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Abstract
Probabilistic seismic hazard analysis (PSHA) encompasses quantitative estimation of seis-
mic hazard at a site by considering all plausible earthquake scenarios. The outcome of a 
PSHA is often reported as the mean rate of exceeding a specific ground motion intensity 
measure at a given site. This study attempts to perform PSHA for the western area of the 
city Naples (southern Italy) by employing the most advanced methods and new databases; 
namely, DISS3.2 (Database of Individual Seismogenic Sources) and CPTI15 (Parametric 
Catalogue of Italian Earthquakes). Seismogenic models include individual seismogenic 
structures/faults liable to generating major earthquakes with magnitude greater than 5.5, 
and background areal source model to evaluate the effect of earthquakes with magnitude 
less than 5.5. The PSHA is built up based on the long-term earthquake recurrence on seis-
mogenic tectonic faults and the spatial distribution of historical earthquakes. Site amplifi-
cation is considered based on seismic microzonation maps derived for the western area of 
Naples. The microzonation maps delineate expected levels of ground motion amplification 
based on reliable geological and geotechnical subsoil models. Hazard maps are derived for 
a number of return periods for ground-shaking in terms of peak ground acceleration and 
5%-damped pseudo-spectral acceleration at a range of periods that are representative of the 
existing construction within the area. Detailed comparisons of the PSHA results with Ital-
ian national hazard maps and the code-based design spectra emphasize the importance of 
performing site-specific PSHA with explicit consideration of site effects.
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1  Introduction

The term Seismic Hazard has been used ambiguously for addressing both the potentially 
disastrous future earthquake events as well as the uncertainty in determining their mag-
nitude, time and location (McGuire 2008). In this context, seismic hazard analysis (SHA) 
encompasses the quantitative estimation of seismic hazard for a designated site. The 
probabilistic SHA (PSHA) considers all plausible earthquake scenarios that can affect a 
given site combined with the conditional distribution of ground motion intensity for a pre-
scribed earthquake scenario. This conditional distribution is usually represented through 
the ground motion prediction equations (GMPEs). The GMPEs predict the ground motion 
intensity as a function of variables such as the earthquake’s magnitude, distance, fault 
mechanism, near-surface site conditions, the potential presence of directivity effects, etc.

Italy is one of the most seismically active regions in the Mediterranean. The first attempt 
to provide seismic hazard maps for Italian territory, following the standard PSHA method 
proposed by Cornell (1968), was carried out by Slejko et  al. (1998). This effort led to 
10% exceedance probability in 50 years maps for peak ground acceleration (PGA) and the 
macro-seismic intensity. The seismic hazard in this work was based on the seismic source 
zone model ZS4 (Meletti et al. 2000), the earthquake catalog NT4.1 (Camassi and Stuc-
chi 1997), and the European GMPE (Ambraseys 1995). This work was further extended 
(Albarello et al. 2000) by using an updated seismic zonation in Italy (Gruppo di Lavoro 
1999), the CPTI99 catalog (Gruppo di Lavoro CPTI 1999), and including the pseudo-
spectral acceleration (Sa) as the intensity measure. Two equally-weighted GMPEs, namely, 
a European GMPE (Ambraseys et  al. 1996) and an Italian GMPE (Sabetta and Pugliese 
1996, SP96), were used. Meanwhile, Slejko et al. (1999) employed the same methodology 
and data provided previously in Slejko et al. (1998) using a more recent GMPE (Ambra-
seys et al. 1996) to perform the PSHA for Adriatic region within the Global Seismic Haz-
ard Assessment Program (GSHAP, Giardini 1999). The next updating of seismic hazard 
maps for Italy (Romeo and Pugliese 2000; Romeo et al. 2000) was conducted by using the 
NT4.1 catalog and adding the instrumental earthquakes with magnitude threshold 4.6 in 
the time span 1981–1996. The SP96 attenuation relation was used to compute the maps 
with 10% exceedance probability in 50 years for PGA, peak ground velocity (PGV), and Sa. 
Using the same data for GSHAP, a unified seismic hazard modelling was also conducted 
separately for Mediterranean area (Jiménez et al. 2001) by employing a modified version 
of seismic zone model ZS4. In 2004, the reference seismic hazard map for Italy (MPS04, 
Gruppo di Lavoro 2004; see also Stucchi et al. 2011) was released by Istituto Nazionale di 
Geofisica e Vulcanologia (INGV) following the standard Cornell’s PSHA approach. The 
input parameters adopted by INGV for computing MPS04 were the CPTI04 earthquake 
catalog (Gruppo di lavoro CPTI 2004), the seismogenic source model ZS9 (Meletti et al. 
2008), and the GMPEs of Ambraseys et  al. (1996), SP96, and a set of regional GMPEs 
(see Montaldo et al. 2005 for a detailed description of the ground-motion models). MPS04 
provides the seismic hazard maps for PGA with a probability of exceedance of 10% in 
50  years. The MPS04 was consequently improved by carrying out the national research 
Project S1 (2004–2006, see Meletti et al. 2007) funded by the Italian Department of Civil 
Protection (DCP). The project provided maps associated with different exceedance prob-
abilities in 50 years for PGA, and Sa at the period range of 0.1–2.0 s (Meletti and Montaldo 
2007; Montaldo and Meletti 2007).

The seismic hazard maps for Italy are developed based on seismotectonic zoning 
and historical catalogues without exploiting the geometries and seismicity rates derived 
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directly from geological and paleoseismological observations (Pace et al. 2006). It is note-
worthy that the average recurrence time for large earthquakes is sometimes significantly 
longer than the time window covered by the historical catalogue (Stucchi et al. 2011). That 
is, important earthquakes might be overlooked in the PSHA calculations based on histori-
cal catalogues (Stucchi et al. 2011). The recent seismic sequences in central Italy starting 
from the 1997–1998 Umbria-Marche sequence raised the problem of seismogenic source 
characterization and seismicity rate estimation for faults that have been silent or unknown 
during historical times (Peruzza and Pace 2002). In this context, the Database of Individ-
ual Seismogenic Sources (DISS) has been first developed in 2000 and updated in the next 
years (Basili et al. 2008). Nevertheless, the PSHA calculations in Italy (at national level) 
have not utilized so far the DISS data (Basili et al. 2008). These calculations are usually 
based on vast areal seismic source zones (e.g., Gruppo di Lavoro 2004). An alternative 
has been to use kernel estimation method governed by concepts of fractal geometry and 
self-organized seismicity; concepts that do not require the definition of seismogenic zoning 
(Zuccolo et al. 2013). The direct use of seismogenic sources, provided by an early version 
of DISS (i.e., DISS 2.0, Valensise and Pantosti 2001), was not believed to be viable at that 
time because the mapping of the seismogenic sources was incomplete and affected by large 
uncertainties (Stucchi et al. 2011). Nevertheless, the individual and composite seismogenic 
areas, recently introduced in the latest version 3.0 of the DISS database (Basili et al. 2008) 
provide an interesting alternative to areal seismic zoning—to be explored in future Ital-
ian National seismic hazard maps (Stucchi et al. 2011). A typical composite seismogenic 
source may span several individual faults (DISS Working Group 2015). The importance of 
database such as DISS is further emphasized due to the fact that the national earthquake 
catalogues may not adequately represent the seismogenic sources of medium-to-strong 
events. In an alternative take to PSHA, individual sources are held responsible for major 
earthquakes, which can be supported by detailed geological evidence (Pace et  al. 2006). 
By addressing the individual sources, the estimation of the seismicity rate and the time- 
and memory-dependent earthquake recurrence can be considerably enhanced (Pace et al. 
2002; Faenza et al. 2003; Marzocchi et al. 2003; Boncio et al. 2004; Convertito et al. 2006; 
Pace et al. 2006; Akinci et al. 2009, 2016; Peruzza et al. 2010; Zimmaro and Stewart 2017; 
Vanini et al. 2018; Faenza et al. 2017).

This works lays out the details of a novel site-specific PSHA for the western area of 
Naples in southern Italy. The aim has been to use all the available seismological, geologi-
cal, geophysical, and geotechnical information for the designated area. The only seismic 
hazard maps available for Naples are those provided by INGV in terms of MPS04 national 
hazard maps (not based on seismogenic individual faults). The seismogenic source mod-
elling herein is based on a bi-layer model (Pace et  al. 2006). The individual structures, 
capable of producing major earthquakes (magnitude greater than 5.5), are referred to as 
Seismogenic Boxes (SBoxes) herein. The SBoxes are nothing but the surface projection 
of active faults. According to the segmentation model defined by Boncio et al. (2004), a 
SBox is a major structure that can be considered substantially continuous through its depth 
for several kilometres. The magnitude recurrence relation and seismicity rate associated 
with each SBox are estimated based on the DISS 3.2.0 (DISS Working Group 2015). For 
magnitudes less than 5.5, a Background Source model is characterized based on the latest 
INGV-released Parametric Catalogue of Italian Earthquakes (CPTI15; Rovida et al. 2016), 
which includes macroseismic and instrumental data and parameters for Italian earthquakes 
with magnitude greater than or equal to 4.0 in the time period 1000–2014. The western 
area of Naples has a high potential of being affected by site response amplification, since 
it rests on soft soil of alluvial and volcanic origin. In the present study, a detailed seismic 
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microzonation has been conducted on the zone in order to properly evaluate the local soil-
site effects. The PSHA calculations are performed by using SBoxes and background area, 
and the results are combined to provide seismic hazard maps for PGA and Sa at different 
hazard levels according to the National Technical Code for seismic design in Italy (NTC 
2018). Three most recent Italian, European and global models are adopted as GMPE’s 
herein; namely, ITA10 (Bindi et  al. 2011), BND14 (Bindi et  al. 2014a, b) and BSSA 
(Boore et al. 2014). Since ITA10 and BND14 use the geometric mean of the two horizontal 
components of ground motion, we have modified these two GMPEs in order to account for 
an arbitrary horizontal component of ground shaking. The seismic hazard results obtained 
in this study are compared (in terms of the uniform hazard spectrum and hazard curves) 
with the national hazard data provided by INGV and NTC (2018) for the designated site.

