seismic moment. These non-
cumulative annual seismicity rates can
be directly used in the seismic hazard
code SEISRISK III (Bender and
Perkins, 1987).
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Name
Ovindoli-Pezza
Fucino Basin

Aremogna-Cinque Miglia
Boiano Basin
Tammaro Basin
Ufita Valley

Irpinia South

Agri Valley
Castrovillari
Melandro-Pergola
Upper Mesima Basin
Gioia Tauro Plain
Messina Straits
Belice

Montereale Basin
Norcia Basin
Colfiorito North
Colfiorito South
Sellano

Monte Sant'Angelo
San Giovanni Rotondo
San Marco Lamis
Mercure Basin
Campotosto
Amatrice

Sulmona Basin
Barrea

Conero offshore
Senigallia

Fano Ardizio

Name

Pesaro San Bartolo
Rimini offshore South
Rimini offshore North
Rimini

Val Marecchia
Gubbio South
Gubbio Middle
Gubbio North
Aspromonte Northwest
Scilla offshore
Aspromonte Northeast
Aspromonte East
Nicotera-Rosarno
Garfagnana North
Garfagnana South
Bagnacavallo
Montello

Asolo

Mantova

Orzinuovi

Adige Plain
Mirandola

Gemona East
Gemona North
Gemona West
Pordenone North
Cansiglio

Alpago

Cividale

Imperia




3rd generation seismic hazard maps ot Italy Boll. Geof. Teor. Appl., 47, 515-548

Fig. 4 - Magnitude values for the geological sources listed in Table 1: the black dot represents the values in DISS, while
the others derive from relationships [description in the text, W&C stays for Wells and Coppersmith (1994), P&P for
Peruzza and Pace (2002), H&K for Hanks and Kanamori (1979), and V&P for Valensise and Pantosti (2001)].

terms of “background seismicity”. The validity of the characteristic earthquake idea is an intriguing
question, widely criticized by authors objecting to the gap theory itself [see for example, Kagan and
Jackson (1993)]. In the DISS’ basic assumptions, it has been accepted in an even more simplistic
formulation than the original one (Schwartz and Coppersmith, 1984; Youngs and Coppersmith,
1985), discarding the linear frequency-magnitude relation for smaller earthquakes, from which the
large earthquakes deviate. Nevertheless, these simplifications may answer the fundamental question
to “focus on regions that have not released a large earthquake in the past millennium before
attempting to explore it if there is any potential left within, or in the tails of, a historical rupture”
(Valensise and Pantosti, 2001, p. 803). They reflect, therefore, the wishful thinking of hazard
analysts and follow important international experiences (e.g. Working Group on California
Earthquake Probabilities, 1999).

The behaviour of each source is therefore assessed by the magnitude of the characteristic event
(M,,) and its mean recurrence time (7,,,.,,), assigning an estimate of the uncertainty on magnitude
assessment given by the standard error of a Gaussian distribution, mainly for seismic hazard
computational reasons. Given the occurrence model (Gaussian distribution of the seismicity rates)
and its calibration point (M., 1/T,..n), We can derive the earthquake occurrence rate of the
individual sources in a straightforward manner and fix a seismic moment budget. The assumption
of seismic moment conservation is necessary to assure that the total amount of seismic moment
released by all the magnitude classes around M, does not exceed the seismic moment released by
the characteristic earthquake alone, whatever the magnitude-sampling factor of the Gaussian
function is. Therefore, the total amount of seismic moment released by the sampled Gaussian
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Fig. 5 - Uncertainties in the magnitude estimate of the characteristic event (M,,,,) for the geological sources: the light
grey bar is the standard deviation under the assumption of constant strain drop (fixed k), the darker grey bar the sd
using variable k assigned from the regional slip rate (in Fig. 11).

distribution (grey bars in Fig. 3, sample step of 0.3 in magnitude, commonly used in Italy in seismic
hazard computations, as it roughly corresponds to a half degree in the macroseismic estimates) is
made to equal the seismic moment released by the characteristic event (black squares in Fig. 3). This
budgeting is done by fixing the seismic moment rate given by the maximum expected earthquake
[i.e. M(M,,,) in T, years] and by scaling the occurrences of each magnitude class properly; the
sampling interval is not symmetric with respect to the M, ,, value (coloured bars in Fig. 3, where
samples have been taken if the central value of the magnitude class M, is M, —3sd<
M <M, H15d), as the higher magnitudes have a critical impact on the seismic moment release.
The magnitude values M, are always those given by the DISS compilers (M.), but the way to
obtain the other quantities (7,,.,,, uncertainties, and arbitrary choices done) differs for each kind of
source, as described in the following.

