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ABSTRACT	 Italy is one of the most seismically active countries in Europe. In the last decade, 
three seismic sequences produced extensive damage in central Italy and caused 
more than 600 fatalities. The fault-based models developed for this area in the past 
have shown better performances with respect to the standard approaches; they 
consider each fault independently as an individual seismogenic source and do not 
contemplate the occurrence of multi-fault earthquakes but seismological, geological, 
and paleoseismological studies in central Italy suggest that multi-fault earthquakes 
can occur in the Apennines. Then, it is necessary to apply a modern fault-based 
approach that includes the occurrence of multi-fault earthquakes, where earthquakes 
can rupture multiple faults during the same event going, thus, beyond strict fault 
segmentation assumptions. I used a public available tool (SUNFiSH) to obtain multi-
fault earthquakes occurrences in central Italy, by defining a fault model and assigning 
to each subsection a slip rate value through a geologic deformation model. Then, I 
compared the long-term time-independent earthquake rates of all possible ruptures 
computed by this approach with the time-independent activity rates obtained by using 
individual seismogenic sources, and with the observed historical rates. Results highlight 
the necessity to consider a model that relaxes segmentation and considers the multi-
faults events similarly to what has been done, for example, in western U.S.A.

1. Introduction

Probabilistic seismic hazard analysis (PSHA) is the most commonly accepted and worldwide 
used methodology to estimate seismic hazard and to improve earthquake resilience (Cornell, 
1968). A key aspect in PSHA is the evaluation of earthquake rates that could occur in a region 
and the definition of all possible seismogenic sources, which may range from well-defined active 
faults to wide scale seismotectonic provinces. The use of active faults, as source input for seismic 
hazard analysis, allows us to capture the recurrence of large-magnitude events usually not 
represented in the earthquake catalogues, thus improving the reliability of hazard assessment. 
In the last 20 years, fault-based PSHA has become a consolidated approach in many countries 
characterised by high strain rates and seismic releases (Stirling et al., 2012; Field et al., 2014) 
but also in regions with moderate-to-low strain rates (Jomard et al., 2017; Valentini et al., 2017). 
In Europe, a working group established in 2016 and called Fault2SHA (https://fault2sha.net), is 
promoting the debate about the best use of active faults in seismic hazard analyses, with several 
initiatives aimed at sharing ideas and comparing models to improve fault-based PSHA (see for 
example Pace et al., 2018).
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Currently, the approach mainly used for fault-based PSHA in Europe and in particular in 
central Italy adopts strictly segmented fault source model (e.g. Pace et al., 2010; Valentini et al., 
2019). Despite using a simple methodology, fault-based approaches in central Italy give a better 
performance than standard models just based on distributed-seismicity sources. This is because, 
the fault’s slip rate can describe longer seismic cycles and extend the observational time required 
to capture the recurrence of large-magnitude events, thus improving the reliability of seismic 
hazard assessments. Indeed, the 2016-2017 seismic sequences in central Italy highlighted that a 
zone-based source model is not able to model local spatial variations in ground motion (Meletti 
et al., 2016). These analyses consider that each fault behaves independently, as an Individual 
Seismogenic Source (ISS) that can rupture partially or entirely during an earthquake; thus, 
the measured maximum rupture length and maximum rupture area can be used to infer the 
maximum expected magnitude and slip per event. The locations and sizes of possible ruptures 
are strictly connected with the concept of fault segmentation, in which a segment boundary 
acts as a persistent barrier to rupture propagation; it has been introduced by several authors in 
order to define the seismogenic potential of each ISS within large fault system (e.g. Wesnousky 
et al., 1983; Schwartz and Coppersmith, 1984; Boncio et al., 2004). In this way, the occurrence of 
multi-fault earthquakes, i.e. earthquakes that rupture several faults (or a portion of them) during 
a single seismic event, such as the 2016 Mw 7.8 Kaikoura earthquake (Hamling et al., 2017), is not 
considered and, thus, it does not enter in fault-based analysis.

Similarly to New Zealand, the 2016 central Italy seismic sequence has shown that two well-
distinguished active normal faults of the central Apennines fault system can rupture at the 
same time during one seismic event (e.g. Lavecchia et al., 2016; Pucci et al., 2017). In addition, 
palaeoseismology and structural geology studies in this region prompt out that multi-fault 
earthquakes can occur. For instance, Galli et al. (2011), following palaeoseismological studies, 
suggest that the 1703 Mw 6.7 earthquake ruptured at the same time several faults across the 
total extension of the Aterno Valley fault system, suggesting the occurrence of multi-fault 
earthquakes within the Apennines. More recent structural geology studies carried out by Iezzi 
et al. (2019) argue that the 2009 L’Aquila Mw 6.3 earthquake represents a partial rupture within 
a more complex fault system. Via a comparison between the long-term and post last glacial 
maximum (15 ± 3 kyr) throw rates along the Aterno Valley fault system, the authors infer that 
seismic ruptures seem capable to jump from one fault to another, during the same seismic event, 
producing multi-fault earthquakes. Moreover, the authors show that the 2009 L’Aquila Mw 6.3 
event shared several of the features observed for the 2016 central Italy sequence, such as the 
asymmetric overall long-term throw profile and numerous fault strands arranged across the main 
strike of the overall fault. These findings led the authors to suggest that, given the structure of 
the central Apennines fault system, where faults are commonly interconnected and close to each 
other, the occurrence of multi-fault earthquakes should be further investigated and taken into 
account in seismic hazard assessments.