2 � A general description of the zone of interest

The areal extent of the zone of interest is nearly 7.5 km2 and is located along the South-
ern margin of the Phlaegrean fields, in the western area of Naples in Southern Italy (see 
Fig. 1; the region is highlighted in red in the upper-left corner of the figure). Naples is the 
third-largest municipality in Italy after Rome and Milan. The case-study area encompasses 
the zones of Bagnoli and Fuorigrotta (see the red-dashed rectangle in Fig. 1 and the area 
highlighted as yellow in Fig. 1’s sub-figure). The area is an active volcanic field, whose 
eruptive history is characterized by the emplacement of several pyroclastic deposits and 
lava flows (Di Vito et al. 1999; Orsi et al. 2004). Powerful eruptions in the past has led to 

Fig. 1   Tectonic and seismological setting of Campania region; the location of the case-study area, main 
faults, and historical earthquakes
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the creation of geological formations such as the Campanian Ignimbrite (CI; ∼ 39 ky; De 
Vivo et al. 2001; Fedele et al. 2008; the black-colored border in the sub-figure of Fig. 1), 
and the Neapolitan Yellow Tuff (NYT; ∼ 15 ky; Deino et al. 2004; yellow-colored border 
in the sub-figure of Fig. 1). The recent volcanic activity has taken place completely within 
the NYT caldera in three different phases. The first phase was formed by the NYT erup-
tion with nearly 37 explosive eruptions (from 15 to 9.5 ky); the second one consisted in 
6 events in the Northern part of the designated area (from 8.6 to 8.2 ky); finally, the third 
phase was made of 20 explosive and 3 effusive eruptions (from 4.8 to 3.8 ky). The last 
stasis was interrupted historically by the Monte Nuovo eruption in 1538. The morphologi-
cal setting of the area is shaped by the presence of several volcanic landforms and embed-
ded craters which host a geothermal system. The changes in the pressure and temperature 
in this geothermal system have led to frequent episodes of ground uplift and subsidence, 
called bradyseism. The most important bradyseismic crises occurred between 1969–1972 
and 1982–1985 (Chiodini et al. 2010), with a maximum uplift of 1.79 m in Pozzuoli area in 
1985 (Del Gaudio et al. 2010) (see its location in the sub-figure of Fig. 1).

This brief description draws attention to the fact that the area under study rests on soft 
soil of alluvial and volcanic origin that can strongly affect the local seismic response. The 
urban fabric is highly heterogeneous in this area. It consists of masonry and reinforced 
concrete constructions of different ages ranging from 1919 (and even older) up to 2001—
the majority of buildings are constructed in the period between within 1946–1971. An 
urban requalification masterplan, mainly aimed at restoring its original touristic attrac-
tion, involves the district of Bagnoli-Fuorigrotta. The plan envisions the rehabilitation of 
the area occupied by an abandoned steel factory and construction of new transportation 
infrastructure. Figure 1 also shows the distribution of the composite seismic sources within 
and around the Campania region (Basili et al. 2008) together with few important historical 
events (highlighted with asterisks of different size according to their corresponding magni-
tudes in the figure caption). It should be noted that the seismic sources will be discussed in 
detail in Sect. 4 of this paper.

3 � Geological characteristics and microzonation

The geological and geotechnical subsoil model adopted for the case-study area is described 
in detail in Licata et al. (2016) and Licata et al. (2019a, b). It is based on nearly 330 strati-
graphic logs (with depths ranging from 30 to 100 m), coupled with the study of the geo-
morphological, structural and hydrogeological setting of this area. The analysis of these 
stratigraphic logs led to the recognition of volcanic formations and Holocene deposits of 
anthropic, aeolian, alluvial, transitional and marine origin. In Fig. 2a, the areas character-
ized by homogenous stratigraphic patterns are displayed as a synthetic geolithological map. 
The location of the stratigraphic logs are highlighted with white circles, and the cone pen-
etartion tests (CPTs) are highlighted with blue inverted triangles. Moreover, black contour 
lines represent the topographic elevations. As it can be seen in Fig. 2a, the area consists of 
7 geolithological complexes made of pyroclastic deposits, which are briefly described as 
follows:

•	 The Neapolitan Yellow Tuff (NYT, geological formation 7 in Fig. 2a) represents the 
engineering seismic bedrock of the area. It should be noted that the NYT is not the real 
bedrock. Due to the complex geological formation of the area, the estimation of the real 
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bedrock depth is not straightforward. The NYT reveals a complex geometry; that is, it 
crops out at the SE side on the Posillipo hill and it is lowered in the central area of the 
plain, down to more than 120 m below sea level. The buried morphology of the lithic 

Fig. 2   a Geolithological map of the area, b seismic site classification map (microzonation map)
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portion of NYT has been estimated by interpolating the logs, whose NYT (engineering 
bedrock) depths are shown as red-dotted contours (negative values) in Fig. 2a.

•	 Along the NW side, the NYT deposits do not crop out and are buried in the plain as a 
pyroclastic soil whose depth increases toward the NW direction (see geological com-
plexes 1–6 in Fig. 2a). In the center of the plain, tephra and tuff (geological formation 
6 in Fig. 2a) remnants of the Santa Teresa Volcano (STT, 12.7 ky) crop out. The other 
complexes (geological formations 1–5 in Fig. 2a) are mainly constituted of a succes-
sion of pyroclastic soils coming from the most recent eruptions of Phlaegrean Fields 
in primary deposition. The distinction among these sectors is based on the depth of 
the tuff (i.e. bedrock depth); namely, (< 20 m) for geological formation 5, (> 20 m) for 
geological formation 4, and undefined bedrock (tuff) depth for geological formation 2. 
Geological formations 1 and 3 reveal the presence of aeolian sands and clayey silts with 
peat layers.

Recently, the seismic soil class map of Italy at 1:100.000 has been proposed (Forte et al. 
2019); however, this scale is not suitable for characterizing the local site conditions of the 
study area herein. Hence, a more detailed seismic microzonation was carried out based on 
30 measurements of the shear wave velocity (VS) obtained through several geophysical tests 
(21 down-hole, DH; 5 cross-hole, CH; 4 MASW tests, see Licata et al. 2019a, b). The loca-
tions of VS-measurement tests are highlighted with yellow circles on Fig. 2a. Accordingly, 
the average shear wave velocity of the upper 30 m, denoted as VS30, is calculated for each 
geolithological complex. The seismic soil classification map, shown in Fig. 2b, is based 
on the Eurocode 8 (EC8; CEN 2004) and the National Technical Code for seismic design 
(NTC 2008) site classes, using the estimated spatial average values for VS30 (see Forte et al. 
2017). More specifically, the outcropping NYT along the SE sector is classified as class A 
(with VS30 > 800 m/s representing the engineering bedrock); whereas the main part of the 
plain (Fuorigrotta and Bagnoli zones) is classified as soil-site class C (VS30 = 180–360 m/s, 
with bedrock depth higher than 20 m). The transition between these two zones (i.e., geo-
logical formation 5, see Fig. 2a), characterized by VS30 ranging between 180 and 360 m/s 
and a relatively shallow (< 20 m) NYT depth, is classified as type E (soil class E is defined 
as 5–20 m of C- or D-type alluvium lying upon stiffer material with VS30 ≥ 800 m/s). The 
deposits below the dune sands (geological formation 1), with a mean VS30 between 180 
and 360 m/s but highly susceptible to liquefaction, are classified as soil type S2. Finally, 
the pyroclastic soils below STT (geological formation 6) are left as unclassified. This is 
because the stratigraphic profile reveals significant inversions of the shear wave velocity 
with the depth; and hence, the soil classification cannot be applied. The results of microzo-
nation of the studied area are summerized in Table 1 as follows.

4 � Seismogenic source characterization

The first step in a PSHA procedure is the characterization of the seismogenic source 
model(s). The model should incorporate the available seismological, geological, and geo-
physical information for the active area together with historical and instrumental earth-
quake catalogues. As mentioned before, the approach adopted herein attributes the major 
earthquakes to the individual fault structures and the low-to-medium earthquakes to the 
background seismicity. Section 4.1 describes the finite-fault source model, for which the 
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list of key input parameters are: SB = Seismogenic Boxes or SBox; �max = vector of alter-
native calculated/observed maximum moment magnitude estimates; Mchar = the average 
value of the vector �max ; σm = standard deviation of Mchar; MSB

l
  = lower magnitude of a 

SB; MSB
u

 = upper magnitude of a SB; f SB
M

 = truncated normal probability density function, 
PDF, of magnitudes assigned to a SBox; vSB = annual seismicity rate assigned to a SB. Sec-
tion 4.2 charachterizes the background source model with the following key input parame-
ters: MBG

l
 = lower magnitude of the background area; f BG

M
 = truncated Exponential distribu-

tion of magnitudes for background source; Mc= the completeness magnitude; β = the slope 
of the Gutenberg–Richter (GR) earthquake rate model; vBG = annual seismicity rate within 
the background area.