2.1. Geological sources

The geological sources should be strictly controlled by independent observations: the dimension
and shape of the box represent the surface projection of the segmented fault plane where repeated
events are expected. In our case, the geometric parameters of the individual sources are often
controlled by empirical regression relationships, only few cases of multiple events with dating are
reported in the database DISS and they are not suitable for statistics. Consequently, and following
previous experiences (e.g. Peruzza, 1999), M, and T,.,, have been obtained by regression
relationships and compared with observations. M,,,, has been computed using empirical regression
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Fig. 6 - Recurrence times for the geological sources: 7, and 7,,,, are the mean return times reported in DISS, the
others derive from different choices of the magnitude or slip rate values (see text). For a better comprehension, the
sources are sorted by latitude from north to south (see correspondence in Tab. 1).

relationships (Wells and Coppersmith, 1994) according to the style of the fault given by the rake
values. In Fig. 4, M1 uses the surface length L, M2 the rupture area R4 given by LW, where W is
the down-dip length, and M3 uses the well-known relation M=2/3 [log(M,) — 9.1] of the scalar
seismic moment M, [from Hanks and Kanamori (1979), M, in Nm] given by:

M,=uDLW=ukIL*W (1)

where U is the shear modulus fixed at 3x10'° Pa, D the average displacement-per-event, and k the
strain drop. Two different hypotheses with constant and variable k& values have been used: the
constant & value is the value of 3x10”° proposed by Selvaggi (1998), while variable trial k values
have been derived from the zonation of the slip rate, as will be described in the following for the
historical sources. A relationship based on aspect ratio considerations [i.e the ratio of W/L, see
Peruzza and Pace (2002)] has also been applied to the set of geological sources [see the case study
of central Italy in Pace et al. (2006)]. This suggests that if we consider the extension in depth of the
seismogenic layer, the expected maximum magnitude (M % in Fig. 4) can be slightly reduced for
some sources. All the values of M derived by regression relationships have been compared with the
values (M) in DISS (Valensise and Pantosti, 2001) and some statistics have been performed on
these values (Figs. 4 and 5). The computed values are somehow dispersed but the mean values
(orange and green small squares in Fig. 4) are often coincident with the DISS values. This approach
enables us to give a methodological way of estimating the uncertainties affecting the M,
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definition. Given a set of procedures that estimate the maximum magnitude of a fault segment, we
may somehow characterize the uncertainty in the size of the characteristic event with a Gaussian
function peaked on the mean magnitude value and as large as the related standard deviation is (Fig.
5). We may argue that not all the magnitude estimates are independent. Nevertheless, this choice
surrogates the much more preferable situation of having a statistically relevant set of repeated
observed magnitudes associated to the fault.

As the geometry of the geological sources identified in DISS is strictly controlled by empirical
regression relationships, we obtain a dispersion on magnitude values that is much smaller than those
actually observed. An enlightening example is the case of the Fucino Basin source (ID n. 2), whose
computed magnitude values are all very close to the DISS values (M, =6.8); the magnitude
measured in 1915 is M=7.0 with a standard deviation sd=0.7 obtained on 22 observations
(Margottini et al., 1993). The observed value is fully compatible with M, considering the M, -M,
conversion and the computed standard deviation (see in Fig. 5), but the experimental uncertainty is,
instead, much higher than what was hypothesized.

These considerations suggest that the calibration of uncertainties on the characteristic event
magnitude of each individual source is, at this stage, more speculative than effective. I, therefore,
decided to arbitrarily fix the narrowness of the peak of the Gaussian function to the standard
deviation value of 0.3 for all the geological sources. It represents a cautious and reasonable value
for the best defined sources. A higher value of 0.5 will be assigned to the historical sources on the
basis of reasoning about the quality of magnitude assessment from macroseismic data (e.g. Stucchi
and Albini, 2000).

Similar thoughts may be applied to define the mean return time associated with the characteristic
event. The actual observations of multiple, similar-sized events on the same fault segment are few
and limited to central Italy [see also Pace et al. (2006)]. Therefore, the T, associated with the
maximum event was computed using the technique known as the conservation of the seismic
moment rate on the fault segment (Field ez al., 1999):

1/T = Char_Rate = u V' L W/ 100-5M*9.05) @)