Looking back to the last century, central Italy has been struck several times by moderate 
to strong earthquakes, with an Mw up to 7 (Fig. 1). According to geodetic data, central Italy 
is affected by NE-directed extension at rates of 2-3 mm/yr (Faure Walker et al., 2010, 2012; 
D’Agostino et al., 2011). The extension is accommodated by systems of NW-SE striking normal 
faults (Fig. 1), dipping mostly to the SW, and with surface fault lengths that range mostly 
between 15 and 30 km (e.g. Boncio et al., 2004; Roberts and Michetti, 2004). Several are the 
pieces of evidence that constrain the present activity of the Apennine normal faults, such 
as Late Pleistocene - Holocene slip from fault scarp analysis (Roberts and Michetti, 2004; 
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Schlagenhauf et al., 2011), paleoearthquakes (Galli et al., 2008; Cinti et al., 2011), historical 
earthquakes (Rovida et al., 2016), and instrumental seismicity (Chiaraluce et al., 2017). Several 
authors proposed a compilation of individual seismogenic sources for this area (Barchi et 
al., 2000; Galadini and Galli., 2000; Valensise and Pantosti, 2001; Boncio et al., 2004; Basili 

Fig. 1 - Faults used in this work and the instrumental seismicity (Mw ≥ 5.0) of the last 20 years in the central Apennines. 
Yellow, light green, and cyan stars are all the earthquakes with a magnitude higher than, or equal to, 5. For the main-
shocks of each sequence the focal mechanisms have been reported. The epicentres and the focal mechanism for each 
sequence come from Chiaraluce et al. (2004, 2011, 2017), for Colfiorito, L’Aquila, and central Italy, respectively. Empty 
squares indicate the epicentres of the events from CPTI15 catalogue (Rovida et al., 2016). The numbers represent the 
identification number of each fault (see Table 1). 
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et al., 2008; Valentini et al., 2017) yielding active fault databases very different in concepts 
and results. All these pieces of evidence and results have allowed, over the past 20 years, to 
identify and map 25 principal active normal faults (Fig. 1) that make central Italy the area with 
the most detailed knowledge of active faults and best known area in Italy where fault-based 
PSHA analysis can be performed.

Since previous works (e.g. Pace et al., 2006) have considered these faults only as ISS, it 
is interesting in this region to apply a seismic hazard model that includes the occurrence of 
multi-fault earthquakes, where earthquakes can rupture multiple faults during the same event, 
and that relaxes fault segmentation assumptions. This work aims at modelling multi-fault 
earthquakes and corroborating the geological and paleoseismological observations of multi-
fault earthquakes (DePolo et al., 1991; Suter, 2015; Nicol et al., 2018), through a comparisons 
among the magnitude-frequency distributions (MFDs) computed by: 1) a model that relaxes fault 
segmentation assumptions, 2) the classical strictly segmented approach, and 3) the historical 
catalogue (Rovida et al., 2016).

Finally, this analysis can be considered preliminary to Uniform Californian Earthquake Rupture 
Forecast (UCERF) like approach. This topic has been partially faced up in the Discussion section 
and should be addressed further in future works, with the aim to state whether the UCERF 
version 3 (UCERF3) framework is suitable for the whole Apennine chain.

2. Overview of methods for the calculation of multi-fault occurrence models

Several recent events, such as the 2016 Mw 7.8 Kaikoura earthquake and the 2016 central Italy 
seismic sequence, highlighted the need to include the multi-fault earthquakes and relaxation 
of fault segmentation in PSH models. In this sense, the latest UCERF3 (Field et al., 2014) is 
probably the most advanced model developed to date; it yields estimates of the magnitude, 
locations, and frequency of earthquakes using a fault source model that includes about 270 
faults, throughout the California region, relaxing fault segmentation and allowing multi-fault 
earthquakes. Recently, the UCERF approach has been applied also for the Wasatch fault system 
(Valentini et al., 2020) showing that the degree to which a segmentation model is enforced 
has a great impact on hazard. The model framework is composed by four main components: 
the fault model, the deformation model, the earthquake rate, and the probability models. The 
fault model defines the possible rupture surfaces and gives the spatial geometry of the major  
(>10 km), known, and active faults throughout the region. The fault model is composed by a 
list of faults, where each fault is described by a name, a list of coordinates of the fault trace, 
upper and lower seismogenic thickness, and an average dip and rake estimate. UCERF3 divides 
the faults into smaller sections (also called subsections) and all possible rupture combinations 
are investigated applying a set of geometric and physical rules. The deformation model assigns 
to each fault the slip rates required to compute the occurrence rates. Four deformation models 
have been developed for UCERF3, one is a geologically “pure” model not influenced by geodetic 
observations and the other three are kinematically consistent models including both geodetic 
and geological data. The earthquake rate model provides the long-term rate of all possible 
earthquakes above a magnitude threshold and it is computed using an inversion methodology 
(Page et al., 2014). The earthquake rate model is defined for two types of sources: 1) ruptures 
larger than the seismogenic depth occurring on the modelled faults and 2) other earthquakes 
modelled as background seismicity on a 0.1°×0.1° grid. Finally, the probability model gives the 
probability that earthquake will occur during a specified time span.
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Similarly to UCERF3, but without relying on inversion methodology, Chartier et al. (2017) 
proposed a novel methodology (called SHERIFS) where ruptures can be limited to one fault 
or involve several faults allowing multi-fault earthquakes. Here, the rate of earthquakes 
is computed following a forward incremental approach and three rules: i) the MFD of the 
modelled seismicity is defined at the fault system level and must follow an imposed shape, ii) 
the slip-rate budget of each fault must be preserved in the calculation, and iii) the ruptures 
are defined as input and explored randomly. This methodology allows the modeller to build 
seismic hazard model using geologic/geodetic slip rates of each section and to allow multi-
fault earthquakes. Moreover, SHERIFS has been recently published as an open-source python 
code (Chartier et al., 2019) provided by an interactive user-friendly interface. SHERIFS contains 
also some user-friendly tools to calculate the annual rate of multi-fault earthquakes in a fault 
system based on the slip-rate estimates and to account for associated background seismicity 
defined by the hazard modeller as the ratio of seismicity occurring on the modelled faults for 
different ranges of magnitude.

Similarly, Visini et al. (2020) presented two other tools to compute the rates of ruptures 
along a complex fault system, one based on assumed rupture scenarios (called SUNFiSH) and 
one based on floating rupture scenarios (called FRESH). SUNFiSH discretises the fault system 
into n equal-length subsections and defines the total number of possible combinations as a 
set of contiguous subsection combinations. Then, a slip rate value, derived from a slip rate 
profile, is assigned to each rupture and a characteristic magnitude is computed following Pace 
et al. (2016). Finally, seismic moment rate of each rupture is computed and scaled taking into 
account a regional seismic moment rate value computed by the modeller taking into account 
the data available for a given source. FRESH adopts the same floating rupture mechanism 
used in the OpenQuake engine (Pagani et al., 2014) with the main difference that the activity 
rates are proportional to a slip rate profile and not uniformly distributed along the strike of 
the fault. To relax segmentation, FRESH defines geometries of all possible ruptures associated 
with a fault system throughout a mesh grid useful to sample the fault plane and to define 
the geometry of each rupture. Then, the regional magnitude frequency distribution (MFD), 
computed by the users and representative of the fault system, is used to define the global 
rates of occurrence modelled by FRESH with the sum of activity rates of each rupture for a 
given magnitude equals to the regional MFD.