4.1 � Finite‑fault source models

A segmented belt of large normal faults running along the crest of the Apennines are 
mostly responsible for strong earthquakes taken place in the southern Apennines (see e.g., 
Valensise and Pantosti 2001; DISS Working Group 2015; Basili et al. 2008). These large 
faults dip predominantly to the southwest in the central Apennines and to the northeast 
in the southern Apennines (DISS Working Group 2015). The rectangular area located in 
southern Apennines, highlighted in Fig. 3a (and Fig. 3b), is adopted herein as the “back-
ground area”. Figure 3b shows also the Italian national seismogenic zones (ZS9, Gruppo 
di Lavoro 2004) surrounding the background zone. It can be observed that the background 
area overlaps significantly with seismic zones Z927 and Z928 (partial overlap with zones 
924 and 925). The case-study site is located in the western part of the city of Naples and 
is shown with cyan-colored area in Fig. 3a. The background area is extended through the 
northeast around 130 km, extending to three neighboring provinces. It extends in the south-
east direction around 160  km. The yellow-colored rectangles represent the Seismogenic 
Boxes (SBox) within the background area. As mentioned before, the SBoxes are the sur-
face projection of individual seismogenic active faults (the geometry of a typical dipping 
fault is shown in Fig. 3c). The name assigned by DISS 3.2.0 (DISS Working Group 2015) 
to each SBox is shown right next to the corresponding SBox, together with an identifica-
tion number in the parenthesis (referred to in Table 2 for identifying the SBox). The closest 
edge of each seismic box to the ground surface is highlighted with thick gray line. 

The spatial distribution of historical earthquakes based on CPTI15 catalog in the time 
interval from 1000 to 2014 (Rovida et al. 2016) and with magnitude greater than 4.0 is also 
shown in Fig. 3a. The small gray-colored dots indicate historical events with moment mag-
nitude (Mw) interval of [4.0, 5.50); the blue dots represent events with Mw ∈ [5.50, 6.0); 
the magenta triangles represent events with Mw ∈ [6.0, 7.0); finally, the red stars show the 
very rare Mw ≥ 7.0 historical events. The historical earthquakes shown in Fig. 3a took place 
within the background area or are located at a distance within 10 km outside of it. For each 
event with Mw ≥ 5.5 in Fig. 3a, two lines of information are provided: the first line specifies 
Mw and the time of occurrence (year) of the event; the second line identifies the record’s 
label in CPTI15 catalog and the seismogenic fault (i.e., SBox) to which it is attributed (if 
available). The 14 SBoxs falling within the background area are reported in Table  2 by 
summarizing their description in DISS 3.2.0 (name, fault type, time of the latest associated 
event, and the moment magnitude) and listing of the historical earthquake(s) assigned to 
each SBox (according to CPTI15 catalog). Finally, for each SBox, a brief discussion (with 
relative references) of each source according to DISS commentary is reported.
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A quick survey of events in Fig.  3a reveals that over the past seven centuries, the 
background area has been struck by several Mw (+)6 earthquakes: September 1349 
(moment magnitude Mw 6.8, multiple events), December 1456 (Mw 6.9–7.2, multiple 
events), June 1688 (Mw 7.1), September 1694 (Mw 6.7), March 1702 (Mw 6.6), Novem-
ber 1732 (Mw 6.7), July 1805 (Mw 6.7), August 1851 (Mw 6.5), July 1930 (Mw 6.7), 
August 1962 (Mw 6.1), and November 1980 (Mw 6.2–6.8, multiple events).
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Fig. 3   a The seismogenic sources: the zone of background seismicity is filled with light-blue colour; the 
SBoxs are shown with yellow-colour rectangles; the historical events according to CPTI15 catalogue with 
magnitude greater than or equal to 4.0 are marked with points, circles, triangles and stars (to differentiate 
their magnitude); b the background area overlaid with the Italian seismic zonation (ZS9); c the geometry 
of a typical seismogenic source (Fig. 3c is extracted from http://diss.rm.ingv.it/diss/index​.php/help/15-indiv​
idual​seism​ogeni​c-sourc​es)

http://diss.rm.ingv.it/diss/index.php/help/15-individualseismogenic-sources
http://diss.rm.ingv.it/diss/index.php/help/15-individualseismogenic-sources
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One of the main assumptions in source modelling herein is the attribution of the earth-
quakes of Mw ≥ 5.5 events to the SBoxes (see Table 2). The threshold of Mw 5.5 is also 
recommended in the DISS database where it is highlighted that DISS is a compilation of 
potential sources for earthquakes larger than 5.5 in Italy and surrounding areas. According 
to DISS, this assignment is done based on field mapping, landscape evolution, geophysics, 
and paleoseismology data. The PSHA formulation for the calculation of hazard does not 
necessarily state that the sources should be mutually exclusive; rather, they should be inde-
pendent. However, the fact that the background source and the SBoxes are overlapping (at 
the locations of the SBoxes) implies that the minimum magnitude for SBoxes and the max-
imum magnitude for the background source need to be equal. Otherwise, the PSHA calcu-
lation can double count the possible events (see also Akinci et al. 2016). On the other hand, 
in a layered modeling in which the SBoxes are modelled as characteristic, the background 
needs to overlap the SBoxes. Otherwise, the events with magnitude less than the mini-
mum magnitude of the SBoxes (5.5 in this case) are not going to be assigned neither to the 
SBoxes and nor to the background. With reference to both Table 2 and Fig. 3a, out of 28 
earthquakes with Mw ≥ 5.5 highlighted in Fig. 3a, the following issues can be highlighted:

(1)	 The southeast of the background area is close to the debated epicentral locations of the 
19 August 1561 (Mw 6.7) event and includes the 31 July 1561 (Mw 6.3) event. These 
two events are assigned to a neighboring seismogenic fault outside the zone of interest 
(see DISS Working Group 2015), and hence are not considered in PSHA calculations 
(see also the discussion in Section S.M.4 in the electronic supplementary material of 
this manuscript).

(2)	 The events 05 May 1990 (Mw 5.8) and 17 July 1361 (Mw 6.0) in the right side are also 
assigned in DISS to neighboring seismogenic faults outside the zone of study (see 
DISS Working Group 2015). Therefore, these events are not considered in the list of 
historical earthquakes affecting this site (see also the discussion in Section S.M.4 in 
the electronic supplementary material of this manuscript).

(3)	 Three events with 5.5 < Mw < 6.0 (marked with blue dots) are not assigned to any 
known individual source including: the 05 December 1499 (Mw 5.6—event 238 in 
CPTI15 database whose epicenter is located near the city of Nola), the 31 July 1561 
(Mw 5.6—event 348 in CPTI15 with epicenter located in Sorrento peninsula), both in 
the middle of the background area, and the 27 December 1978 (Mw 5.9—event 3208 
in CPTI15 database whose epicenter is located in Tyrrhenian sea) on the left-hand 
side. Based on CPTI15 and also on the International Seismological Centre (ISC) on-
line bulletin (Di Giacomo et al. 2014), the hypocentral depth of the recent event 3208, 
taken place in 1978 (with Mw 5.9), is 391.8 km, indicating that it has been originated 
from a subduction zone. Therefore, it is no longer considered within the PSHA calcula-
tion herein as our hazard estimates do not consider the deep subduction earthquakes. 
Regarding historical events 238 and 348 (with Mw 5.6) taken place in 1499 and 1561, 
respectively, and in lieu of any known individual or composite sources located nearby, 
we assume two individual point sources, called herein “PS Nola” and “PS Sorrento 
peninsula”, as shown in Fig. 3a. Both events seem to satsify the far-source far-field 
approximation with respect to the site of interest; that is, both sources are sufficiently 
distant from the site of interest in order to be approximated by point sources. This 
choice is also supported by the studies conducted by Camassi et al. (2011) on Italian 
historical events, as well as Castelli et al. (2008). Indeed, according to Camassi et al. 
(2011), some earthquakes in Campania, located both in the Apennines and in the 
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Vesuvian area have remained unknown until now because they occurred in periods in 
which compilation of seismic events is incomplete (e.g., 1499, Nola) or they have been 
somewhat overshadowed by more important events (e.g., 1561, Sorrento peninsula). 
Specifically, the source of Mw 5.6 Sorrento peninsula (1561) has been also studied by 
Castelli et al. (2008) while revisiting the 1561 complex seismic sequence in southern 
Italy. They have concluded that the event that took place close to Vietri sul Mare in 31 
July 1561 (the approximate epicenter of Sorrento peninsula event) should be connected 
to a locally triggered source, and not to the Apennine faults (that were responsible for 
31 July to 19 August 1561 seismic sequence in southern Italy), since no damage was 
observed in other localities between the coast and the Apennine chain.

(4)	 Out of a total of 28 events with Mw ≥ 5.5, 7 events have already been discarded based 
on the considerations in (1) to (3). Among the remaining 21 events (see also Table 2), 
13 events are not attributed to any known causative fault according to DISS 3.2.0 
commentary (see the descriptions in the last column of Table 2). These events are 
highlighted in Table 2 in bold under the title “Assigned Event (CPTI15)”. A tentative 
event-to-fault attribution is carried out for these 13 events based on criteria such as 
nearest source to the desired event (see the last column in Table 2). Clearly, the validity 
of such attribution depends on the quality of macroseismic data used to estimate the 
earthquake location in the CPTI15 database (see also Vannoli et al. 2015; Akinci et al. 
2016 for more details about the assignment of the causative fault).