where T is the mean return time, Char_rate the annual mean rate of occurrence, i is the shear
modulus, V the long-term slip rate, L and ¥ the geometrical parameters of the fault. Considering
different manners, the magnitude values and slip rate uncertainties given in DISS, the variability in
T, is reported in Fig. 6. Small fluctuations in the estimated M values cause large differences in the
expected 7, even if the V' value is fixed (the return times referred to M1, M2, M3, M%, M. are all
computed using the mean of the slip rate values given in DISS). Much worse is the effect of the
uncertainties on the slip rate (the coloured triangles in Fig. 6 derive from fixed M, values, and
minimum and maximum slip rate assigned to each source). As most of the sources have been
characterized by a regional “reasonable” slip rate varying from 0.1 to 1.0 mm/yr, the recurrence
times may vary from hundreds to thousands of years as well. Therefore, I computed the mean and
median values of these return times, by excluding the outliers (meanl, medianl in Fig. 7), or by
using all the 7 (mean2 and median2, again in Fig. 7). Further elaborations will adopt the median1
values, as they are the nearest, on average, to the ones that use the magnitude values suggested by
the DISS compilers (7y.y), in combination with the mean slip rate. Again, statistics on these
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Fig. 7 - Statistics on the recurrence times of Fig. 6: Ty is the value obtained by Eq. (2), using the magnitude given
in the DISS (M) and a mean value for the slip rate: meanl and median] refer to the statistics excluding the outliers,
mean2 and median2 with all the 7 values. Sources are sorted as in Fig. 6 (see correspondence in Table 1).

fictitious recurrence times permits one to provide a simplistic answer to another critical parameter,
concerning the uncertainties of inter-event times, necessary for modelling the distribution function
of a renewal process. The o parameter of the BPT distribution is given by the ratio of standard
deviation of the recurrence times over the mean recurrence time:

o=0/\L.

It represents the aperiodicity of the distribution function [see Matthews et al. (2002) for further
details] and is a key element for modelling the time-dependent processes. Here, it derives directly
from the variance of the recurrence times. In Fig. 8, it has been computed and plotted for the DISS
geological sources. It is evident that considering the whole uncertainty affecting the recurrence
times (grey symbols in Fig. 8, derived from the statistics on all the times, mean2 and median2 in
Fig. 7), the o values are much higher than the unit; discarding the outliers from the statistics (meanl
and median] in Fig. 7, and corresponding o values with black dots in Fig. 8), most of the sources
exhibit o’s lower than 1/4, thus representing quasi-periodic processes consistent with the
assumptions of the characteristic earthquake model, adopted a priori by the DISS.

Then, to summarize, the geological sources used here for the seismic hazard computations
utilize their own geometry; the seismicity rate follows the characteristic earthquake model,
controlled by geometric and kinematic indicators, using Gaussian distributions peaked on (M.,
Char_rate=1/T,.4i.n1) pair values and with a fixed, a priori given, standard deviation sd of 0.3. The
continuous Gaussian function is sampled according to the magnitude step used by similar studies
and is finally scaled to preserve the total amount of seismic moment released by the characteristic
quake.
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Fig. 8 - Uncertainties on the computed recurrence times for geological sources: the o value follows the formulation
proposed by Matthews ez al. (2002). Black dots refer to the set of recurrence times excluding the outliers (meanl and
medianl in Fig. 7): grey symbols for all the times graphed in Fig. 6.

The magnitude and recurrence time of the maximum expected event are, by far, the less
constrained parameters available, but they are necessary in seismic hazard assessment. Only joint
geological and seismological data can help constrain the model of long recurrences of maximum
events.

2.2. Historical well-constrained and badly-constrained sources

The so-called historical sources are all the records of the earthquake catalogue without additional
information. With variable degrees of uncertainty, the occurrence of the earthquake in the past
constitutes the basis to infer the existence of a seismogenic structure in the area. Because the
earthquake is not associated with a geological signature, the possible dimensions of the source
derive exclusively from magnitude-based regression relationships. The geometries of historical
well-constrained sources are forced by accepting the strong and questionable assumptions that link
the elongation of the fault on the distribution of the maximum damage. The geological style at the
regional scale permits us to derive an approximate down-dip length of the rupture (W values), and
therefore, the thickness of the box. Badly-constrained historical sources have too few intensity data
points even for such an approximation and circular sources are provided with the radius directly
derived from the magnitude value.

There is no reason, therefore, to re-compute energetic parameters (M1 to M%) from the
geometric characteristics of the segment, as done previously in Fig. 4. Only the M, values can be
considered. Similarly, the mean recurrence time of the fault cannot be, even tentatively, computed
using Eq. (2), as neither the well-constrained nor the badly-constrained historical sources have
original geometries and slip rate values given in the DISS.
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Fig. 9 - Catalogue of the Italian earthquakes CPTI04: graph of the cumulative number of events with increasing
magnitude threshold [see the Mas definition in Working Group CPTI (2004)].

To obtain a trial spatial differentiation of the slip rate to characterize each individual source for
the whole country, I decided to derive the long-term slip rate as a function of the seismic moment
released by earthquakes. I used the parametric catalogue (Working Group CPTI, 2004) to obtain a
very rough distribution of the seismic moment, simplistically converted into slip rate values. These
values represent a first approximation of the strain balance problem, a field where only the
availability of geodetic data can impose additional boundary conditions, fixing some problems that
are not solved by the limited-in-time earthquake series.

