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Abstract This work aims at the assessment of
the occurrence probability of future earthquakes
on the Italian territory, conditional to the time
elapsed since the last characteristic earthquake on
a fault and to the history of the following events
on the neighbouring active sources. We start from
the estimate of the probability of occurrence in
the period 2007–2036 for a characteristic earth-
quake on geological sources, based on a time-
dependent renewal model, released in the frame
of Project DPC-INGV S2 (2004–2007) “Assess-
ing the seismogenic potential and the probability
of strong earthquakes in Italy”. The occurrence
rate of a characteristic earthquake is calculated,
taking into account both permanent (clock ad-
vance) and temporary (rate-and-state) perturba-
tions. The analysis has been carried out on a wide
area of Central and Southern Italy, containing
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32 seismogenetic sources reported in the DISS
3.0.2 database. The results show that the estimated
effect of earthquake interaction in this region is
small if compared with the uncertainties affect-
ing the statistical model used for the basic time-
dependent hazard assessment.
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1 Introduction

In recent years, many models for earthquake
recurrence were proposed. The methodology
adopted in this study is based on the fusion of
the statistical renewal model called Brownian pas-
sage time (BPT, Matthews et al. 2002) with a
physical model. The latter computes the instanta-
neous change of the static Coulomb stress (�CFF)
for the computation of both the permanent and
the transient effects of earthquakes occurring on
the surrounding sources. The transient effects de-
rive from the rate-and-state model for earthquake
nucleation (Dieterich 1994).

According to the methodology developed in
the last decade (Stein et al. 1997; Toda et al.
1998; Parsons 2004) and applied by Console et al.
(2008), the probability of the next characteristic
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earthquake on a known seismogenic structure in a
future time interval starts from the estimate of its
occurrence rate, conditioned to the time elapsed
since the previous event. To do it, two parame-
ters are necessary: the expected mean recurrence
time and the aperiodicity of the renewal process
(Mc Cann et al. 1979; Shimazaki and Nakata
1980). Then, a physical model for the Coulomb
stress change caused by previous earthquakes on
this structure is applied. The influence of this
stress change is computed by the introduction of a
permanent shift on the time elapsed since the pre-
vious earthquake (clock advance or delay) or by
a modification of the expected mean recurrence
time.

The analysis has been carried out on a wide
area of Central and Southern Italy (40–43◦ N; 12–
17◦ E), containing 32 seismogenetic sources re-
ported in the DISS 3.0.2 database (DISS Working
Group 2006; Basili et al. 2008).

The area is dominated by a fairly uniform
extensional regime with a sub-horizontal σ 3-axis
normal to the Apenninic trend (i.e. SW–NE direc-
tion). Most of the sources exhibit a normal focal
mechanism characterised by NW–SE strike, but
we can also observe right-lateral strike-slip faults
with almost pure E–W trend.

1.1 Earthquake occurrence probability model
adopted

A procedure for seismic hazard assessment as-
sumes that all the larger earthquakes occur on
known faults for which the mechanism and the
size of the characteristic event is given. The
process requires the adoption of a probability den-
sity function f (t) for the inter-event time between
consecutive events on each fault and some basic
parameters of the model. Time-independent Pois-
son model and renewal model based on the knowl-
edge of the last event are the approaches most
widely used in literature. The time-independent
Poisson model uses an exponential function to
model the occurrence of earthquakes, and only
one parameter, i.e. the mean recurrence time, is
required. The renewal model is the simplest repre-
sentation of the non-stationarity on seismogenetic
processes, and several distribution functions such

as BPT, double exponential, gamma, lognormal
and Weibull have been applied.

In the lack of observational evidences, in this
study, we adopt the BPT distribution (Matthews
et al. 2002) to represent the inter-event time prob-
ability distribution for earthquakes on individual
sources. Unlike all the other renewal models,
which are based only on an arbitrary choice of
the probability density distribution, the BPT is
associated to considerations on the fault physi-
cal properties (Zöller and Hainzl 2007). For this
model, in addition to the expected mean recur-
rence time, Tr, the coefficient of variation (also
known as aperiodicity) α of the inter-event times
is required. When α > 1, the time series exhibits
clustering properties. Values below the unit in-
dicate the possible presence of periodicity, with
increasing regularity for decreasing α.