Among the above-mentioned approaches that allow multi-fault earthquakes and relax fault 
segmentation, UCERF3 is the one mostly data-driven, as it uses the biggest amount of available 
information to satisfy simultaneously seismological, geological, paleoseismological, and geodetic 
constraints; conversely SHERIFS, FRESH, and SUNFiSH need basic knowledge of the slip rate, 
rupture geometries, and adopt some assumptions on MFDs, even if with some differences 
related to the way these parameters are modelled (Visini et al., 2020).

Considering that in central Apennines 1) the geological and seismological records are abundant 
but not sufficiently detailed for an UCERF3-like approach, and 2) the activity rates computed in 
SUNFiSH, FRESH, and SHERIFS provide mostly the same MFD shape (see Fig. 5 in Visini et al., 
2020), in this work I apply only the SUNFiSH approach to the seismically active portion of central 
Italy (Fig. 1), then I compare these results with the ones obtained using a classical approach based 
on individual sources and earthquake catalogue. The sensitivity analyses among the approaches 
that relax segmentation rules and allow the multi-fault earthquakes and the impact in hazard 
estimation in terms of expected ground shaking are topics beyond the scope of this paper and 
could be explored in further studies.
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3. Multi-fault earthquakes and relaxation of fault segmentation assumptions in 
the central Apennines

In this section, I provide more information about the SUNFiSH approach and how it has been 
applied to central Italy. The application of SUNFiSH can be summarised in a nutshell as follows:
1.	 the fault model. It provides information about the active faults in the region and it aims 

to define all possible rupture combinations. Each fault must be described by geometrical 
(e.g. dip angle, length, seismogenic thickness) parameters and for each rupture a maximum 
expected magnitude must be computed given its geometry;

2.	 the geologic deformation model. This component is necessary to assign to each rupture a slip 
rate value. For this case study, I used a geological deformation model for central Italy’s faults 
developed by Valentini et al. (2019), which is assumed to be representative of the long-term 
behaviour (over the past 15 kyr);

3.	 the earthquake rate model. It gives the long-term time-independent rate of each rupture 
yielded by the fault model. For a correct computation of occurrence rates, SUNFiSH proceeds 
as follows: 1) computes the seismic moment rate of each rupture given its geometry and 
slip rate; 2) scales the seismic moment rate of each rupture, so that, the sum of all seismic 
moment rates are equal to a seismic moment rate target, and 3) computes from the scaled 
moment rate, for each rupture, the occurrence rates assuming an MFD with a given b-value.
It is worth noting that following this approach, there are parameters (e.g. the seismic 

moment rate target, the b-value, slip rates) and choices (e.g. the MFD, the criteria for defining 
the ruptures) that can affect the results. A sensitivity test to explore the impact of these 
decisions is out of the scope of this paper and it should be carried out in a future study.

 3.1. Fault model

Similarly to UCERF3, the fault model is a necessary component and ideally it represents 
the first step in applying SUNFiSH for central Apennines, because it defines the spatial 
geometry of the major, active faults throughout the region and identifies all the possible 
rupture combinations. In this work, the fault model consists of 25 normal faults (Fig. 1); it 
derives from Boncio et al. (2004), implemented with data from Pace et al. (2011) for the area 
around L’Aquila, successively updated with the observations of the 2016 seismic sequence in 
Valentini et al. (2019). Here, each fault represents a first-order segmentation pattern of the 
major active seismogenic faults (Fig. 1) liable to undergo earthquakes higher than Mw 5.5. This 
segmentation pattern is based on an interdisciplinary analysis integrating structural geological, 
paleoseismological, rheological, seismological, and morphotectonic data. These faults can be 
modelled as ISSs or can be used in a fault model that samples them into subsections to go 
beyond the fault segmentation assumptions. Similarly to UCERF3, in central Italy each fault is 
described by the name, the upper and lower seismogenic depth estimates, the dip angle, and 
by an average slip-rate value (Table 1).

In this work, the fault dip angle has an average value of 50° to the SW, except for the 
faults in the northern part of the area (from 4 to 7 in Fig. 1), which dip at 30-40°. The upper 
seismogenic depth of each fault reaches the surface and the seismogenic layer ranges from 
~5-6 km in the north-eastern sector to 14-15 km in the south-western sector of the study 
area. The differences between the northern and southern parts are due the presence, to the 
north of the area, of an east-dipping low angle fault, the Alto-Tiberina Fault (Boncio et al., 
2000). The thickness of the seismogenic layer and the down-dip geometry of faults (Table 2)  
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Table 1 - Geometric parameters of the faults. L: along strike length; Dip: the inclination angle of the fault plane; Sra: 
average slip rate assigned; Mmax: the maximum expected magnitude and its standard deviation (sD); Tmean: mean re-
currence time.

	 id	 Name	 L (km)	 Dip (°)	 Seismogenic	 Sra	 Mmax	 sD	 Tmean	 MFD 
					     thicknes (km)	 (mm/yr)