The procedure to obtain a long-term slip rate from an earthquake catalogue is quite simple. Let
an earthquake with magnitude M be occurred. If we define 4 an arbitrarily- shaped area pertaining
to the source dimension, writing

L=f(A)=y(A)=cy{(R), (3)

where R is an equivalent arbitrary radius and ¢ the square root of 7, and

W=f(L)=bc(R)=bcR, “)

with simple mathematical transformations we can demonstrate that the seismic moment density
(seismic moment per unit area) is independent of the geometric characteristics of the source L and
W and it depends only on the displacement D and aspect ratio b = W/L as follows:

M,/ nR=uDA/RRR=uDLW/aR=uDb. (5)
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Fig. 10 - Annual seismic moment rate (Nm/yr -km?): computations have been made using M>5.5 events from 1100 to
2002, in a 60 km distance from the represented nodes.

If we indicate with 7 the mean return time associated to a source of characteristic earthquake,
the slip rate of that fault can be written as:

V=D/IT=M,/ nR ubT (6)

Given many earthquakes insisting over an area S in a given time window Az, the summation of
their seismic moment may be interpreted using the seismic moment density and Eqs. (5) and (6) in
terms of £ D;/At, which would represent the regional long-term slip rate, if the seismic records are
considered complete and representative of the whole seismic cycle, and if the shear modulus t and
aspect ratio b are accepted to be constant over the area.

As a first approximation, viable at the national scale of the analysis, the completeness of the
earthquake catalogue was estimated using simple graphical methods: plotting the cumulative
number of events versus time, for the whole catalogue and for given thresholds of magnitude (Fig.
9). The graph demonstrates that the cumulative number of events exhibits a less or more pronounced
break in the slope after the year 1000 and a significant increase in the slope after 1900, if all the
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Fig. 11 - Lateral variation of slip rate (mm/yr) derived from the earthquake catalogue (annual seismic moment rate
computed in Fig. 10, see description in the text).

events are included (thin line). Considering that:
a) the slope of the high magnitude threshold (34>6.0, black thick curve) in Fig. 9 after the year
1100 is very similar to that referring to M>5.5 (dotted curve);
b) the seismic moment release is dominated by the strongest events, and it decreases
exponentially when the magnitude diminishes;
c) the CPTI catalogue is filtered for aftershocks, that are often responsible for an important
budget in the total seismic moment released by a sequence;
d) the DISS database is, in theory, restricted to representative sources with A/>5.5;
a completeness for M>5.5 from the year 1100 onwards is a reasonable assumption valid at the
national scale [see for example Stucchi and Albini (2000) on that subject]. The working file released
for the project’s purposes [preliminary version of Working Group CPTI (2004)] has been integrated
in the period 1993-2002 with the instrumental location with A/>5.5 and depth <50 km, compiled for
the same project too (Chiarabba, 2003). The computation of the seismic moment rate has been done
on a grid where the nodes are spaced 0.5 degrees in longitude and 0.4 in latitude, considering the
epicentres are located inside a 60-km distance from the node. These search values were selected

529



Boll. Geof. Teor. Appl., 47, 515-548 Peruzza

after some tests, as having a smoothing effect on the seismic moment release that is compatible with
the finiteness of the sources and with uncertainties in the locations. The seismic moment rate
distribution mapped in Fig. 10 refers to a year and an arbitrary area of 1 km?. The corresponding
regional slip rate, mapped in Fig. 11, derives from Eq. (6), with i = 3x10'° Pa, and b = 1/2; 1
therefore accept that no lateral variation of the shear modulus can be reasonably assessed and that
the aspect ratio b is invariant to the size and the style of the event. The utilization of the rupture
width given as a half of the rupture length is a very questionable condition, but it represents quite a
cautious condition for moderate-to-strong events. Surprisingly, the values obtained are in good
agreement with the few experimental long-term slip rate values, even if some lateral variations of
the slip rate can reasonably be ascribed to incompleteness of the seismological catalogue: the most
evident case can be seen in the northernmost part of Calabria, where no events are located by CPTI,
but paleo-earthquakes have been recognised through trenches (e.g. Michetti et al., 1997).

The seismic moment rate distribution of Fig. 10 has also been used to infer strain drop values by
applying Eq. (5): laterally variable &’s referred to a length of 1 km have been, therefore, assigned to
the geological sources and used for an alternative computation of the magnitude associated to the
sources. I am conscious that the lack of events in the earthquake catalogue introduces a systematic
bias to the amount of the seismic moment release that propagates to the estimated mean recurrence
times assigned to the source. A joint table of discussion, with seismologists, geologists and
geodesists may likely aid in bridging this gap.