This distribution function is expressed as:

f (t; Tr, α) =
(

Tr

2πα2t3

)1/2
exp

{
− (t − Tr)

2

2Trα2t

}
(1)

In this study, we manipulate f (t) by discretised
numerical integration.

Given the probability density function and the
time of the last event, we may obtain the hazard
function h(t) under the condition that no other
event has occurred during the elapsed time t
(i.e. since the occurrence of the last characteristic
event) by the following equation:

h (t) = f (t)
S (t)

= f (t)
1 − F (t)

(2)

where S(t) is the survival function and F(t) is the
cumulative density function.

The hazard function allows the computation of
the probability that an event occurs between time
t and t + �t:

Pr [t < T ≤ t + �t|T > t] = Pr [t < T ≤ t + �t]
Pr [t < T]

=
∫ t+�t

t f (u) du

S (t)
(3)

This renewal process assumes that the occurrence
of a characteristic event is independent of any
external perturbation.

In real circumstances, earthquake sources may
interact so that earthquake probability may be
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either increased or decreased with respect to what
is expected by a simple renewal model. We con-
sider fault interaction by the computation of the
Coulomb static stress change or the Coulomb fail-
ure function (�CFF) caused by previous earth-
quakes on the investigated fault (King et al. 1994)
by:

�CFF = �τ + μ′�σn, (4)

where �τ is the shear stress change on a given
fault plane (positive in the direction of fault slip),
�σ n is the fault-normal stress change (positive
when unclamped), and μ′ is the effective coeffi-
cient of friction.

The algorithm for �CFF calculation assumes
an Earth model such as a half space characterised
by uniform elastic properties. Fault parameters
like strike, dip, rake, dimensions, and average
slip are necessary for all the triggering sources.
Fault mechanism is also needed for the triggered
source (receiver fault) in order to resolve the
stress tensor on it. As we are dealing mainly with
pre-instrumental events, for which details as fault
shape and slip heterogeneity are not known, we
assume rectangular faults with uniform stress shop
distribution.

The results of such computations show that
�CFF is strongly variable in space. As discussed
by Parsons (2005), the nucleation point of future
earthquakes is unknown. We do not know how
the tectonic stress is distributed and often have
no information about asperities. What is typically
known in advance is that the next earthquake is
expected to nucleate somewhere along the fault
plane. The �CFF is computed as the average
between the minimum and maximum depth on the
specific fault.

In this study, we consider that the nucleation
will occur where the �CFF has its maximum value
on the horizontal projection of the triggered fault.
The effect of Coulomb static stress changes on the
probability of an impending characteristic event
can be approached from two points of view (Stein
et al. 1997). The first idea is that the stress change
can be equivalent to a modification of the ex-
pected mean recurrence time, Tr, given as:

T ′
r = Tr − �CFF

τ̇
(5)

where τ̇ is the tectonic stressing rate. Alterna-
tively, the time elapsed since the previous earth-
quake should be modified from t to t′ by a shift
proportional to �CFF, that is:

t′ = t + �CFF
τ̇

(6)

According to Stein et al. (1997), both methods
yield similar results. In our applications, the al-
ternative between the first and the second view
has been decided, in favour of the second one, as
explained in Section 3.

Equations 5 and 6 express what has been called
“permanent effect” of the stress change by Stein
et al. (1997). Then, we need to consider the so-
called transient effect, due to rheological proper-
ties of the slipping faults. The application of the
Dieterich (1994) constitutive friction law to an
infinite population of faults leads to the expression
of the seismicity rate as a function of time after a
sudden stress change:

R(t) = R0[
exp

(−�CF F
Aσ

) − 1
]

exp
(

t
ta

)
+ 1

(7)

where R0 is the seismicity rate before the stress
change, A is a dimensionless fault constitutive
parameter, σ is the normal stress acting on the
fault, ta is a time constant (corresponding to the
time at which the rate returns back to the back-
ground value) equal to Aσ

/
τ̇ , and τ̇ is the tectonic

stressing rate (supposed unchanged by the stress
step). The values of this latter parameter have
been obtained for each source as explained later
in Section 3.

In all our applications of Eq. 7, the Aσ free
parameter of the model works as a single parame-
ter. Its value can be determined by experimental
observations on real seismicity rather than being
derived from assumptions on A and σ separately.
In this study, we considered Aσ = 0.02 Mpa, a
value obtained by a maximum-likelihood best fit
of the free parameters of the model applied on a
previous unpublished analysis of the Italian seis-
micity. The time-dependent rate R(t) goes to zero
when time goes to infinity.