(5)	 The 1456 destructive event consists of at least two large mainshocks (Fracassi and 
Valensise 2007), the first event occurred on 5 December with Mw 6.90 assigned to 
individual source Ariano Irpino (ITIS092, as denoted in Table 2, No. 5), and the second 
event occurred on 30 December with Mw 7.0 assigned to individual source Frosolone 
(ITIS095, see Table 2 No. 6). The location of the former event is confirmed in CPTI15 
(presents an offset with respect to the causative fault, see Fig. 3); the location of the 
second event is not available.

(6)	 The CPTI15 catalog does not contain the second and third shock of the 1980 Irpinia 
earthquake with Mw 6.2 (took place within 20 s from each other, see the description 
in Table 2, No. 10–12). However, according to DISS database, these two events are 
assigned to SBoxes San Gregorio Magno (ITIS078), and Pescopagano (ITIS078).

(7)	 Among all the individual seismogenic sources defined in Table 2, the last row (No. 14) 
represents a composite source and is associated to two historical events with Mw ≥ 5.5. 
The Mw 6.9 assigned by DISS to this source is based on the strongest earthquake 
occurred in the composite source. The events of 8 September 1694 (Mw 6.9 in DISS 
and Mw 6.73 in CPTI15, see Table 2) and the 7 June 1910 (Mw 5.80, see Table 2) are 
assigned according to the DISS commentary (DISS Working Group 2015) to this com-
posite source. In the absence of any detected individual seismic source by DISS, we 
considered the whole composite source herein within our source characterization. The 
source has a complex geometry and it cannot be treated as a dipping plane. Therefore, 
the length of the expected rupture length is poorly defined or unknown.

In order to give a better perspective of the case-study zone, the SBoxes, the background 
source, the two point sources, the Italian seismic zonation around the background zone, 
and the earthquakes taken place within and surrounding the background area, two fig-
ures are provided in the electronic supplementary material of this manuscript (see Sec-
tion S.M.4, Fig. SM5 and Fig. SM7).
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4.1.1 � Characterizing the distribution of maximum characteristic magnitude 
for seismic sources

The problem of the maximum magnitude estimation is widely debated in seismology (see 
e.g. Kagan and Jackson 2013; Zöller et al. 2013). To estimate the distribution of maximum 
characteristic magnitude on a fault segment, the data collected/assumed for the fault, such 
as size, rheological properties and empirical size-magnitude relationships, are employed. 
With reference to previous studies (Peruzza and Pace 2002; Pace et al. 2006, 2016), the fol-
lowing sources for obtaining maximum magnitude (Mmax) estimates (and the correspond-
ing confidence band) are considered herein:

1.	 Observed magnitude from DISS It corresponds to the maximum observed magnitude in 
the DISS database and is denoted herein as Mmax,DISS (see Mw reported in the 6th column 
of Table 2). Mmax,DISS is the magnitude of the strongest event observed in the region and 
attributed to the corresponding source. In case no such event has been registered, empiri-
cal relationships (denoted by ER in Table 2 and explained later on in points 3 to 5) are 
employed by DISS to get an estimate of the maximum magnitude. It is noteworthy that 
the type of employed empirical relation is not defined in the DISS commentary. In lieu 
of case-specific values for the standard deviation of Mmax,DISS, a fixed value of 0.30 is 
set (reported right next to the expected value of Mmax,DISS in the 9th column of Table 3).

2.	 Observed magnitude from CPTI The maximum observed event(s) based on CPTI15 
catalog is denoted herein as the vector Mmax,CPTI (see Mw’s reported in the 9th column 
of Table 2). The standard deviations of the observed magnitudes in Mmax,CPTI are taken 
from the CPTI15 catalog (reported right next to the expected value of Mmax,CPTI in the 
11th column of Table 3). In case the maximum magnitude values for the same event 
(distinguished by its origin time in the 8th column of Table 2) are reported both in CPTI 
and DISS catalogs, two different situations are encountered: (a) The maximum magni-
tudes are numerically close; (a) The maximum magnitudes are not numerically close. 
In case (a), the Mmax,DISS values, underlined with red color, is not taken into account. 
In case (b), both Mmax,DISS and Mmax,CPTI are taken into account (as they represent the 
uncertainty in the estimation of maximum magnitude). The observed values for Mmax 
(from DISS and CPTI) and the corresponding standard deviations are reported in Table 3 
(columns 8 to 11). Note that no Mmax,DISS is assigned to SBoxes 2, 7, 8, 9, and 10 (the 
italic values in column 6, Table 2). Moreover, Mmax,CPTI does not exist for the following 
SBoxes: (a) ITIS095 (No. 6) as the location of the corresponding event is not defined 
in CPTI15 catalog (denoted as NP in Table 2). (b) ITIS078 and ITIS079 (No.’s 11 and 
12) since the second and third shocks of the Irpinia earthquake are not listed in CPTI15 
catalog. (c) ITIS068, the low-magnitude historical earthquake (M4.26, ID#1481) is not 
considered because it was significantly lower than empirically-estimated value from 
DISS (M5.4),

3.	 Calculated as a function of seismic moment An expression based on scalar seismic 
moment (M0, [N.m]) is used for calculating Mmax which is denoted herein as (see Hanks 
and Kanamori 1979):

	   The seismic moment M0 is the most physically meaningful way to describe the 
strength of an earthquake caused by fault slip. It is expressed as:

(1)Mmax,M0
=

2

3

(

log10 M0 − 9.1
)
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where μ is the rigidity or shear modulus (usually taken to be ~ 3 × 1010 Pa), L is along-
strike rupture length, W is down-dip width, and D is the average slip on the fault (these 
parameters are extracted from the DISS database for individual SBoxes). The standard 
deviation for M

max,M
0
 is set to 0.30 (see Pace et al. 2016).

4.	 Calculated as a function of seismic moment with modified rupture length The maximum 
magnitude estimate denoted herein as Mmax,ASP (where ASP stands for the aspect ratio) 
is calculated in the same manner as in part 3 using Eq. (1). The sole difference is that 
the along-strike rupture length denoted herein as LASP is calculated in terms of W as 
(Peruzza and Pace 2002):

	   By substituting LASP in Eq. (2) in order to obtain M0, Mmax,ASP is estimated as a func-
tion of M0 using Eq. (1). A value of 0.25 is set for the standard deviation of Mmax,ASP 
(Pace et al. 2016).

5.	 Calculated based on the capacity of the fault The maximum magnitude of a fault can 
also be determined based on a number of empirical relationships (denoted as the vector 
Mmax,ER). These relationships are essentially regression models predicting the magnitude 
expected for a given fault as a function of physical parameters such as surface rupture 
length, subsurface rupture length, down-dip rupture width, rupture area, and average 
displacement per event. Two well-known empirical relationships for tectonic contexts 
are Wells and Coppersmith (1994, a.k.a. WC94), and Leonard (2010). Herein, two 
alternative WC94 models that predict the maximum moment magnitude as a function of 
logarithm of the down-dip rupture width (i.e., log10W) and the logarithm of maximum 
rupture area RA = W·L (i.e., log10RA), respectively, are employed. The linear regression 
coefficients are fault-style-dependent. The standard deviation reported for each compo-
nent of Mmax,ER is the standard error of the corresponding predictive regression model 
(WC94 and reported in Wells and Coppersmith 1994).

The empirically-estimated Mmax,M0
 , Mmax,ASP and �max,ER and their corresponding stand-

ard deviations are listed in Table 3 (each magnitude estimate is followed by its standard devia-
tion, since two WC94 models were used for estimating �max,ER two rows are dedicated to the 
results). Note that for the composite source ITCS063, no empirical magnitudes �max,ER are 
assigned since the required physical parameters of this source (i.e., down-dip rupture width W 
and maximum rupture area RA) were not defined in DISS database. Recalling that a compos-
ite source may span various individual sources, the maximum magnitude capacity cannot be 
calculated from empirical relationships that are expressed as a function of geometrical source 
parameters (i.e., points 3 to 5 above). Therefore, as shown in Table 3, only the observed mag-
nitude values Mmax,DISS and Mmax,CPTI are assigned to the composite sources.

The distribution of the maximum magnitude for a given SBox is characterized based on 
the maximum magnitude estimates and the corresponding dispersion values obtained based 
on empirical relationships and observations (methods in 1–5). In this context, Mchar denotes 
the average value of the maximum magnitude and σm represents its standard deviation. Thus,

(2)M0 = �LWD

(3)LASP = aASP + bASP ⋅W

(4)Mchar = �max
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where �max is the average of �max =
[

Mmax,DISS,�max,CPTI,Mmax,M0
,Mmax,ASP,�max,ER

]

, 
the latter being the vector of alternative calculated/observed maximum moment magnitude 
estimates (itemized above in 1–5, bold indicates that the quantity is a vector itself; refer-
ring to cases in which more than one estimate is available; see the multiple rows reported 
for some SBoxs in Table 3), n

�max
 is the length of the vector Mmax, s�max

 is the sample 
standard deviation of the calculated/observed values in Mmax, and finally �

�max(i)
 is the 

standard deviation reported for each individual component in Mmax (as described in points 
1–5 above). Note that the expression in Eq. 5 encompasses not only the uncertainty in the 
estimation of �max , but also the dispersion due to the calculated/observed values in Mmax. 
Equation 5 is derived assuming that the different components of Mmax are uncorrelated.