	 1	 Vettore Bove	 34.0	 47	 11.0	 0.7	 6.7	 0.3	 2042	 Ch

	 2	 Mt. Gorzano	 30.0	 45	 12.0	 0.9	 6.6	 0.2	 898	 TGR

	 3	 Gran Sasso	 28.7	 50	 15.0	 0.8	 6.7	 0.3	 1090	 Ch

	 4	 Gubbio	 23.7	 30	 6.0	 0.8	 6.4	 0.2	 962	 TGR

	 5	 Gualdo Tadino	 19.3	 35	 8.0	 0.5	 6.4	 0.2	 1241	 Ch

	 6	 Colfiorito	 19.0	 37	 8.5	 0.5	 6.4	 0.2	 1245	 TGR

	 7	 Cesi - Civitella	 14.0	 40	 6.5	 0.6	 6.1	 0.3	 698	 TGR

	 8	 Nottoria - Preci	 29.0	 50	 12.0	 0.8	 6.6	 0.2	 1173	 TGR

	 9	 Cascia - Cittareale	 24.2	 50	 13.5	 0.6	 6.5	 0.2	 922	 TGR

	 10	 Montereale	 15.5	 50	 14.0	 0.6	 6.3	 0.3	 696	 Ch

	 11	 Pizzoli - Pettino	 21.5	 50	 14.0	 0.6	 6.5	 0.2	 1001	 Ch

	 12	 Paganica	 20.0	 50	 14.0	 0.58	 6.5	 0.2	 1113	 Ch

	 13	 Middle Aterno Valley	 29.0	 50	 14.0	 0.35	 6.6	 0.2	 2009	 Ch

	 14	 Sulmona	 23.5	 50	 15.0	 0.6	 6.5	 0.2	 855	 Ch

	 15	 Pizzalto - Cinque Miglia	 18.0	 50	 15.0	 0.35	 6.4	 0.3	 1354	 Ch

	 16	 Umbra Valley N	 28.6	 50	 4.5	 0.8	 6.3	 0.4	 2411	 TGR

	 17	 Umbra Valley S	 24.0	 50	 4.5	 0.8	 6.2	 0.4	 1707	 TGR

	 18	 Rieti	 17.5	 50	 10.0	 0.4	 6.3	 0.3	 1294	 Ch

	 19	 Salto Valley	 28.4	 50	 11.0	 0.6	 6.5	 0.2	 1302	 Ch

	 20	 Velino	 11.5	 50	 12.5	 0.8	 6.1	 0.3	 395	 Ch

	 21	 Campo Felice - Ovindoli	 26.5	 50	 13.0	 0.95	 6.6	 0.2	 851	 Ch

	 22	 Fucino	 38.0	 50	 13.0	 0.9	 6.8	 0.3	 1791	 Ch

	 23	 Marsicano	 21.0	 50	 13.0	 0.6	 6.5	 0.2	 1104	 Ch

	 24	 Barrea	 17.4	 50	 13.0	 0.4	 6.3	 0.3	 1001	 TGR

	 25	 Sora	 20.0	 50	 11.0	 0.3	 6.4	 0.2	 1939	 Ch

are constrained taking into account the available seismic reflection-refraction profiles 
(and specific works on geologic interpretation), well constrained location of earthquake 
hypocentres, and thermo-mechanical properties of crustal rocks (Boncio et al., 2004; Valentini 
et al., 2019).

Once defined the fault model, the faults are divided into small subsections with along-strike 
lengths of about half the down-dip width (Fig. 2). Following UCERF3, the smallest rupture involves 
at least two contiguous subsections with the minimum rupture lengths that are approximately 
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Table 2 - p-values computed for different range of moment magnitude (Mw) and for the different models. N is the 
number of observed earthquakes in the catalogue and Tc is the completeness time window of each Mw range. In the 
annual rate column, the values used in the N-test. The N-test is considered passed (green cell, otherwise red) if the 
p-value is larger than 0.025.

				           Annual rate		         p-value

	 Mw	 N	 Tc	 SUNFiSH	 ISS	 SUNFiSH	 ISS

	 5.5-5.7	 13	 364	 0.0397	 0.0178	 0.835	 0.014

	 5.8-6.1	 9	 484	 0.0249	 0.0125	 0.476	 0.175

	 6.2-6.6	 8	 714	 0.0116	 0.0139	 0.894	 0.682

	 6.9-7.1	 2	 714	 0.0010	 0.0004	 0.072	 0.010

Fig. 2 - Schematic example, for faults number 1 to 3 (Fig. 1 and Table 1), of how a fault is divided in subsections and 
how the slip rate is assigned at each subsection. In the figure also the two used criteria to define all possible ruptures 
are shown. The smallest rupture involves at least two contiguous subsections and larger ruptures can involve three, 
four, five, and so on, subsections. The largest rupture involves all subsections (in this case 12 subsections).

equal to the seismogenic thickness. This feature allows me to consider only those ruptures that 
have rupture length greater than, or equal to, the local seismogenic thickness, i.e. only ruptures 
with an aspect ratio ≥1.

The discretisation of all faults into subsections allows defining all the possible ruptures 
combinations. However, the ruptures set is, then, filtered to retain the ruptures that satisfy the 
following plausibility criteria: 1) ruptures must contain at least two contiguous subsections of 
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any main fault, 2) a rupture can propagate if subsections are within 6 km or less [as suggested 
for normal fault system: Biasi and Wesnousky (2016)]. This filtering produces 645 unique viable 
ruptures for the central Apennines faults system. The geometrical parameters of a rupture, i.e. 
the dip angle and the seismogenic thickness, depend on the geometry of the faults involved 
in the rupture. For ruptures that involve subsections from different faults and with different 
parameters, the geometrical parameters of a rupture (Pr) are computed by a subsection length-
weighted average, as follow:

(1)

where Pi, and Li are, respectively, the parameters and the length of the subsections involved in 
a given rupture.

The maximum expected magnitude of each rupture is obtained from its geometry by 
combining three moment magnitude estimates: two values are computed using empirical 
relationships (Wells and Coppersmith, 1994) from the subsurface rupture length, taking directly 
the length of the rupture, and the rupture area, whereas the third one is based on the calculation 
of scalar seismic moment (M0) and application of the standard formula Mw = 2/3(log M0 - 9.1) 
(IASPEI, 2005), where M0 is given by:

(2)

in which L, W, and D are, respectively, the along-strike rupture length, the down-dip width, and 
the average displacement of a rupture, and µ is the shear modulus. Because all the empirical 
relationships are affected by uncertainties, to take these factors into account and return a 
maximum expected magnitude value and its standard deviation, SUNFiSH creates a probability 
distribution for each of the three estimated magnitudes, under the assumption that the 
uncertainty can be described by a Gaussian distribution (Pace et al., 2016). Then, the curves 
are summed and fitted to a Gaussian distribution to obtain mean and standard deviation, with 
the former that represents the maximum magnitude (Mrupmax) of the rupture. Following the 
described approach, the maximum expected magnitude, among all ruptures, ranges from 5.5 
(the smallest rupture) to 7.7 (the longest rupture).