We apply Eq. 7 to individual faults, with the
substitution of the instantaneous value of the
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conditional occurrence rate in place of the con-
stant background rate R0. The assumption of a
constant occurrence rate, although the conditional
probability obtained for the BPT increases with
elapsed time, is justified by the fact that the con-
ditional occurrence rate changes more slowly than
R(t) because the time constant Tr (typically hun-
dreds to thousands of years) is much larger than ta
(typically few years; Stein et al. 1997).

Once the time-dependent rate R(t) is estimated
by Eq. 7, the expected number of events N over
a given time interval (t, t + �t) is computed by
integration:

N =
∫ t+�t

t
R (t) dt (8)

Under the hypothesis of a generalised Poisson
process, we may finally estimate the probability of
occurrence for the earthquake in the given time
interval:

P = 1 − exp (−N) (9)

2 Data and results

In this study, we consider a wide region of the
Apennines, limited by the rectangle of coordi-
nates 40–43◦ N and 13–17◦ E (Fig. 1). The im-
plementation of the method outlined in the pre-
vious section requires quantitative information
about the seismogenetic faults that may inter-
act among each other, such as the hypocentral
coordinates, the expected magnitude, the focal
mechanism, the fault size, the average slip, the
mean recurrence time, and the date of the last
event. For this purpose, we used the most com-
prehensive compilation of information available
about Italian seismogenic sources: the Database
of Individual Seismogenic Sources (DISS) owned
by Istituto Nazionale di Geofisica e Vulcanologia
(DISS Working Group 2006; Basili et al. 2008).
Table 1 shows, for the 32 sources examined in
this study, besides the code and name of the
sources, some of the above-cited quantitative in-
formation, as reported in the DISS 3.0.2 data-
base or supplied by other investigators during the
project. Some sources in the investigated area
have been discarded, as they lack the date of

Fig. 1 Map of the area
in analysis, including both
32 seismogenetic sources
(database DISS 3.0.2,
September 2006) on
which the probability
computation is done
(labelled in black) and
12 seismogenetic ones
added for the �CFF
computation in used
in this study (labelled
in grey without star).
The sources indicated
with a star have not been
used in the analysis
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Table 1 Parameters of the seismogenetic sources considered in this study: data coming from DISS 3.02, except the last
columns (Peruzza 2007)

GG GG name Last event M Strike Dip Rake Trmin/TrmaxDiss Tr/alpha

ITGG002 Fucino Basin 13/1/1915 6.7 145 60 270 1,400/2,600 563/0.21
ITGG004 Boiano Basin 26/7/1805 6.6 304 55 270 970/9,700 1,333/0.23
ITGG005 Tammaro Basin 6/5/1688 6.6 311 60 270 900/9,000 1,317/0.17
ITGG006 Ufita Valley 29/11/1732 6.6 308 60 270 840/8,400 1,308/0.13
ITGG008 Agri Valley 16/12/1857 6.5 316 60 270 740/7,400 1,172/0.11
ITGG010 Melandro-Pergola 16/12/1857 6.5 317 60 270 570/5,700 940/0.07
ITGG015 Montereale Basin 2/2/1703 6.5 147 60 270 720/7,200 1,170/0.1
ITGG016 Norcia Basin 14/1/1703 6.5 157 60 270 2,000/10,000 1,830/0.1
ITGG019 Sellano 14/10/1997 5.6 144 40 260 700/2,100 410/0.19
ITGG022 San Marco Lamis 6/12/1875 6.1 95 80 215 700/4,800 665/0.36
ITGG026 Amatrice 7/10/1639 6.1 150 65 270 1,075/1,954 1,319/0.04
ITGG027 Sulmona Basin 3/12/1315 6.4 135 60 270 942/1,100 888/0.1
ITGG028 Barrea 7/5/1984 5.8 152 50 264 700/2,700 523/0.1
ITGG052 San Giuliano di Puglia 31/10/2002 5.8 267 82 203 700/2,000 498/0.25
ITGG053 Ripabottoni 1/11/2002 5.7 261 86 195 700/1,800 442/0.29
ITGG054 San Severo 30/7/1627 6.8 266 80 215 900/9,000 1,687/0.22
ITGG061 Foligno 13/1/1832 5.8 330 30 270 700/3,500 598/0.19
ITGG062 Trevi 15/9/1878 5.5 330 30 270 700/2,500 436/0.26
ITGG070 Offida 3/10/1943 5.9 150 35 90 700/4,000 701/0.25
ITGG077 Colliano 23/11/1980 6.8 310 60 270 1,680/3,140 1,971/0.44
ITGG078 San Gregorio Magno 23/11/1980 6.2 300 60 270 1,680/3,140 825/0.54
ITGG079 Pescopagano 23/11/1980 6.2 124 70 270 1,680/3,140 914/0.09
ITGG080 Cerignola 20/3/1731 6.3 269 80 180 700/6,000 959/0.17
ITGG081 Melfi 14/8/1851 6.3 269 80 180 700/6,600 964/0.21
ITGG082 Ascoli Satriano 17/7/1361 6.0 269 80 180 700/4,200 685/0.11
ITGG083 Bisceglie 11/5/1560 5.7 269 80 180 700/2,900 490/0.07
ITGG084 Potenza 5/5/1990 5.7 95 88 175 700/2,600 508/0.21
ITGG088 Bisaccia 23/7/1930 6.7 280 64 237 950/9,500 1,460/0.16
ITGG092 Ariano Irpino 5/12/1456 6.9 85 70 230 2,000/20,000 2,082/0.54
ITGG094 Tocco da Casauria 30/12/1456 6.0 89 70 230 700/4,500 699/0.12
ITGG095 Frosolone 30/12/1457 7.0 83 70 230 2,500/25,000 2,469/0.18
ITGG096 Isola del Gran Sasso 5/9/1950 5.7 95 75 225 700/2,500 524/0.26