A truncated normal distribution (with Mchar as mean and σm as the standard devia-
tion) can be generated for each SBox, which leads to a magnitude domain consistent 
with the variability in the empirical and observed data on each individual seimogenic 
source. The normal distribution is truncated at a lower magnitude equal to MSB

l
 = 5.50 

in one side and at an upper magnitude MSB
u

 lying two standard deviation above the mean 
value, Mchar + 2σm (for the upper-bound truncation, see Abrahamson 2000). Given that 
the maximum moment magnitude assigned in ZS9 to areal zones in the Italian terri-
tory is 7.29, and to avoid unrealistic magnitude assignments to SBoxes, an upper-bound 
threshold of 7.50 is assigned to all seismic sources (i.e., MSB

u
 ≤ 7.50). The last three col-

umns in Table 3 list the values assigned to Mchar, σm, and MSB
u

 for all sources based on 
all the observed and empirical magnitude values. The truncated normal probability den-
sity function (PDF) of magnitudes assigned to a SBox, and denoted herein as f SB

M
 , can 

then be expressed as (see Abrahamson 2000),

where ϕ(·) is the standard Normal PDF, and Φ(·) is the standard Normal cumulative den-
sity function (CDF).

Figure 4 illustrates graphically the information provided in Table 3 for the seismo-
genic sources. The red stars reflect the components of vector Mmax (observed/calcu-
lated) reported in Table  3 and the corresponding characteristic distribution is shown 
with gray-solid line. The distribution is mainly truncated Normal (see Eq. 6) with the 
lower and upper magnitudes MSB

l
 = 5.50, and MSB

u
 ≤ 7.50 (see Table 3 for MSB

u
 values) 

indicated with black vertical dotted lines. Note that if the difference between the upper 
and lower magnitudes is less than unity (i.e., MSB

u
−MSB

l
< 1.0 ), a Uniform distribution 

is assigned to the corresponding source (see the case of SBox 3, SBox 12, and SBox 13 
in Fig. 4). It is to note that the maximum magnitude characteristic model with truncated 
Normal/Uniform distribution as the magnitude recurrence relation allows for a narrow 
range of high magnitude and does not account for small-to-moderate size earthquake 

(5)�m =

√

√

√

√

√s2
�max

+
1

n2
�max

n�max
∑

i=1

�2
�max(i)

(6)f SB
M

(m) =
�
(

m−Mchar

�m

)

Φ
(

MSB
u
−Mchar

�m

)

− Φ
(

MSB
l
−Mchar

�m

)
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occurrences along the fault. Hence, it is assumed that all the seismic energy is released 
through characteristic earthquakes whose magnitude is described with the truncated dis-
tributions shown in Fig. 4 in gray-colored lines. On the other hand (as noted also previ-
ously), the events with magnitudes smaller than the threshold MSB

l
 = 5.50 are assigned to 

the background source (as shown in the last sub-plot of Fig. 4 with cyan-colored circles; 
for more details see the next Sect. 4.2).

Characterizing the distribution of maximum characteristic magnitude for the point 
sources The two points sources PS, namely “PS Nola” and “PS Sorrento peninsula” 
(see Fig.  3a, and also the 3rd remark in Sect.  4.1) are assumed to have a Uniform 
distribution of magnitudes in the range of [ MSB

l
 = 5.50, 5.56 + 0.46 ≅ 6.0]. The upper-

bound magnitude of 6.0 is obtained by summing up the maximum magnitude of the 
assigned historical event to each source (i.e., 05 December 1499 with Mw 5.56, and 
31 July 1561 with Mw 5.56) and the error associated to each event (= 0.46) based on 
CPTI15.

Discussion It is worth mentioning that the source characterization carried out in this 
study is more sophisticated than the areal source characterization which is the basis of 
the INGV national hazard maps (see Sect. 1, Introduction). Nevertheless, this study can 
be improved as more data become available about the individual boxes. For instance, 
if it was possible to have complete catalogues for each SBox for smaller magnitudes, 
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Fig. 4   Distribution of maximum characteristic magnitude for each individual seismic source (gray-solid 
line), together with the observed/calculated maximum moment magnitudes (red stars); the last sub-plot 
shows all the events with Mw≤ 5.50 assigned to the background source. Note that the truncated normal dis-
tribution for each SBox is not necessarily the best fit to the observed/calculated maximum moment mag-
nitudes (defined by red stars). This distribution is characterized through the detailed approach described 
through Sect. 4.1.1 and tabulated in Table 3
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there would have been probably no need for using the layered approach to source char-
acterization adopted in this study. In such case, we could have attributed a Youngs and 
Coppersmith recurrence model (Youngs and Coppersmith 1985, see also Convertito 
et al. 2006; Gülerce and Ocak 2013) to each SBox and the background (excluding the 
SBoxes) could have been attributed to a larger maximum magnitude.

4.1.2 � Calculating the activity rate for different seismic sources

The activity rate can be expressed in terms of mean annual rate of events with magnitude 
greater than or equal to MSB

l
 = 5.50 for each individual seismic box. After quantifying the 

distribution of maximum characteristic magnitude of individual fault segments, i.e. f SB
M

 
from Eq. (6), the corresponding activity rate can be obtained using the geometric and kin-
ematic parameters assigned to each SBox. To this end, one can estimate the mean occur-
rence time of the characteristic magnitude, Tmean, assigned to each SBox by means of the 
methodology presented by Peruzza et al. (2010) and implemented by Pace et al. (2016). 
The procedure uses the criterion of “segment seismic moment conservation” proposed 
by Field et  al. (1999) by dividing the seismic moment that corresponds to Mmax by the 
moment rate given a slip rate S as follows:

where Tmean is known as the mean recurrence time in year. Therefore, 1/Tmean can be inter-
preted as the mean annual rate of occurrence of the characteristic event. To estimate the 
uncertainty in Tmean, one needs to consider the uncertainties in Mmax (truncated Normal 
distribution with mean Mchar and standard deviation σm or Uniform distribution as shown in 
Fig. 4), the slip rate S (Uniform distribution as given in DISS database, see Table 4) and 
the uncertainties in μ, L, and W (if such uncertainties are taken into account, herein they 
are assumed to be deterministic quantities). While Pace et al. (2016) employs a mean-value 

(7)Tmean =
101.5Mmax+9.1

�LWS

Table 4   The mean annual seismicity rate for different individual seismic sources (SBoxes)

No. DISS ID Name Slip rate
S (mm/ys)

v84th
Mmax

s vapp(M
SB

l
) vSB

1 ITIS005 Tammaro Basin [0.1, 1] 0.0029 – 0.0029
2 ITIS004 Boiano Basin [0.1, 1] 0.0012 – 0.0012
3 ITIS089 Carpino-Le Piane [0.1, 1] 0.0039 – 0.0039
4 ITIS138 Aquae Iuliae [0.45, 1.90] 0.0059 – 0.0059
5 ITIS092 Ariano Irpino [0.1, 1] 8.91e-4 – 0.0009
6 ITIS095 Frosolone [0.1, 1] 0.0010 – 0.0010
7 ITIS006 Ufita Valley [0.1, 1] 0.0038 – 0.0038
8 ITIS088 Bisaccia [0.1, 1] 0.0012 – 0.0012
9 ITIS081 Melfi [0.1, 0.5] 0.0026 – 0.0026
10 ITIS077 Colliano [0.4, 0.6] 0.0056 – 0.0056
11 ITIS078 San Gregorio Magno [0.4, 0.6] 0.0012 – 0.0012
12 ITIS079 Pescopagano [0.4, 0.6] 0.0059 – 0.0059
13 ITIS068 Casamicciola Terme [0.1, 1] 0.0014 – 0.0014
14 ITCS063 Andretta-Filano NA 0.0044 0.0044
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first-order second-moment (MVFOSM) approach for estimating the uncertainty in Tmean, 
we use herein the Monte Carlo simulation method considering zero correlation between the 
parameters Mmax and S. Figure 5 shows the distribution of Tmean for SBox 1 up to SBox 13 
based on Eq.  (7). In addition, to have an estimate for the mean recurrence time for each 
seismic source from the distribution of Tmean, we have selected the 16th percentile (marked 
with red star) as the best-estimate value. Note that the inverse of this value corresponds to 
the 84th percentile of the mean annual rate of the characteristic events associated with each 
SBox denoted as v84th

Mmax
 . For all the individual seismic sources, the assigned v84th

Mmax
 is 

reported in Table 4.
Discussion about the composite source ITCS063 (SBox 14) For the composite source 

ITCS063 (SBox 14), it is not possible to estimate the seismicity rate with respect to Eq. (7). 
This is because the geometric and kinematic parameters of the source are not identified in 
DISS. In order to obtain a rough estimate for the seismicity of this composite source in 
terms of the annual rate of events with M ≥ MSB

l
 , one can refer to Table 2. Table 2 shows 

this source to be responsible for two events with M > MSB
l

 ; i.e., Mw 6.73 in 1694 and 
Mw 5.76 in 1910. Based on the Italian seismic zonation, this composite source is mainly 
located within the seismic zone Z927 (see Fig. 1 above). With reference to the complete-
ness period for Z927 (Gruppo di Lavoro 2004), for 5.68 ≤ Mw = 5.76 ≤ 5.91, the complete-
ness period of the zone starts from year 1787. Moreover, for 6.60 ≤ Mw = 6.73 ≤ 6.83, the 
completeness period starts from 1530. As a result, the completeness period for events with 
M > MSB

l
 = 5.50 can be assumed to start from 1787. Thus, considering that the time extent 

of CPTI15 catalog is up to 2014, the approximate annual seismicity rate for this compos-
ite source, denoted herein as vapp(MSB

l
) , can be calculated as the number of events with 
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Fig. 5   The distribution of mean recurrence time of the characteristic event, Tmean, for all seismic sources 
(see Eq. 7), and the 16th percentile of Tmean ( 1∕v84thMmax

 ) marked with red star
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M > MSB
l

 within the completeness period divided by the time span; i.e., 1

2014−1787
= 0.0044 , 

as outlined in Table 4 for this composite source.
Finally, the assigned annual seismicity rate to each SBox, denoted as vSB , is assumed 

herein to be v84th
Mmax

 for individual SBoxes and vapp(MSB
l
) for the composite source, as 

reported in Table 4. As a final note, it is also possible to estimate vapp(MSB
l
) for individual 

sources; however, the number of events assigned to each SBox is too small for making 
meaningful verifications of the completeness time interval for the calculation of vapp(MSB

l
) . 