3.2. Geologic deformation model

In this work, the deformation model provides the slip rate values to assign to each rupture 
in order to compute the long-term rate of all the possible earthquakes. Slip rates play a key role 
in fault-based seismic hazard assessments (Roberts and Michetti, 2004; Visini and Pace, 2014) 
because they control and reflect the velocities of the continental mechanisms of deformation 
(e.g. Cowie et al., 2005). In the definition of slip rates, it is important to take into account also the 
seismic coupling coefficient, defined as the ratio of the observed to expected seismic moment 
release rates (McCaffrey, 1997), which determines what fraction of the slip rate is fully seismic. A 
coupling coefficient less than 1.0 reduces event rates (due to the slip rate reduction) and reduces 
seismic moment rates.
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In SUNFiSH, the slip rate of the i-th rupture is assigned by a user-defined slip rate profile and 
the average slip rate for the i-th rupture is computed by means of the Mean Value Theorem (Visini 
et al., 2020). In this work, I used a purely geologic deformation model developed by Valentini et 
al. (2019) that includes no constraints from geodesy or plate motion models. The authors used 
geological slip rates determined by several authors in different ways over different time scales 
[e.g. from 103 to 105 years; references in Valentini et al. (2019)]; values range from 0.30 to 0.95 
mm/yr, and they assumed that slip rates are representative of the long-term behaviour (over 
the past 15 kyrs in the Apennines). The geologic deformation model was not modified by the 
coupling coefficient because Apennines’ faults are expected to exhibit a seismic coupling close 
to 1.0 (Carafa et al., 2017), implying that in central Italy the slip rate is representative of only 
seismic slip. Several assumptions have been made in the deformation model: it is representative 
of the long-term behaviour and the mean values are given without uncertainties. These 
assumptions should be investigated in future studies and in this work they should be considered 
as uncertainties that could affect the deformation model in some cases.

Using information from Valentini et al. (2019), I assign to each subsection the slip rate of 
the relative fault (Fig. 2). In this way, the subsection slip rates are often extrapolated over large 
along-fault distances and values for some subsections are not directly constrained by geologic 
data. This can represent a limitation of the geologic deformation model used in this work, but 
it is the best way possible with the information available to constrain deformation model at 
subsection level. Similarly to the dip angle and the seismogenic thickness, the slip rates are 
computed for each rupture by a subsection length-weighted average when a rupture involves 
different faults (Eq. 1).

3.3. Earthquake rate model

The earthquake rate model provides the long-term time-independent rate of all possible 
earthquakes above a given magnitude. It includes all ruptures admitted by the fault model and 
the rate of occurrence of these ruptures. To compute the rate of occurrence of ruptures following 
the SUNFiSH approach, the first step is the evaluation of the seismic moment rate (Ṁ0) of each 
rupture given its geometry (L: along-strike length; W: down-dip width) and its average slip rate 
(v), by:

(3)

where µ is the shear modulus [30 GPa: Hanks and Kanamori (1979)]. Then, the seismic moment 
rate of each rupture is scaled (Ṁ0i–s), by:

(4)

where Ṁ0i is the seismic moment rate of the i-th rupture and Ṁ0t is a target seismic moment 
rate defined at the regional level by the modeller. In this work, Ṁ0t has been derived from the 
Italian historical earthquake catalogue (Rovida et al., 2016). The catalogue has been declustered 
to remove all events not considered main shocks via a declustering filter (Gardner and Knopoff, 
1974). This operation is important: 1) to get a set of time-independent earthquakes, via a 
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declustering filter all dependent events are removed from the calculation, leaving only the 
largest independent earthquakes, and because, 2) a non-declustered seismic catalogue gives a 
biased view of the true spatial variability of the seismicity rates (Marzocchi and Taroni, 2014). The 
catalogue, restricted to the region of interest (Fig. 3a) and including only main shocks, consists of 
181 events from Mw 3.9 to 7.1 and the derived Ṁ0t value used in SUNFiSH is equal to 2.14×1017 
Nm/yr; it has been computed following the equation:

(5)

where τi is the incremental rate of the i-th bin of magnitude (starting from 5.5 up to 7.1) computed 
from the historical catalogue and Mwi is the moment magnitude of the i-th incremental rate. To 
compute incremental rates (τi) for each bin of magnitude, I computed the rate of each event 
adopting the completeness magnitude thresholds over different periods given by Stucchi et al. 
(2011) and, then, I added up them together. The completeness window is 364, 484, and 714 
years for Mw that ranges from 5.5 to 5.7, 5.8 to 6.1, and 6.2 to 7.1, respectively.

The scaled seismic moment rate of each rupture (Eq. 4) is, then, used to compute the seismic 
activity rates assuming a classical Gutenberg-Richter [GR: Gutenberg and Richter (1954)] model 
with a given b-value, equal to 1, computed from the historical catalogue [for details see Valentini 
et al. (2017)]. To compute the MFD of each rupture, SUNFiSH distributes the Ṁ0i–s into earthquake 
sizes by truncating the GR above the Mrupmax. Then, according to Molnar (1979) the exceedance 
rate of earthquake with moment magnitude ≥ M, N(M), is:

(6)

where Mrupmax is the seismic moment of Mrupmax and Ṁt is the seismic moment of a minimum 
threshold magnitude (Mt), used for all the ruptures and equals to 5.5. The MDF of each rupture 
ranges from Mt and Mrupmax, with the MFD of the entire set of ruptures that ranges between Mt 
and the maximum magnitude among all Mrupmax.