the last event, i.e. ITGG001 (Ovindoli-Pezza),
ITGG003 (Aremogna-Cinque Miglia), ITGG025
(Campotosto) and ITGG089 (Carpino-Le Piane),
indicated with a star in Fig. 1; the release of the
database (DISS 3.02) is the one chosen as refer-
ence model by all the teams working at S2 Project.

Considering the methodological character of
this study, we accept that the sources given in the
DISS release the tectonic stress mainly through
characteristic earthquakes, even in lack of evi-
dence for the validity of the characteristic earth-
quake model in the region under study.

We made direct use of the BPT model de-
scribed by Eq. 1 with the purpose of a method-
ological investigation about its properties. The

computation of the occurrence conditional prob-
ability of future earthquakes would require the
knowledge of the mean recurrence time of char-
acteristic earthquakes, based on historical or pale-
oseismological data.

In lack of historical data spanning a time inter-
val significantly longer than the mean recurrence
times on the analysed sources and given also the
rareness of paleoseismological data for most of
the same sources, we decided to use both the mean
recurrence time Tr, the aperiodicity parameter α,
and the time elapsed since the latest event for
each of the 32 seismogenetic sources obtained by
L. Peruzza for the INGV-DPC S2 project. These
data are reported in the last column of Table 1.
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A report on the abovementioned project has been
reported in 2007 by Peruzza.

The computation of the hazard function con-
ditional to the time elapsed since the latest char-
acteristic earthquake has allowed the estimate of
the probability of occurrence of the next possi-
ble event in a future time interval (in our case,
assumed 30 years long starting on 2007). These
probabilities are shown in Table 3.

We have then analysed the variation of these
probabilities by the perturbation produced on the
specific individual source by the cumulative stress
changes due to the co-seismic slip of all earth-
quakes that occurred after the latest characteristic
earthquake on a certain fault segment.

Among the events that could have potentially
changed the stress conditions on the studied faults,
we have considered:

– The latest characteristic events associated to
the same seismogenetic sources (43 earth-
quakes reported in DISS), including 11 earth-
quakes occurred in the surrounding areas;

– The events reported in the CPTI04 (2004)
catalog associated to the Areal Sources (113
events with Mw ≥ 5.0) from results of Task 1
of the INGV-DPC S2 project (Fig. 2);

– The events reported in the catalog CSI (1986–
2002, three events with Ml ≥ 5.0) (Chiarabba
et al. 2005) plus those reported in the more
recent bulletins (2003–2006, two events with
Ml ≥ 5.0) (Fig. 2).

The stress change was computed for each of the
32 receiving sources (Table 1), using the parame-
ters released in the DISS database (origin time
of the latest event, hypocentral coordinates, fo-
cal mechanism, fault size and average slip). The
earthquake mechanism is needed for both the
triggering and receiver faults.