Hence, relying on the geometric and kinematic parameters of the individual SBoxes to esti-
mate the seismicity rate (by means of Eq. 7) sounds more sensible and rational.

Calculating the seismicity rate for the point sources The point source Nola is located 
within the Italian seismic zone Z928 and the source Sorrento peninsula is close to this seis-
mic zone (see Fig. SM7 in Section S.M.4 of the electronic supplementary material of this 
manuscript). For 5.45 ≤ Mw = 5.56 ≤ 5.68, the completeness period of this zone starts from 
year 1787 (Gruppo di Lavoro 2004), which does not include the two events. Alternatively, to 
have a rough estimate of seismicity rate, which is expressed as the annual rate of events with 
M ≥ MSB

l
 = 5.50 denoted as v

(

M ≥ MSB
l

)

 , we first calculated the seismicity rate for zone 
Z928 for M ≥ MSB

l
 as follows: v

(

M ≥ MSB
l

)

= v
(

M ≥ Mzone
l

)

× exp
[

−�
(

MSB
l

−Mzone
l

)]

 ; 
where zone = Z928; Mzone

l
 = 4.76 is the lower-bound magnitude; � = 2.40; 

v
(

M ≥ Mzone
l

)

 = 0.21 (Gruppo di Lavoro 2004). This results in the annual rate of events 
with M ≥ MSB

l
 = 5.50 for the whole zone equal to v

(

M ≥ MSB
l

)

 = 0.0357. In the next step, 
in order to find the seismicity rate assigned to each point source, the rate 0.0357 is normal-
ized according to the ratio of the potential ruptured area of each point source (assumed to 
be equal for PS Nola and PS Sorrento peninsula given that they are characterized with the 
same maximum magnitude) with respect to the area of Z928 (around 2500 km2). Accord-
ing to the WC94 empirical models (Wells and Coppersmith 1994), the rupture area for 
a maximum magnitude of 6.0 is around 100 km2. By conservatively considering that the 
surface-projected area is equal to the ruptured area, the rate of seismicity can be approxi-
mately estimated as v

(

M ≥ MSB
l

)

= 0.0357 ×
100

2500
= 0.0014 for each point source.

4.2 � Background source model

The background source is shown in Fig. 3a with a light-blue rectangular area. The magni-
tude distribution for the background source, denoted as f BG

M
 follows a truncated Exponen-

tial distribution as (see also Jalayer et al. 2011; Ebrahimian et al. 2014):

where MBG
l

 ≤ m≤ MSB
l

 = 5.50, MBG
l

 is the lower cut-off magnitude of the background area, 
β is the slope of the Gutenberg–Richter (GR) earthquake rate model (Gutenberg and Rich-
ter 1949, 1956). This frequency–magnitude model has the log-linear relationship of the 
form lnN(M ≥ m) = α − β·m where N is the number of events with magnitudes greater than 
or equal to the value m.

(8)f BG
M

(m) =
�e−�m

e−�M
BG
l − e−�M

SB
l



4767Bulletin of Earthquake Engineering (2019) 17:4743–4796	

1 3

4.2.1 � Estimating the lower cut‑off magnitude of the background, MBG

l

The first step toward quantifying f BG
M

 (see Eq. 8) is to have an estimate of MBG
l

 . As shown 
in Fig. 3b, the background area is located mostly within the seismic zones Z927 and Z928 
according to Italian Seismogenetic Zonation (ZS9, Gruppo di Lavoro 2004). The mini-
mum magnitude of both seismic zones according to ZS9 is 4.76. Nevertheless, with refer-
ence to the historical events within the background area, the issue of catalog incomplete-
ness should be explicitly considered (Stucchi et  al. 2004). Specifically, the designated 
lower cut-off magnitude of the background area MBG

l
 should be greater than or equal to 

Mc, i.e., MBG
l

≥ Mc , where Mc denotes the completeness magnitude. There exist different 
approaches in the literature for estimating Mc (see e.g., Marzocchi et al. 2016). Herein, we 
have employed two different methods described in the following:

1.	 Direct use of frequency–magnitude distribution plot With reference to the GR relation-
ship, the frequency–magnitude curve should have an approximately exponential decrease 
as the magnitude increases (i.e., linearly decreasing in logarithmic scale). In case the 
data is incomplete, a flattening in a certain lower magnitude range (having higher fre-
quencies) can be detected. In such cases, Mc can be visually marked as the point where 
the magnitude-frequency curve becomes approximately linear in the logarithmic y-scale 
(see Ebrahimian et al. 2014). Figure 6a shows the frequency–magnitude scatter plot 
(the same previously shown in the last sub-plot of Fig. 4) consisting of data pairs [m, 
lnN(M ≥ m)] shown with cyan-colored circles (according to CPTI15 catalog). The upper 
magnitude threshold MSB

l
 = 5.50 is marked with a black-dotted line. The scatter plot 

reaches saturation at a certain lower magnitude range; this is while it demonstrates 
approximately linear behaviour for higher magnitudes. Mc is marked at the point where 
the frequency–magnitude curve becomes (roughly) a line. As it can be observed in the 
figure, it is not straightforward to visually pin-point the Mc corner. More specifically, Mc 
can vary in the range of magnitudes between 4.0 and 4.8 (herein it is set conservatively 
to 4.8; compatible with ZS9 data). The next method can lead to quantified estimates of 
Mc.

2.	 Bayesian updating approach for calculating the β-value versus various magnitude 
thresholds denotes as ml: The method detects the magnitude threshold where the maxi-
mum likelihood of the posterior probability distribution of β (mode of the distribu-
tion), denoted as 𝛽  herein, becomes roughly invariant (i.e., the estimate rendered by the 
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Fig. 6   a Frequency–magnitude distribution of the background area based on CPTI15 catalog, b lower mag-
nitude versus the estimated 𝛽-value through Bayesian updating
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Bayesian updating for β parameter is quasi invariant with respect to the adopted ml). This 
magnitude threshold can be interpreted as Mc (see Ebrahimian et al. 2014; Ebrahimian 
and Jalayer 2017). The posterior probability distribution for β given the data D and a 
magnitude threshold ml is denoted herein as p(β|D,ml). The data D consist of i = 1:NBG 
historical earthquakes from the catalog within the background area with magnitudes 
mi ≥ ml. The probability p(β|D,ml) can be determined according to the Bayes’s theorem 
as (see also Ebrahimian et al. 2014; Ebrahimian and Jalayer 2017):

where c−1 is the normalizing constant of the Bayes’s expression; p(D|β, ml) is the like-
lihood function for data D given β and ml; p(β|ml)≈ p(β) is the prior probability distri-
bution. The term p(mi|β, mi≥ ml) is the conditional probability of having an event with 
magnitude equal to mi that is greater than or equal to ml. Herein, we use a Lognor-
mal probability distribution to define the prior p(β) having median equal to ln10 and 
COV equal to 0.30. Figure 6b illustrates 𝛽-value calculated as the maximum likelihood 
(mode) of posterior probability distribution p(β|D,ml), with respect to various magni-
tude thresholds, ml. It can be seen that 𝛽  increases monotonically with respect to ml 
up to a value around 4.40, after which it become roughly invariant; thus, Mc ≈ 4.40. 
This value is highlighted with a red-dotted vertical line in both Fig. 6a, b. According 
to Fig. 6b, we set MBG

l
 = 4.60 (highlighted with cyan-dashed line) to bypass the initial 

fluctuation in 𝛽-value above Mc. The GR regression line, starting from MBG
l

 = 4.60, is 
also plotted with gray (thick) solid line in Fig. 6a to highlight the linear trend in the 
frequency–magnitude scatter plot.

Once MBG
l

 is estimated, the next (and last) parameter required for calculating the back-
ground magnitude distribution, f BG

M
 , is β (i.e., the GR seismicity slope in the logarithmic 

scale).

4.2.2 � Estimating the completeness interval of the background for MBG

l
 ≤ m≤ MSB

l

To make a sound estimate of the seismicity rate, it is essential to identify a time inter-
val in which the catalogue is complete. This section describes how such interval, known 
as the completeness interval is identified. More specifically, the completeness inter-
val is the time interval in which the magnitude range assigned to the background, i.e., 
MBG

l
 = 4.60 ≤ m ≤ MSB

l
 = 5.50, is likely to be completely reported. In this study, we use two 

different methods to address this issue: (a) the Visual Cumulative Method proposed by 
and Mulargia et al. (1987); and (b) the statistical approach called herein as Stepp Method 
and proposed by Stepp (1972). These two methods have been widely applied in regional 
PSHA studies (e.g., Benito et al. 2010; Ornthammarath et al. 2011; El-Hussain et al. 2012; 
Ksentini and Romdhane 2014; Woessner et al. 2015; Sesetyan et al. 2016; Mihaljevic et al. 
2017; Parra et  al. 2016; Akinci et  al. 2016; Kadirioglu et  al. 2018; Danciu et  al. 2018; 
Demircioglu et al. 2018; Sokolov et al. 2017).