However, the slip rate values obtained from the earthquake catalogue have been assigned to the
DISS historical sources (Fig. 12a), and a mean recurrence time for each source has been computed
(Fig. 12b) by the ratio Ty, = D/V (displacement over slip rate) where the displacement derives from
empirical undifferentiated relationship (Wells and Coppersmith, 1994). The magnitude used is that
given in the DISS with M, and it represents a mean value between different estimates (instrumental
if available, and derived from macroseismic data).

Similarly to the geological sources, historical sources may be used in the seismic hazard
computations like characteristic event sources having their own geometry, and seismicity rate given
by a Gaussian distribution. It is anchored to the (M,, T}, values and a fixed, standard deviation of
0.5 is assigned a priori: this value is higher than that adopted for the geological sources, considering
that only seismological data (mostly derived from macroseismic data) constrain the historical
sources. As no estimate on the uncertainties of mean recurrence time is available, it has been
assigned a provisional generic value of a= 0.5 for the historical well-constrained sources, similarly
to what is usually done in literature (e.g. Ellsworth et al., 1999; Romeo, 2005). The ¢« value of the
BPT distribution for the badly-constrained source is set to 1.0, corresponding to the characteristics
of poor periodic processes. These choices will cause a very different behaviour in modelling the
renewal process, as described in Matthews et al. (2002). o is one of the most challenging factors
affecting the earthquake probabilities estimate, inducing a variability that may be of the same order,
or even greater than the result, but unfortunately, no alternative solution has been provided.

For a simpler use in the seismic hazard codes and homogeneity reasons, I modified the geometry
assigned to the badly-constrained historic sources. Instead of using circular sources, as in the DISS
having the radius R = f' (M,) (Wells and Coppersmith, 1994), I have modelled square sources,
centred on the epicentral coordinates with latus L = VRA(M,), where the rupture area always derives
from Wells and Coppersmith (1994) relationships (Fig. 13). This choice slightly enhances the
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Fig. 12 - Slip rate in mm/yr (a)
and mean recurrence time in
years (b) associated to the
historical sources of the DISS.
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Fig. 13 - Correction on source dimension proposed for badly-constrained historical sources: L is the latus of the square
source having rupture area log(RA)= -3.49+0.91-M; R is the radius of the circular source proposed in the DISS, and
derive from the subsurface rupture length relationship log(R)=-2.44+0.59-M (Wells and Coppersmith, 1994); on the
right y-axis, the area associated to the source is plotted.

seismicity rates associated with the source, for the decrease of the area associated with the source
(L?, instead of 7R?), and is fully compatible with the procedures adopted for other individual
sources.

3. Background sources

All earthquakes that cannot be referred to the individual sources will be treated in terms of
background seismicity. I include in this category the low-level and diffuse seismicity that cannot be
modelled by individual sources and the remnant low-magnitude queue of earthquakes invoked by
the original formulation of the characteristic earthquake model (Schwartz and Coppersmith, 1984;
Youngs and Coppersmith, 1985).

A basic assumption has been accepted for this kind of seismicity, i.e. that background seismicity
is a stationary process that can be modelled by a Gutenberg-Richter (G-R) distribution. Therefore,
the @ and b values of the G-R relation are not supposed to vary with time. To calibrate these
coefficients, the following procedure has been used.

The instrumental earthquake catalogue [preliminary version by Chiarabba (2003), published
with some modifications in Castello ef al. (2005)] has been taken as a sufficiently complete and
reliable dataset for the entire country with the magnitude range of interest (M<5.5). The magnitude
distribution provided in Fig. 14 suggests that below M=2.5, the dataset may be strongly affected by
incompleteness. The G-R fitting on the whole dataset (cumulative number of events, small circles
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Fig. 14 - Magnitude distribution of events in the period 1981-2002, taken from the working catalogue of instrumental
Italian earthquakes released for the project (Chiarabba, 2003): bars indicate the number of events in 0.1 magnitude
classes, circles are the cumulative numbers interpolated by a G-R relationship (line) for A/>3.0.

in Fig. 14), suggests a b-value near the unit, with a pronounced bulge for 5.0<M<5.7. The events
that do have both magnitude and epicentral coordinates (28,780 located earthquakes) have been
filtered to extract a list of independent events by using a modification of the procedure proposed by
Knopoff (2000) - see also the comments reported in Pace ef al. (2006). All quakes deeper than 50
km have been removed, as they slightly influence the seismic hazard.

Then, a and b values of the G-R relation have been computed, using a grid of 0.5° in longitude,
0.4° in latitude, with a search radius of 20 km. The traditional algorithms of least squares (Isq) and
maximum likelihood (mlk) (Aki, 1965; Utsu, 1965, 1966; Weichert, 1980) have been used on the
subsets having at least 3 events. The results obtained are mapped in Figs. 15 and 16 (b values, with
both interpolation techniques, and a values, with Isq method, normalized to 1 year, considering the
22 years of the instrumental catalogue).