4. Comparison among different models

To corroborate the geological and paleoseismological pieces of evidence of multi-fault 
earthquakes within the central Apennines, a comparison among the time-independent activity 
rates computed by two different approaches and the declustered historical catalogue has been 
done. In particular, Fig. 3 shows the differences among the observed events and the long-term 
activity rates on-faults obtained i) by applying SUNFiSH to central Italy and ii) considering each 
fault independently as an individual seismogenic source. In the second case, an ISS is considered 
as an individual structure liable to generate major earthquakes (M ≥ 5.5) and its geometrical 
parameters (length and rupture area) and slip rate are used to calculate the global budget of 
the seismic moment rate allowed by the source (Eq. 3). Following Pace et al. (2016), I derive 1) 
the maximum earthquake and its uncertainty (Table 1) by empirical regression on length, area, 
and seismic moment, and 2) the recurrence intervals of the maximum magnitude (Table 1) from 
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the slip rate using the criterion of segment seismic moment conservation proposed by Field 
et al. (1999). Once defined these parameters, it is necessary to select an appropriate MFD to 
characterise the seismic activity of the fault. Here, the activity rates of each ISS are based on the 
earthquake-source associations and computed using one of the two models: i) a Characteristic 
Gaussian Poisson model (Ch) centred at the maximum magnitude, ii) a Truncated GR model 
[TGR: Kagan (2002)] where the magnitude is in the range of minimum magnitude (equals to 
5.5) to upper (maximum) magnitude + 1 standard deviation of the Mw (Table 1). The considered 
b-value is equal to 1.0 for all faults. This value corresponds to the mean b-value determined 
from the historical catalogue (Rovida et al., 2016), as single source events are insufficient for 
calculating the required statistics.

Based on the earthquake-source association [see Table 2 of Valentini et al. (2019) for 
earthquake-source associations], the MFD for each ISS is defined as follow: i) if at least one 
earthquake assigned to an ISS has a magnitude lower than the magnitude range (Mmax - sD, 
Table 1), the TGR model is applied to that ISS, otherwise, ii) the Ch model, which peaks at the 
calculated Mmax, is applied. Moreover, if a fault source has no associated earthquakes, I used 
a Ch model because I assumed that the mean recurrence time of that fault is similar to the 
characteristic behaviour of a given fault in central Italy. The activity rates of 9 ISSs are computed 
by TGR model and for 16 ISSs are computed by Ch model (Table 1).

Fig. 3 - Annual cumulative MFD computed for the dashed delimited area in the inset figure. The rates have been 
computed using: i) ISSs shown in Fig. 1 (red line), ii) SUNFiSH (black line), and iii) the historical catalogue [gray circles, 
Rovida et al. (2016)]. The comparison has been done above Mw 5.5 because this is the allowed minimum magnitude 
both in SUNFiSH and ISS approaches. In the inset figure, the subsections, that can rupture together to generate the 
largest magnitude (Mw ≥ 6.5 in red and Mw < 6.5 in green), are shown.
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The comparison in Fig. 3 shows that the ISS approach (red line in Fig. 3) provides higher rates 
than the SUNFiSH approach (black line in Fig. 3) and higher than the historical rates (grey circles 
in Fig. 3), producing a bulge in the range of magnitude 6.2-6.6. That is because most of the ISSs 
have a Ch behavior with an average Mmax equals to 6.4 ± 0.3 (Table 1). Conversely, in the range of 
magnitude 5.5-6.1, the number of smaller ruptures in SUNFiSH is higher than in the ISS approach 
and, consequently, the annual rates of occurrence are higher for lower magnitude (5.5 ≤ Mw ≤ 
6.1); the historical rates are between the two models.

For Mw ≥ 6.9, the activity rates computed by the ISS approach differ of an order of magnitude 
from the observed ones. The long-term earthquake rates computed via SUNFiSH, instead, are 
the ones that better estimate the rates for higher magnitudes (Mw ≥ 6.9). This happens because 
the different approaches have an impact in the maximum moment magnitude modelled and 
in the total moment-rate budget used for each bin of magnitude (Fig. 4). In the ISS approach, 
Mw ranges from 5.5 to 7.1, instead in SUNFiSH, Mw ranges from 5.5 to 7.7. For the same reason, 
a comparison between the two models is not possible for Mw ≥ 7.2, whereas a comparison 
between SUNFiSH and the historical catalogue is not possible because no earthquakes with Mw 
≥ 7.2 are listed in the catalogue.

Fig. 4 - Normalised cumulative moment rate of each model as a function of the moment magnitude. In the SUNFiSH 
model (black line), the total budget of moment rate is spent for ruptures having 5.5 ≤ Mw ≤ 7.7. In the ISS model (red 
line) and historical catalogue (dashed line), the total moment-rate budget is used for magnitudes less than Mw 7.1. 
The total moment rate is the same in SUNFiSH and the historical catalogue (2.14×1017

 
Nm/yr, computed by Eq. 5) and 

it is equals to 1.50×1017
 
for the ISS model (computed summing the moment rates of all ISSs, where the moment rate 

of each ISS is given by Eq. 3).
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The different approaches have also an impact in the total moment-rate budget. Fig. 4 shows 
the normalised cumulative moment rate for each bin of magnitude modelled in the ISS and 
SUNFiSH models, and historical catalogue. In the ISS model, less than 10% of the moment rates 
is spent by ruptures having Mw ≥ 6.9, instead, in SUNFiSH almost 40% (similar to the historical 
catalogue) of the total moment-rate budget is used for Mw ≥ 6.9 ruptures. This explains the big 
discrepancy between the activity rates of the two models for Mw ≥ 6.9, shown in Fig. 3, and also 
the bulge produced by the ISS model in the range of magnitude 6.2-6.6. In this Mw range, the 
ISS approach spends ~60% of the total moment-rate budget, versus the ~25% used by SUNFiSH 
and the historical catalogue. Both the ISS model and the historical catalogue spend the total 
moment-rate budget for 5.5 ≤ Mw ≤ 7.1, whereas SUNFiSH spends ~80% of it with the remaining 
~20% accounted for by ruptures having Mw ≥ 7.2.

In order to test the reliability of calculated earthquake rate models, a N-test (Zechar et al., 
2010) has been performed. N-test is a sort of retrospective test that, considering a Poisson 
distribution, compares the annual earthquake rates observed from the historical catalogue 
(or paleoseismological trench) with the annual earthquake rates calculated by the models. 
The N-test evaluates if the sum of predicted earthquakes (Np) is consistent with the number of 
observed earthquakes (No) over the entire studied area.