In the visual cumulative method, the cumulative number of events in the desired magni-
tude class is plotted as a function of time. The time interval with the largest apparent slope 
is visually identified and taken as completeness period. Figure 7a illustrates the plot of the 
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cumulative number of seismic events in the magnitude interval [ MBG
l

= 4.60, MSB
l

= 5.50], 
located within the background region, versus time corresponding to the entire time interval 
of CPTI15 catalog which is [1000, 2014]. It is not straightforward to pick a point, as there 
are a few apparent increases in slope due to the change in seismicity rate. The first marked 
increase is around 1700 and the second one is around 1900. However, the sharp slope is 
more pronounced in the time interval 1900–2014.

The Stepp’s method relies upon the statistical characteristics of a Poisson distribution 
for the occurrence of earthquakes in the complete time interval. For a given magnitude, 
starting backward in time from the end of catalog (herein, from the year 2014), assume 
that the number of events occurring in the unit time intervals (say, e.g., 1-year) are λi where 
i = 1:T ≤ 2014 − 1000 = 1014 (years); T is the length of the time interval. Let λ denote the 
average of the random variables λi in the time interval T:

where λi is the number of events in the unit time interval [i, i + 1] and Nobs,T is the total 
number of events in the time interval T. The variance of λ denoted as �2(·), considering a 
Poissonian occurrence of events, can be estimated as:

Equation  (11) indicate that if the occurrence of seismic events in a given time inter-
val follows a homogenous Poisson distribution with rate λ, the standard deviation � var-
ies proportional to 1∕

√

T  . As a result, if the � estimate does not show 1∕
√

T-proportional 
behavior, this can be used as a sign that the corresponding time interval is not properly 
modelled by a homogenous Poisson process with parameter λ. The time interval length T, 
in which no deviation from the curve 1∕

√

T  occurs, defines the completeness time inter-
val for the corresponding magnitude range. Figure  7b shows the curve �� =

√

�obs∕
√

T  
with black hollow circles and the curve proportional to 1∕

√

T  with blue dashed line (in 
logarithmic scale). The first part of �� illustrates a sharp jump exactly at T = 34 years (i.e., 
corresponding to the interval [1980, 2014]). This is due to the sharp increase in the number 
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of registered events in 1980 due to events related to the Irpinia Earthquake. Figure 7a also 
registers an abrupt jump in seismicity at 1980. Careful visual detection of Fig. 7b reveals 
a deviation from 1∕

√

T-consistent behavior after an interval of T ≈ 110 years correspond-
ing to the year 1904. This is in line with the results obtained from the visual cumulative 
method. Moreover, it agrees with the Italian seismic zonation (Gruppo di Lavoro 2004) 
where completeness intervals starting from 1895 to 1871 for seismic zones Z927 and Z928 
for magnitudes greater than or equal to 4.76 (the minimum magnitude assigned to both 
seismic zones) are assigned, respectively. Thus, the time interval of 1900–2014 is consid-
ered as the completeness period of the catalog for the desired background area. This com-
pleteness interval (i.e., [1900, 2014]) is also shown with black dash-dotted line in Fig. 7.

It is noteworthy that �� can also be estimated based on a Bayesian approach by calculat-
ing the posterior probability distribution of λ, denoted as p(λ|data), given data consisting 
of Nobs,T observed events in time interval T. This posterior probability distribution can be 
estimated using Bayes’s theorem as follows:

where c−1 is a normalizing constant; p(Nobs,T| λT) is the likelihood of observing Nobs,T 
events during the time interval T with the rate λ [i.e., p(data|λ)] which can be expressed by 
a Poisson distribution; the term p(λ|T)≈ p(λ) is the prior probability distribution for rate λ. 
Herein, a Uniform prior is adopted for p(λ). Figure 7b illustrates the standard deviation of 
the posterior probability distribution p(λ|data), denoted as ��|data . The trend in the curve 
��|data , shown in Fig. 7b with a red line, reveals that ��|data and �� are quite close; espe-
cially for T ≥ 34 years. This results in the identification of the same completeness period by 
Bayesian inference.

4.2.3 � Calculating the activity rate for the background source

After assigning [1900, 2014] as the completeness interval with T = 114 (year), corre-
sponding to the magnitude range [4.60, 5.50] for the background zone, one can estimate 
the annual rate of events within the background area as v

(

MBG
l

≤ M ≤ MSB
l

) ≜ vBG = 0.37 
based on Eq. (10). Note that the Italian seismic zonation (Gruppo di Lavoro 2004) assigns 
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the values v(4.76 ≤ M≤7.06) = 0.43 to the seismic zone Z927 and v(4.76 ≤ M≤5.91) = 0.21 
to Z928 (the minimum magnitude of 4.76 is assigned to both seismic zones while the upper 
magnitudes are different).

4.2.4 � Calculating the GR slope β

Figure 8a shows a frequency–magnitude scatter plot of events (cyan circles) occurring in 
the completeness period [1900, 2014] within the background area having M ≥ MBG

l
 . A 

GR model in semi-logarithmic scale is fitted to the frequency–magnitude scatter plot. The 
slope of the linear regression model is βreg = 3.61. Alternatively, the slope parameter can be 
estimated by employing the Bayesian inference [described in part 2 of Sect. 4.2.1, Eq. (9)]. 
Figure 8b demonstrates the prior probability distribution function (PDF) of β, denoted in 
Eq. (9) as p(β), in gray dashed line. p(β) is set as a Lognormal probability distribution with 
median equal to ln10 and COV equal to 0.30. The figure also shows the posterior PDF 
p(β|D, ml= MBG

l
 ) with black solid line. The maximum likelihood (mode) of the posterior 

distribution p(β|D,ml= MBG
l

 ) is marked by a red asterisk on the posterior PDF at βML = 2.99. 
In this study, we have used βML for estimating f BG

M
 in Eq. (8). The Italian seismic zonation 

(Gruppo di Lavoro 2004) sets β = 1.70 for seismic zone Z927 with 4.76 ≤ M ≤ 7.06 and 
β = 2.40 for Z928 with 4.76 ≤ M ≤ 5.91. Table 5 shows the seismicity parameters corre-
sponding to the background area (as delineated in this study in Fig. 3b) and those corre-
sponding to Italian seismic zones Z927–Z928.

5 � The ground motion prediction models

In the context of PSHA, ground-motion prediction equations (GMPEs) play a key role. A 
GMPE represents the probability distribution for a given ground shaking parameter at a 
designated site as a function of source/site characteristics such as magnitude, source-to-site 
distance, style of faulting, and soil-site conditions. The increasing availability of strong-
motion data has led to significant improvements in ground-motion prediction worldwide 
and especially in Italy. With reference to the detailed studies recently performed on scoring 
of GMPEs for probabilistic seismic hazard analysis in Italy (see Barani et al. 2017a, b), the 
overall performance of selected GMPEs in the evaluation of seismic hazard in Italy has 
been ranked. Accordingly, the following GMPEs are selected for this study (Table 6 sum-
marizes basic features of these GMPEs):

Table 5   The key seismicity parameters corresponding to the background area in comparison with the Ital-
ian Seismic zonation

a Italian seismic zonation (Gruppo di Lavoro 2004)

Zone Lower magnitude, Ml Upper magnitude, Mu Gutenberg–
Richter slope β

Annual rate 
of events with 
Ml≤ M ≤ Mu

Background area 4.60 ( MBG
l

) 5.50 ( MSB
l

) 2.99 0.37 ( vBG)
Z927a 4.76 7.06 1.70 0.43
Z928a 4.76 5.91 2.40 0.21
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(1)	 ITA10 (Bindi et al. 2011): This GMPE is derived based on the improved ITalian ACcel-
erometric Archive (ITACA; Luzi et al. 2008; Pacor et al. 2011; http://itaca​.mi.ingv.it) 
and is the updated version of the GMPE ITA08 (Bindi et al. 2010). Although ITA08 is 
slightly more accurate at larger spectral periods, it is shown (Barani et al. 2017b) that 
the model based on ITA10 is more accurate for higher frequencies (i.e., PGA), possibly 
due to the anelastic attenuation term included in the distance function. This is a widely 
used GMPE, which has been implemented for constructing shake maps in Italy (Miano 
et al. 2015, 2016).

(2)	 BND14 (Bindi et al. 2014a, b): This Pan-European GMPE is derived from the reference 
database for seismic ground-motion prediction in Europe (RESORCE, Akkar et al. 
2013) consisted of the earthquakes occurred in Europe and Middle East from 1967 to 
2011. BND14 has been found to be the most effective one among a pool of selected 
Italian, European and global GMPEs (see Barani et al. 2017a, b).

(3)	 BSSA (Boore et al. 2014): This Global GMPE is derived within the PEER Next Gen-
eration Attenuation-West project (NGA-West, Bozorgnia et al. 2014, see also Gregor 
et al. 2014) from the reference NGA-West2 database (Ancheta et al. 2014). This model, 
derived for finite fault sources, provides regional adjustments for Italy. BSSA did not 
perform as well as the other two models, i.e. ITA10 and BND14, in the ranking done 
by Barani et al. (2017a, b). Nevertheless, it benefits from a more sophisticated site 
amplification function compared to other two models (will be discussed subsequently).

The functional form of both ITA10 and BND14 are as follows:

where IM denotes the ground-motion intensity measure of interest (see Table 6); e1 is a 
constant term, FD(R, M) is the distance function; FM is the magnitude scaling; FS is the site 
amplification function; Fsof is the style-of-faulting correction; εn is the fractional number of 
logarithmic standard deviations of a single predicted value of log10 IM away from the mean 
value (indicated in the bracket in Eq. 13, and denoted as �log10IM

 ); finally, �log10IM is the total 
logarithmic standard deviation of the model.