The b values (Fig. 15) show a very pronounced lateral variation, while the fitting algorithms have
only a moderate influence on the results. After checking the interpolation of some nodes, the lsq
method was chosen because it better fits the highest magnitude detected, although it is not formally
correct. Nevertheless, the magnitude threshold of completeness in time and space is a delicate subject
whose investigation is out of the scope of this paper. Some anomalous a and b values can be
discarded simply by elevating the threshold of detected events from 3 to 5: the 206 nodes mapped in
Figs. 15a and 16 are reduced to 169 and they have only been used to characterize the seismicity rates
of rectangular cell sources of background seismicity. As the DISS database reports all instrumental
events in the magnitude range 5.0-5.5 (see Fig. 2), the @ and b values have been used to compute the

533



Boll. Geof. Teor. Appl., 47, 515-548

Peruzza

Fig. 15 - Distribution of b-
values of the G-R relation,
obtained  from  the
instrumental catalogue,
filtered from aftershocks:
the interpolation has been
done using Isq (a) and mlk
(b) methods on the subset
of events located in a 20 -
km distance from the
represented node.
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Fig. 16 - Distribution of a-values of the G-R relation, computed as in Fig. 15a on subset of at least 3 events: the a-
values are normalized to the period of one year. Only the nodes marked with bold symbols, having at least 5 events,
have been used for further seismic hazard computations.

annual occurrences of earthquakes only for magnitude below 5.0, to avoid the same events (the
Umbria-Marche sequence of 1997-98, for instance) being counted twice. The contribution of these
cell sources to the global seismic hazard is significant, as will be shown later on.

4. Earthquake probabilities

The first application of the previous analyses is the computation of the probability of occurrence
of a characteristic earthquake, in a given time period.

A rough estimate of probability of having a M, ,, event in the next years, conditional to the time
elapsed since the last event, is given by the approaches proposed in Peruzza et al. (1997), Peruzza
(1999), and Peruzza and Pace (2002). More recently, some papers (Sornette and Knopoft, 1997;
Working Group on California Earthquake Probabilities, 2003; Pace et al. 2006) criticized the use of
lognormal and gamma distributions as they are scarcely representative of the physical process of
recharge of a fault, and the BPT distribution has appeared in seismological literature like the most
physically motivated model (Ellsworth et al., 1999; Matthews et al., 2002).

Using the BPT formulation, the probability of an earthquake conditional to the time elapsed
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Fig. 17 - Renewal process modelled for DISS geological sources: conditional probability in different time intervals
from 2003 (legend and y-axis on the right), given the mean recurrence (grey bars) and elapsed time (black and white
squares) reported in the lower part of the graph (left y-axis): the o (aperiodicity) values are different for each source
(selected values in Fig. 8): the date of the last event when not available is fixed at 3000 B.C. Most of the sources exhibit
a negligible probability.

since the last event (7,) can be calculated from the equations:

P(t<T <t+AT)
= Hf(ﬁjm eXp(—%) du (7
P(Te<T<Te+ AT /T >Te)
_ P(Te<T <Te+AT)
© 1-P(0ST<Te) ®)

where L is the mean recurrence time and « is a dimensionless measure of aperiodicity given by the
ratio of standard deviation of the recurrence times over the mean recurrence time. Figs. 17 to 19
show the conditional probabilities of occurrences (from 2003) for the three kinds of sources
reported in the DISS database. The computation of the conditional probability of occurrences has
been done for three observation periods (10, 30, and 50 years): the differences have been
represented for the geological source only in Fig. 17. Some geological sources do not have a date
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Fig. 18 - Renewal process modelled for DISS historical well-constrained sources: conditional probability in the next
50 years from 2003 (black bars, right y-axis), given the mean recurrence (grey bars) and elapsed time (squares)
reported in the upper part of the graph (left y-axis): the o value is fixed, a priori, equal to 1/2.

Fig. 19 - Renewal process modelled for DISS historical badly-constrained sources: conditional probability in the next
50 years from 2003 (black bars, right y-axis), given the mean recurrence (grey bars) and elapsed time (squares)
reported in the upper part of the graph (left y-axis): the o value is fixed, a priori, equal to 1.
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Fig. 20 - Map of the probability of occurrence of a characteristic event on individual DISS’ sources (see Fig. 1) in the
next 30 years from 2003; small stars for sources having a negligible probability.

of the last event: the last occurrence has been fixed arbitrarily at 3000 B.C. (5000 years of elapsed
time) to have a term of comparison with the other sources. The combination of the values of mean
recurrence time, elapsed time and o values (fixed values for the historical sources, and variable
values for the geological sources, like previously explained) makes the probability of occurrence in
the forthcoming years vary strongly, reaching the highest values for moderate earthquakes (M<5.5).
8 sources actually have a conditional probability of a characteristic earthquake in the next 50 years
greater than 50%, and they are located in Sicily (ID n. 241 eastern Sicily earthquake, last event in
1718; n. 270 Iblei earthquake, last event in 1818; n. 724 southeastern Sicily earthquake, in 1990; n.
573 Vizzini earthquake, in 1698), Calabria (ID n. 350 Calabria earthquake, in 1978; n. 630 Palmi
earthquake, in 1828), and in the Southern Apennines (ID n. 302 Campobasso earthquake, in 1885;
n. 296, Meta Mountains earthquake, in 1873).