The focal mechanisms of the causative events
needed for the stress change computation have
been taken from the DISS database for the re-
spective sources or inferred from the seismogenic
areas to which the events not reported in the DISS
database belonged.

We have computed the clock change, �t, by
the ratio between �CFF and τ̇ (tectonic stress
change rate). The time change is positive (the
fault becomes closer to failure) if the Coulomb
stress change is positive. In the opposite case
(negative change), the fault becomes farther from
failure, being possible, in extreme situations, that
the elapsed time is reset to zero. The values of τ̇

Fig. 2 Map of the events
considered in the analysis.
The seismogenetic areas
to which these events are
supposed to belong are
also indicated
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Table 2 Physical parameters used for computing the time change

GG Strain rate Tau_dot �CFF (MPa) �t = �CFF/
(nanostrain/year) (Pa/year) tau_dot (year)

ITGG002 17.0 412.3 −0.4300 −1042.9
ITGG004 22.7 597.3 0.0036 6.0
ITGG005 22.7 597.3 0.2300 385.0
ITGG006 22.7 597.3 0.2900 485.5
ITGG008 16.4 397.8 0.0102 25.6
ITGG010 16.4 397.8 0.0203 51.0
ITGG015 16.4 397.8 0.2046 514.2
ITGG016 17.0 412.3 0.6107 1481.1
ITGG019 42.8 1180.1 0.0001 0.1
ITGG022 1.2 33.6 0.0143 426.2
ITGG026 14.9 319.7 0.0761 238.1
ITGG027 14.9 361.4 0.0461 127.5
ITGG028 17.0 468.8 0.0003 0.7
ITGG052 0.9 25.2 −0.0525 −2084.9
ITGG053 0.9 25.2 0.0000 1.1
ITGG054 0.9 25.2 0.0261 1037.6
ITGG061 9.3 225.5 0.0423 187.4
ITGG062 9.3 225.5 −0.0168 −74.4
ITGG070 11.5 302.5 0.0031 10.3
ITGG077 16.4 397.8 0.0007 1.7
ITGG078 16.4 397.8 0.0017 4.2
ITGG079 35.3 635.7 0.0001 0.2
ITGG080 1.0 28.0 −0.0797 −2845.4
ITGG081 1.2 33.6 −0.3104 −9237.7
ITGG082 1.0 28.0 −0.0359 −1283.2
ITGG083 1.0 28.0 −0.0087 −309.3
ITGG084 6.9 193.2 −0.0545 −282.1
ITGG088 5.2 145.6 −0.2529 −1737.1
ITGG092 3.6 100.8 0.4055 4022.8
ITGG094 1.4 25.2 0.1044 4143.8
ITGG095 24.8 694.4 0.1197 172.4
ITGG096 3.8 53.3 0.0003 5.0

have been computed for each source by the strain
rate obtained by S. Barba for the INGV-DPC S2
project. These values of strain rate were obtained
by different numerical models of deformation for
Italy using a finite element method and calculat-
ing the nodal velocity by the weighted residual
method through the use of the software SHELLS
(Bird 1999) suitably modified to include the rep-
resentation of the seismogenic Italian faults.

The strain tensor has been resolved on the
specific source, taking into account the mechanism
of its characteristic earthquakes. The values of
the shear strain component so obtained allows the
computation of τ̇ multiplying it by μ = 3 × 103Pa.

Table 2 contains, for the 32 seismogenetic
sources, the physical parameters relevant for the
computation of the clock advance or delay: the
strain and the stress rate obtained from geodetic
observations, the stress change caused by the sub-
sequent earthquakes and the time change (�t =
�CFF/τ̇ ).