In this work, both the probability of observing at least No events:

(7)

and at most No events are considered:

. (8)

If δ1 is very small, the forecast rate is too low (underprediction); and, if δ2 is very small, the 
forecast rate is too high (overprediction). In this work, the test has been performed for four 
different ranges of Mw due to the different completeness window of the historical catalogue 
and in order to test the models in the ranges where they show the most important differences. 
The Mw ranges are 5.5-5.7, 5.8-6.1, 6.2-6.6, and 6.9-7.1. Their completeness windows are 364, 
484, 714, and 714 years, respectively, and the number of observed events for each Mw range 
are: 13, 9, 8, and 2, respectively. The test has been not performed for 6.7 ≤ Mw ≤ 6.8 because no 
earthquakes are listed in the historical catalogue for this Mw range.

To test if the model passed the N-test, the p-value is computed by:

p-value = 2 min(δ1,δ2)								             (9)

and if the calculated p-value is larger than a critical value of 0.025 the N-test is considered passed 
(Zechar et al., 2010). Here, considering the earthquake annual rate of each model (Table 2), the 
results of the N-test, summarised in Table 2, confirm that the only model in agreement with 
the observed data for all explored ranges of magnitude is SUNFiSH, the only one between the 
used approaches that allows multi-fault earthquakes. The ISS model does not pass the test for 
5.5 ≤ Mw ≤ 5.7 and for 6.9 ≤ Mw ≤ 7.1.
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5. Discussions 

The comparison between the MFDs and total moment-rate budget computed using SUNFiSH, 
the individual seismogenic sources, and the observed historical rates, shown in Figs. 3 and 4, and 
the results of the N-test, highlights the necessity to consider a model that relaxes segmentation 
and consider the multi-faults events in order to better reproduce the observed data and avoid an 
under - or over - prediction of the expected activity rates that could lead to a wrong estimate of 
the hazard.

Still looking at Fig. 3, the ISS model, if compared to the historical catalogue, underestimates 
the annual rates in the range of Mw 5.5-5.7 and 6.9-7.1 and produces a bulge in the range of 
Mw 6.2-6.6 that could overpredict the expected rates. Even if the ISS model passes the N-test 
in this range of magnitude (Table 2), most of the total moment-rate budget (~60%), compared 
with other models, is spent in the range of Mw 6.2-6.6 (Fig. 4). The overprediction, or bulge, 
in the modelled event rates between Mw 6.5 and 7.0 (e.g. the earthquake deficit described in 
Working Group of California Earthquake Probabilities [WGCEP, see WGCEP (1995)] has been a 
persistent problem in WGCEP and National Seismic Hazard Model Project (NSHMP) studies of 
California seismicity. The UCERF2 (WGCEP, 2008) rates also showed a bulge in this magnitude 
range that required ad hoc adjustments to lower them to within the 95% confidence bounds of 
observed rates. In the logic tree of UCERF2, there is also a branch that represents the possibility 
that earthquakes on individual faults are governed by a GR MFD even if this hypothesis conflicts 
with all previous WGCEP and NSHMP models, which assumed that ruptures on large, well-
developed faults exhibit characteristic behaviour. However, imposing a GR behaviour on faults in 
the UCERF2 framework exacerbates the MFD bulge near M 6.7. WGCEP (2008) speculated that 
the relaxation of strict segmentation would provide a better solution to the bulge problem, and 
they noted that the multi-fault earthquakes observed in the 1992 Landers, California, and 2002 
Denali, Alaska, earthquakes supported this hypothesis, and, in fact, the UCERF3 grand inversion 
reduces this problem by allowing multi-fault earthquakes. The same conclusion can be reached 
also in the case presented in this paper. SUNFiSH, similarly to UCERF3, allows to reduce this 
problem (Fig. 3).

The differences between SUNFiSH and ISS models are also related to the input data and the 
methodological approach to compute the activity rate of occurrences. In SUNFiSH, the MFD is 
defined at the rupture level with the total seismic moment rate defined at the regional level 
by the modeller, whereas in the ISS model the MFD is chosen for each fault and the seismic 
moment rate is computed giving the geometry and the slip rate of each fault. The maximum 
allowed magnitude by the two models is also a crucial aspect that must be taken into account. 
In the ISS model, the Mmax is computed for each fault considering the geometry of the source 
(e.g. subsurface rupture length, rupture area) and it is strongly driven by the segmentation rules 
used to define the individual seismogenic sources. Allowing multi-fault earthquakes and relaxing 
segmentation provides, inevitably, higher Mmax. In this work, SUNFiSH computes the activity rates 
of rupture up to Mw 7.7. Is this Mw possible in the central Apennines? The historical catalogue 
says no, but what if the completeness of the catalogue was not long enough to record these 
events? Could SUNFiSH expand the time window of observation and provide a more appropriate 
MFD?

However, in SUNFiSH, Mmax can be reduced with an additional criterion, for example, removing 
all ruptures that have Mmax above a given moment magnitude threshold (Mt). This criterion could 
have an important impact on the hazard estimation. For example, given the same target seismic 
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moment rate, increasing Mt returns lower rates of occurrence in the lowest range of magnitude 
in the MFD, on the contrary, with the reduction of Mt, higher rates of occurrence in the lower 
range of the modelled magnitude are expected. The impact of Mt could be explored by assuming 
various seismic targets and Mt with a logic tree approach.

Another important aspect that, for the purpose of this study, has not taken into account 
is the uncertainties in the input data, both in ISS and SUNFiSH approaches. All the input data, 
such as the slip rate, scaling relations, and maximum magnitude are affected by uncertainties 
and sensitivity analyses have to be carried out in specific studies. For example, a way to include 
the slip rate uncertainties could be a Monte Carlo sampling of slip rate taking into account its 
range of uncertainty and the subsequent interpolation of values to obtain the slip rate profiles. 
The epistemic uncertainties can be handled with a logic tree even if, with SUNFISH, the user 
needs to run the code for each explored branch. This limitation is due to the absence of a 
script in the code that allows the uncertainty exploration. Future developments in SUNFiSH 
will simplify the explorations of the uncertainty for the user. Another limitation in SUNFiSH 
is given by the inability to use the mean recurrence interval from paleoseismological events 
as a constraint in the computation of activity rates, which is possible using an ISS approach 
(Pace et al., 2016). Moreover, from the time dependency side, SUNFiSH has been developed 
only to account for the time-independent, long-term, earthquake occurrences, and this is the 
reason why, in this work, SUNFiSH has been compared with a declusterd catalogue. SUNFiSH 
can be improved and used as a base for a time-dependent model and, consequently, including 
aftershocks and other triggered earthquake activity, representing spatio-temporal clustering 
(Field et al., 2017).