Finally, the conditional probabilities in the next 30 years (2004-2033) are mapped in Fig. 20, for
the whole country, and in Fig. 21 for southern Italy. Different symbols indicate the different kinds
of sources (see Fig. 1); only probabilities higher than 0.1% have been mapped.

These maps enhance the contribution of moderate events having relatively short return times,
with respect to the sources of large events, which are supposed to have a mean return time usually
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Fig. 21 - Blow-up of Fig. 20 for southern Italy: sources having a probability higher than 25% are labelled with the date
of the last earthquake.

much longer than the time elapsed since the last event.

A more reliable definition of the year of occurrences of the geological sources that do not have
the date of the last event, and a more accurate choice of mean recurrence time and « values for the
historical sources may significantly improve the confidence in these results.

5. Seismic hazard maps

As the initial purpose of the GNDT project was to produce time-dependent seismic hazard maps,
I used the geometry and seismicity rates previously obtained to perform a complete seismic hazard
assessment. The computations were performed using the well known code SEISRISK III (Bender
and Perkins, 1987) on a grid spacing 0.2°, using the attenuation relationships proposed by
Ambraseys et al. (1996): these relations are based on empirical regressions of European strong-
motion data, and have been widely used (e.g. Slejko et al., 1998; Albarello et al., 2000), so that the
results obtained here are directly comparable with the previous analyses [see Pace et al. (2006) for
additional comments on the downward extension of the attenuation model]. The results are
expressed in peak ground acceleration (PGA) not expected to be exceeded with a probability of
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Fig. 22 - Seismic hazard map of
the partial models: individual
characteristic sources alone (a),
background seismicity only (b).
Values are PGA (in g) with
exceedence probability of 10% in
50 years under Poisson
conditions, using the Ambraseys
et al. (1996) relationship with
standard deviation in attenuation.
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Fig. 23 - Seismic hazard map of the Poissonian model: the partial results of Fig. 22 are integrated by a specific option
of the computer code (run continuation). Values are PGA (in g) with exceedence probability of 10% in 50 years.

90% in 10, 30 and 50 years.

Individual sources and background sources constitute different layers of information, run
independently and cumulated in the final computations.

The geometry of all the individual sources is consistent with the indications given in the DISS
database and the seismicity rate reflects the behaviour of the characteristic event model (Gaussian
distribution peaked on mean recurrence time and maximum magnitude, scaled according to the
conservation of the seismic moment): their characterization differs for the different kind of sources
(geological or historical) as it has been previously described.

The background seismicity, on the contrary, is defined by regular adjacent cell sources,
characterized by a G-R distribution in the 2.5<M<5.0 range. The parameters of the G-R
relationships derive from the analyses of the instrumental catalogue of the last two decades,
previously declustered to satisfy the requisites of independency of the events.

The maps of these two different ingredients are reported in Fig. 22. Results are those that refer
to a 90% probability of non-exceedence in 50 years, the standard deviation in the attenuation is
included. PGA is represented by quite large, irregular intervals, roughly corresponding to the
degrees of the macroseismic intensity scale (Decanini ef al., 1995): the pale blue colour, for PGA
< 0.1 g may be approximately considered the threshold of no damage. Surprisingly, the low-level
seismicity rates derived from the instrumental, short lasting observations, contribute to the hazard,
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Fig. 24 - Comparison of hazard results: small adjacent coloured squares are the grid of computation used by the Gruppo
di Lavoro (2004); large dots are those obtained in this study (see Fig. 23). The equivalence of the macroseismic degrees
of the MCS scale with PGA intervals (colours of the symbols) is only indicative.

both in known and in poorly known seismic regions: in fact, the rate of activity located offshore is
considerable, even if it is common practice to map the PGA results only on land.

The combination of the two layers of sources gives the results mapped in Fig. 23: the
computation is referred to the same stationary hypothesis and return time (7=475) of the most
recent maps (Gruppo di Lavoro, 2004). These results are overlapped in Fig. 24 for a visual
comparison. Independently of other characteristics of the model (e.g. logic tree, attenuation, etc.),
the proposed hazard maps peak the maximum shakings in more restricted areas, and raise the
expected shakings outside some well known seismic zones. These effects are essentially due to the
use of individual sources (representative of faults) and to the background seismicity derived
independently from any seismotectonic model.