For some of the 32 sources, the clock advance
was larger than the mean recurrence time of the
source itself. In this case, Eq. 5 cannot be applied.
Therefore, for this reason, we always use Eq. 6 for
the computation of a modified larger elapsed time.
On the contrary, if the clock delay is negative and
its modulus is larger than the elapsed time, Eq. 6
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Table 3 Results of the statistical analysis

GG Elapsed �t (year) Mean recurrence P(30) (%) P_mod(30) (%) P_trans(30) (%)
time (year) time (year)

ITGG002 92 −1042.9 562.5 0.0 0.0 0.0
ITGG004 202 6.0 1332.5 0.0 0.0 0.0
ITGG005 319 385.0 1317.1 0.0 0.0 0.0
ITGG006 275 485.5 1307.7 0.0 0.0 0.0
ITGG008 150 25.6 1171.6 0.0 0.0 0.0
ITGG010 150 51.0 940.4 0.0 0.0 0.0
ITGG015 304 514.2 1170.3 0.0 0.1 0.0
ITGG016 304 1481.1 1830.3 0.0 12.7 10.9
ITGG019 10 0.1 410.2 0.0 0.0 0.0
ITGG022 132 426.2 665.1 0.0 9.2 1.3
ITGG026 368 238.1 1318.5 0.0 0.0 0.0
ITGG027 692 127.5 888.1 1.4 15.6 12.8
ITGG028 23 0.7 523.2 0.0 0.0 0.0
ITGG052 5 −2084.9 498.3 0.0 0.0 0.0
ITGG053 5 1.1 442 0.0 0.0 0.0
ITGG054 380 1037.6 1687.1 0.0 4.1 1.3
ITGG061 175 187.4 598.1 0.0 1.1 0.6
ITGG062 129 −74.4 435.7 0.0 0.0 0.0
ITGG070 64 10.3 701.1 0.0 0.0 0.0
ITGG077 27 1.7 1970.9 0.0 0.0 0.0
ITGG078 27 4.2 824.6 0.0 0.0 0.0
ITGG079 27 0.2 914.3 0.0 0.0 0.0
ITGG080 276 −2845.4 958.6 0.0 0.0 0.0
ITGG081 156 −9237.7 964.3 0.0 0.0 0.0
ITGG082 646 −1283.2 684.5 23.0 0.0 0.0
ITGG083 447 −309.3 489.9 29.6 0.0 0.0
ITGG084 17 −282.1 507.8 0.0 0.0 0.0
ITGG088 77 −1737.1 1459.8 0.0 0.0 0.0
ITGG092 551 4022.8 2081.8 0.3 2.9 2.9
ITGG094 551 4143.8 698.8 4.1 0.0 0.0
ITGG095 551 172.4 2468.5 0.0 0.0 0.0
ITGG096 57 5.0 523.7 0.0 0.0 0.0

would provide a negative modified elapsed time
t′. In this case, we fix t′ = 0, as the receiving event
had just occurred.

These so modified elapsed times have been
used for computing new probabilities of an earth-
quake exceeding the threshold magnitude for the
next 30 years after 1 January 2007.

As an example of how our procedure works,
if we have a fault with Tr = 1, 000 years, t =
800 years, α = 0.5, Eq. 3 gives P(30) = 5.1%. If
we assume now a positive clock change �t =
400 years and t′ = 1, 200 yr, the same equation
gives an increased probability Pmod(30) = 6.1%.

The instantaneous occurrence rates have been
used in the application of the rate-and-state model
by Eq. 7 for the estimate of the transient effect

assuming R0 = h(t). The probability connected to
the transient effect, combined with the permanent
effect, has been computed by Eqs. 8 and 9. For
the application of Eq. 7, the time constant ta has
been obtained through its definition ta = Aσ

/
τ̇ ,

where τ̇ , the tectonic stressing rate in the area, is
the same as that used for the computation of the
clock change on the fault.

Table 3 reports, for each of the 32 sources, the
time elapsed since the last earthquake, the mean
recurrence time, the conditional occurrence prob-
ability in the next 30 years, P(30), the probability
modified by the permanent effect of the subse-
quent earthquakes, P_mod(30), and the probabil-
ity obtained from the sum of the permanent and
the transient effect, P_trans(30).
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3 Discussion

As an example of the adopted methodology, the
computation of the �CFF on the Melandro–
Pergola fault is shown in Fig. 3.

It is possible to note how the events subsequent
to the December 13, 1857 earthquake caused on
the different parts of this structure positive stress
changes ranging between 0.02 and 0.2MPa.

Failure is encouraged in the source parts where
�CFF is positive and discouraged if it is negative.
The zones with a positive change will have an
advance in the expected occurrence time (clock
change) of the next large earthquake on the
examined source. In the Electronic supplemen-
tary materials, the full set of maps representing
the earthquake-after-earthquake Coulomb stress
changes is given.