In terms of model that allows multi-fault earthquakes, probably, UCERF3 is the most advanced 
model developed to date. Nonetheless, the Italian peninsula has geodynamic and tectonic 
complexity that makes challenging the application of a model as UCERF3, with the question of 
whether or not this approach is suitable for Italy still open. The answer is not obvious. First of all, 
California and the extensional Apennine chain are two regions with two very different tectonic 
regimes, the first characterised by high strain rates and seismic releases and the second by 
moderate-to-low strain rates, with important differences in the slip rate values between the two 
regions, with values that can reach up to 8 mm/yr in California versus an average maximum of 
1 mm/yr in central Italy. The total number of possible ruptures, and the scale of the problem, is 
completely different. In California there are more than 300,000 unique viable ruptures, instead, 
here there are “only” 645 different combinations of ruptures. An approach thought for a big 
problem does not mean that can obviously work for a smaller one. Another great advantage 
in the use of UCERF3 is that the model is able to use paleoseismological data to constraint 
the earthquakes activity rates, a feature not yet implemented in SUNFiSH. Anyhow, in central 
Apennines, the use of the paleoevent rates to constraint the activity rates is not an easy task due 
to the lacking of a homogenous, official, and complete paleoevent compilation. Italy has been 
largely paleo-investigated in the last 30 years but a database that contains all information, such 
as the coordinate of the trench, the number of events, the mean recurrence time, the slip-per-
event, the reliability of the measurement is still lacking and its compilation, obviously, was out 
of the scope of this paper.

Assuming that the time-independent UCERF3 can be applied to this portion of Italy, 
implementing the time-independent UCERF3 model with a composite Reid renewal model (Field 
et al., 2015), which conditions the rupture probabilities taking into account the time since a fault 
subsection last participated in a given event, is possible building a time-dependent model and, 
consequently, also a model that includes aftershocks, and other triggered earthquake activity, 
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representing spatio-temporal clustering [UCERF3-ETAS: Field et al. (2017)]. The main information 
required to apply the time-dependent version of UCERF3 is the date of the last earthquake (or 
the time elapsed since it) which occurred in a given subsection or, where this is unknown, the 
historic open interval used as lower bound on the date of the last event (Field and Jordan, 2015). 
Because the time elapsed since the last event is well known on 23 of the 25 faults (Valentini et al., 
2019) and in the other two cases the historic open interval is well constrained by the historical 
catalogue, it is possible qualitatively asserting that the whole UCERF3 framework model could be 
successfully applied to the Apennine chain, with the question “is the UCERF3 framework model 
suitable for Italy?” that should be addressed in a future work. The same question can also be 
extended to other multi-fault approaches (e.g. SHERIFS, FRESH) that currently have not yet been 
tested in a wide region as the central Apennines.

Another important question that should be addressed is how properly integrated the fault 
interactions in a fault-based model that allows multi-fault earthquakes. Verdecchia et al. (2018), 
to analyse the seismicity of central Italy, explored the impact of time-dependent viscoelastic 
relaxation models calculating the coseismic plus postseismic Coulomb failure stress changes 
due to several earthquakes that have struck central Italy in the last century until the 2016-
2017 sequence. The results of the modelling allowed the authors to highlight the importance 
of postseismic processes into earthquake activity leaving open the question to consider both 
coseismic and postseismic processes in fault-based seismic hazard models.

6. Conclusions

The last events (i.e. 2016 seismic sequence) and the last studies about the central Apennines 
suggest the necessity to do a step forwards in fault-based PSHA, in order to consider multi-fault 
earthquakes and relax segmentation. In this work, SUNFiSH, an approach that allows to consider 
multi-fault earthquakes in PSHA, has been applied in central Italy, a region struck several times 
in the last about 100 years by moderate-to large earthquakes up to Mw 7.1.

In order to apply SUNFiSH in central Italy, a fault model, composed by 25 faults that yield 95 
subsections and 645 unique ruptures has been defined. In the second step, at each subsection 
a slip rate value has been assigned through a geologic deformation model. Then, the time-
independent, long-term, earthquake rates of all possible ruptures have been computed following 
SUNFiSH.

The results, in terms of earthquake rate estimate (Fig. 3), show that SUNFiSH is the approach 
that better reproduce the observed rates from the seismic catalogue and is the only one, among 
the ones explored that allows multi-fault earthquakes and relaxes segmentation. Moreover, 
SUNFiSH is also the only approach, of the ones tested, that passed the N-test (Table 2) for all 
ranges of magnitude explored by the N-test.

Although SUNFiSH matches very well the historical catalogue and the independent geological 
observations, this approach is still a limited representation of the actual system in terms of 
including approximations, assumptions, and epistemic uncertainties. Some general model 
improvements that could be made include several parameters:

1.	 compile statistics of observed multi-fault ruptures to test and constrain the model and the 
applicability of pre-defined choices (e.g. rules for defining subsections);

2.	 include a more complete representation of epistemic uncertainties;
3.	 include the possibility to take into account the paleoseismological data;
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4.	 develop a time-dependent model and integrate the fault interactions;
5.	 reduce model complexity to make it understandable for reviewers and next-generation 

participants.
A broad discussion about the application of UCERF3 framework model in Italy has been 

done from a qualitative point of view, allowing to assert that the UCERF3 model framework 
could be suitable for the extensional Apennine chain. To state the same conclusion also from a 
quantitative point of view, a future study should be providing the application of UCERF3 in the 
extensional Apennines zone. SUNFiSH, as well as other multi-fault earthquake approaches, can 
help to prioritise the field work, individuating, for example, the subsections that need more data 
to be constrained.

Ultimately, in order to make stronger the hazard evaluation, with or without multi-fault 
earthquake models, there is a list of mandatory things, especially for the Italy, to do before:

-	 geological field works to map all the active faults throughout the country, with a publication 
of the Quaternary active fault database;

-	 compilation of a database with measured and dated geological offsets in order to assign 
slip rate values at subsection levels;

-	 compilation of a uniform paleoseismological database that contains information about 
the mean recurrence times of events and slip-per-event information.
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