The last issue was to introduce the time dependence into the seismic hazard assessment which 1
did by means of an artefact. The mean recurrence time of the individual sources (and therefore, the
annual rate of the characteristic event) is re-computed by imposing that the conditional probability
of having an event in the next years (Pry,) as being equal to the probability of a Poisson process
(Ppe;s) in the same time interval, using the formula:

P

Tdep =

Py =1—e"", )
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Fig. 25 - Seismic hazard maps of
the integrated model, referring to
30 years: (a) results referring to
stationary conditions (Poisson);
(b)  time-dependent  results
obtained for the next 30 years
from 2003, using equivalent
fictitious seismicity rates. Values
are PGA (in g) with exceedence
probability of 10%.
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Fig. 26 - Comparison of time-dependent and time-independent hazard results. PGA (in g) with exceedence probability
of 10% in 50-year observation period (same as Fig. 23): the differences are appreciable if there is a change of the class
represented by colours. The equivalence of the macroseismic degrees of the MCS scale with PGA intervals (colours of
the symbols) is only indicative (see the caption of Fig. 27).

where T, is the fictitious recurrence time, and Pry,, is the conditional probability obtained by the
BPT model, in the period of interest (¢ equal to 10, 30 and 50 years). This simplification, firstly
proposed by Wu et al. (1995), permits us to introduce equivalent fictitious seismicity rates into
traditional seismic-hazard codes, with an accuracy that is acceptable for engineering purposes.

The results may be therefore interpreted as the PGA values, not expected to be exceeded in the
next ¢ years from 2003 (year used to compute the elapsed times).

Fig. 25 shows the Poisson and time-dependent results referring to 30 years; Fig. 26 compares the
differences obtained on 50 years. Even if the colour classes represent quite large ranges of PGA
values, and the differences are limited to some areas, the introduction of time-dependence
significantly decreases the hazard in some limited portions of the territory while it increases in some
others.

Finally, the results have been aggregated following the administrative boundaries of the
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Fig. 27 - Aggregation of the seismic hazard results on the limits of administrative provinces: the maximum value of the
nodes inside a province is mapped, for time-dependent (full colour of the area) and time-independent (stars)
approaches. The PGA values refer to the non-exceedence probability of 90% in a 50-year observation period.

provinces, mapping the maximum value of the grid nodes falling inside their territory, following the
Poisson and time-dependent approaches: to have a more intuitive description of the shakings, PGAs
have been considered equivalent to macroseismic intensities, following the legend in Fig. 27. Some
provinces show a favourable situation while others expect more seismic hazard, if time-dependent
issues are considered.

These analyses have to be considered a preliminary, rough and tentative approximation to the
problem of determining the priorities in seismic risk mitigation.

6. Conclusions

The seismogenic source model developed in the frame of the GNDT project named “Probable
earthquakes in Italy from the year 2000 to 2030: guidelines for determining priorities in seismic risk
mitigation” (Amato and Selvaggi, 2004) is a first test to introduce individual sources and time-
dependency to the national scale seismic hazard assessment. Starting from the sources defined by
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the Database of Italy’s Seismogenic Sources (Valensise and Pantosti, 2001), I derived some of the
ingredients needed to characterize the seismicity occurrences of an individual source, and their
possible behaviour when treating them as a renewal process. These quantities are essentially: 1) the
magnitude of the maximum earthquake that is treated like a characteristic event; 2) the uncertainty
in magnitude estimate that is used to shape a Gaussian distribution; 3) the mean recurrence time,
associated to the characteristic event that is used to fix the annual number of events of the Gaussian
distribution; 4) the uncertainty in mean recurrence times that is used to fix the periodicity
characteristics of the BPT distributions, used for modelling the renewal process.

Then, I characterized the so-called background seismicity with an independent elaboration of the
instrumental catalogue of Italian earthquakes. After a filtering processing of the catalogue, capable
of obtaining a subset of independent events, the a- and b-values of the G-R relationship have been
computed by Isq regression on experimental data in a 20 km distance from the nodes of a grid; the
a-values are normalized to time and area units. The nodes having an acceptable dataset for the G-R
interpolation (at least 5 events) have been therefore used as centre of regular source cells whose
seismicity rates are shaped by the G-R relation, in the magnitude range 2.5-5.0.

This information permits us to compute: a) the probability of occurrence of a characteristic event
conditional to the time of the last event for all the individual sources (Fig. 20); b) the expected
shakings both under Poisson and non-Poisson assumptions (Figs. 23, 25 and 26).

As some arbitrary assumptions have been made to fill the lack of experimental data, the results
obtained must be considered mainly for their methodological approach to the problem and their
application to seismic protection strategies needs to be done with great caution.
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