From Table 3, it can be noted that, for most of
the sources, the renewal model forecasts a negligi-
ble probability of occurrence for the next 30 years,
due to the relatively short elapsed time, compared
with the mean recurrence time. On the contrary,
the sources with elapsed time close to the mean
recurrence time exhibit high hazard because of the
high periodicity due to very small alpha values.
The only two sources that exhibit a probability
larger than 20% are ITGG082 (Ascoli Satriano)
and ITGG083 (Bisceglie). It is important to note

that a time-independent uniform Poisson model
would lead to more uniform probability estimates,
ranging from 1.2% to 7.5% in 30 years, if the
maximum and minimum mean recurrence times
given by DISS compilers are taken.

It is interesting to note also that, for some of
the sources, the stress change due to the subse-
quent events, producing a clock advance of sev-
eral hundred years, has affected the probability of
occurrence, increasing significantly its value. This
happened in particular, for Norcia Basin (12.7%),
San Marco in Lamis (9.2%), Sulmona Basin
(15.6%), San Severo (4.1%), Foligno (1.1%) and
Ariano Irpino (2.9%). Conversely, the relatively
high probability of the two previously mentioned
faults (ITGG082 and ITGG083) has dropped to
zero due to the negative value of �CFF in their
area and a consequent large clock delay.

The probabilities obtained from the transient
effect are generally smaller than the conditional
probabilities obtained from the permanent effect
only. This is due to the assumption of constant
background rate made for the application of the
rate-and-state model. Anyway, the transient effect
decays as the supply of nucleation sites is con-
sumed; the duration of the transient is inversely
proportional to the fault stressing rate.

In Fig. 4, the expected probability values in the
next 30 years, starting on January 1, 2007, have

Fig. 3 Coulomb failure
change at a depth of
5.9 km caused by all
earthquakes after
December 16, 1857. The
focal mechanism used in
the computation for the
receiver fault is assumed
the same as that of the
“Melandro-Pergola”
earthquake. The fault
plane solutions of the
seismogenetic sources
(red boxes) and the events
of the CPTI04 that have
failed after December 16,
1857 have been added
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Fig. 4 Maps showing the conditional occurrence probabil-
ities obtained for a characteristic earthquake in the next
30 years starting in January 1, 2007 for the 32 seismogenic
sources considered in this study. top Probabilities obtained
from the permanent effect only. bottom Probabilities ob-
tained from the sum of the permanent and transient effects

been plotted on a map of seismogenetic sources.
The top panel shows the probabilities obtained
from the permanent effect only. The bottom panel
shows the probabilities obtained from the sum of
the permanent and transient effects.

The higher probability is related to Norcia
Basin (10.9%) and Sulmona Basin (12.8%). The
last characteristic events have occurred on these
two sources on January 14, 1703 and December 3,
1315, respectively (Table 1).

4 Conclusions

We have applied an algorithm modelling the per-
manent and transient effects of the stress interac-
tion among faults to 32 seismogenic faults of the
Southern Apennines in Italy, which are described
in the DISS 3.0.2 database.

The first important conclusion that can be
drawn from our study is that the renewal model
predicts negligible probabilities of failure of these
faults for the next 30 years, except for a few of
them. This result is easily explained by the fact
that the time elapsed since the latest characteristic
earthquake is shorter than the estimated recur-
rence time for most of the sources examined in
this study.

The permanent effect of the stress change af-
fects the conditional probability obtained from the
unperturbed model in different ways: For some
of them, the probability is significantly increased,
while for a few others, it is decreased.

The transient effect, modeling a sort of after-
shock rate decay, has a minor role after more
than 5 years since the latest event reported in
the database, the San Giuliano di Puglia, 2002
earthquake.

We conclude that the application of a time-
dependent renewal model and the inclusion of
stress change effects on the earthquake proba-
bility computations may significantly affect the
results. The quality of the input data necessary for
the estimate of the time-dependent earthquake
hazard, such as the mean return time and the co-
efficient of variation of the BPT model, is a critical
factor for the reliability of such estimates. This cir-
cumstance, and the rareness of strong earthquakes
in the study area, that makes it nearly practically
impossible to validate renewal models, does not
allow to draw results that can be reliably adopted
in substitution of the time-independent Poisson
hypothesis based on the Gutenberg–Richter rela-
tionship (Console et al. 2008).

The analysis developed in the frame of S2
project and used in this work are publicly available
(http://legacy.ingv.it/progettiSV/).
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