Both FD(R, M) and FM have the same functional form in ITA10 and BND14 models; 
FD(R, M) features a term decreasing linearly with distance (geometric and anelastic atten-
uation), and FM(M) considers a fixed hinge magnitude Mh= 6.75 (see Bindi et  al. 2011, 
2014a for the functional forms). The model derived for FS in ITA10 and BND14 features 
a linear site amplification term although nonlinear site effects are expected to be important 
in soft soil sites near the seismic rupture area with low VS30 values (classes C and D of 
EC8). Regarding the linear site amplification term, the two GMPEs suggest the expressions 
reported in Table 7:

The functional form for Fsof, which represents the style of faulting correction in the 
GMPEs ITA10 and BND14, is given by Fsof = fjEj for j = 1:4 where fj are coefficients and 
Ej are dummy variables used to denote the different style of faulting defined in Table 6. 
Note that for BND14, class U is considered only for DS-EC8 (see (2) in Table 6).

The functional form of BSSA is as follows:

(13)
log10 IM =

[

e1 + FD(R,M) + FM(M) + FS + Fsof

]

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
�log10 IM

+�n�log10 IM

http://itaca.mi.ingv.it
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where FE is the source effect function, FP is the path effect function, and FS is the site effect 
function (including linear and nonlinear site amplifications as well as basin depth effect), 
and their sum in the bracket represents the mean of lnIM, denoted as �lnIM . The term �lnIM 
is the total standard deviation of the model. The predictor variables are M, RJB (in km), 
VS30 (in m/s), basin depth z1 (depth from the ground surface to the 1.0 km/s shear-wave 
velocity, in km), mech = 0, 1, 2, and 3 for U, SS, NS, and RS style of faulting, respectively 
(see Table 6), and finally region is for regional correction (including China, Turkey, Italy 
and Japan). The term FE(M, mech) has functional form identical to BND14 and ITA10’s 
Fsof+ FM; except that the hinge magnitude Mh is not constant. The expression for FP (with 
regional adjustment) is quite similar to the functional form of FD in BND14 and ITA10 
models. The site amplification function FS (based on the work by Seyhan and Stewart 2014, 
see also Seyhan et al. 2014) is much more complicated than that of the two other GMPEs. 
It composes of 3 expressions: a linear term (generally similar to BND14 site function based 
on VS30 as noted in Table 7, with Vref  = 760 m/s and period-dependent parameters), a non-
linear term, and an adjustment factor to account for basin depth effect; where the last two 
expressions are region-dependent. The three GMPEs, i.e. ITA10, BND14 (for both DS-
EC8 and DS-VS30) and BSSA, are compared in terms of their predictions of pseudo-accel-
eration response spectrum Sa(T) in the electronic supplementary material (Section S.M.1, 
and Fig. SM1) of this manuscript (note that for the rest of the manuscript, we interchange-
ably use Sa instead of PSa for pseudo spectral acceleration, see also caption 6 of Table 6).

5.1 � IM of arbitrary horizontal component

In the engineering application of seismic hazard, it is often of interest to acquire the GMPE 
for an arbitrary horizontal component with the desired intensity IMarb instead of the geo-
metric mean of the two horizontal components of ground motion, IMg.m.. While ITA10 and 
BND14 use IMg.m., BSSA employs the single-component horizontal ground-motion. This 
inconsistency in definitions is typically not recognized when GMPEs are combined to pro-
vide the seismic hazard of the site of interest. For instance, integrating seismic hazard cal-
culated based on IMg.m. GMPE and structural analysis based on IMarb leads to inaccurate 
and unconservative estimates of the seismic risk (see Baker and Cornell 2006). One possi-
ble solution is to modify the GMPEs, which are based on IMg.m., in order to account for 
IMarb. To this end, the marginal mean and variance of lnIMg.m., denoted as �lnIMg.m.

 and 
�2
lnIMg.m.

 , can be derived as (see also Baker and Cornell 2006):

(14)

ln IM =
[

FE(M,mech) + FP

(

RJB,M, region
)

+ FS(VS30,RJB,M, region, z1)
]

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
�ln IM

+ �n�ln IM
(

M,RJB,VS30

)

Table 7   Linear site amplification terms in ITA10 and BND14

GMPE Expression Site classification Definitions

ITA10 Fs = sjCj Based on EC8 for j = 1:5 defining classes A–E, sj are regression 
coefficients, and Cj are dummy variables used to 
denote the different site classes

BND14 Fs = sjCj Based on EC8 For j = 1:4 defining classes A–D
BND14 Fs = �log10

(

VS30∕Vref

)

Based on VS30 Vref  = 800 m/s and � is a regression coefficient
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where �lnIMarb
 is the mean of lnIMarb, and IMx and IMy are the intensity measures corre-

sponding to the two horizontal components of the ground motion. By similar reasoning, we 
can obtain:

where �2
lnIMarb

 is the variance of lnIMarb, and �lnIMx ,lnIMy
 is the correlation coefficient between 

lnIMx and lnIMy. According to Eqs.  (15) and (16), the median of the desired GMPE for 
both IMg.m. and IMarb is identical, while the dispersion of the GMPE based on IMarb is 
larger than of IMg.m.(the factor multiplied by �2

lnIMarb
 is always less than or equal to unity). 

The correlation coefficient �lnIMx ,lnIMy
 is dependent on the record set in use, but typically 

falls between 0.8 and 0.9, depending on the range of magnitudes and distances of the 
records (Baker and Cornell 2006). Alternatively, �lnIMarb

 can be estimated directly (without 
the need to estimate the correlation term separately) as a function of �lnIMg.m.

(see “Appen-
dix 1” for the derivation):

where �C is equal to (Boore 2005, see also Campbell and Bozorgnia 2008):

where IMx,j and IMy,j are the ground motion intensities for two horizontal components 
of jth recording in the database and N is the total number of recordings. The logarithmic 
standard deviation for IM related to the arbitrary component is calculated for both ITA10 
and BND14 in Appendix 2 (see the electronic supplementary material of this manuscript, 
Section S.M.3, Tables A1, A2 and A3). For these GMPEs, which provide the functional 
form in term of log10IM (instead of lnIM), Eqs. (15)–(18) should be modified by substitut-
ing (log10) instead of (ln).

6 � General formulation of the probabilistic seismic hazard assessment

Probabilistic seismic hazard analysis is the most appropriate approach for considering vari-
ous sources of uncertainty (e.g., in magnitude, distance, rate of recurrence of earthquakes 
and in the variation of ground motion intensity measure with earthquake magnitude and 
distance) to be explicitly considered for the evaluation of seismic hazard. By employing 
PSHA, instead of hunting for a worst-case ground motion intensity, one can consider all 
plausible earthquake scenarios along with their associated probabilities of occurrence, to 
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find the rate of exceeding a specific ground-motion intensity measure, IM, in a given inter-
val of time and at a given site. Generally, for estimating the hazard due to strong ground-
motions, the “annual” rate of exceedance is estimated. The annual rate of exceeding a spec-
ified level of IM equal to x is denoted as 𝜆(IM > x) . Assume that a Poisson distribution 
for the events with magnitude greater than a lower-bound threshold, M > Ml , has a rate 
𝜆(M > Ml) ; the rate 𝜆(IM > x) can be interpreted as the rate of events with the probability 
of success P(IM > x|EQ) (read as the probability of IM > x given that an EQ of inter-
est with M > Ml takes place). Thus, 𝜆(IM > x) can directly be estimated by assuming a 
filtered Poisson process. The term 𝜆(IM > x) can be expanded as the sum of the exceed-
ance rates of IM > x for all seismic sources (assuming that earthquake occurrence for 
these alternative sources can be expressed as independent Poisson processes) including: (a) 
finite-fault sources (a.k.a. SBoxes; for brevity in the formulation, we show it as SBi, where 
i = 1,…,nSB = 14; see Sect. 4.1, Table 2) identified with rate 𝜆SBi

(IM > x) ; (b) areal source 
(i.e., background, BG, see Sect. 4.2) with rate 𝜆BG(IM > x) . Thus, the rate 𝜆(IM > x) can 
be calculated as follows:

The term 𝜆SBi

(

M > MSB
l

)

 , i = 1:nSB, is the annual seismicity rate of each SBox, which 
was denoted as vSBi in Table  4 (Sect.  4.1.2). Consequently, �BG

(

MSB
l

≥ M ≥ MBG
l

)

 is 
annual rate of events within the background area (activity rate), and is defined in Sect. 4.2.3 
as vBG . Finally, P

(

IM > x|EQSBi

)

 and P
(

IM > x|EQBG

)

 denote the probability of IM > x 
given that an EQ of interest takes place in SBi and BG, respectively. These exceedance 
probabilities are described by a lognormal distribution whose statistical parameters (loga-
rithmic mean and standard deviation) are provided by an appropriate attenuation relation; 
i.e., a GMPE, depending on the type of seismic source. With reference to Sect. 5, the (loga-
rithmic mean and standard deviation) are a function of magnitude m, RJB (or Repi), soil-site 
condition, as well as the style-of-faulting. For brevity, we use the general function �s,mech 
for expressing the two latter terms; where “s” stands for soil-site effect (functional form 
FS for ITA10 and BND14 models; directly expressed as VS30 and z1 in BSSA), and “mech” 
denotes style-of-faulting (functional form Fsof in ITA10 and BND14; mech in BSSA).

The exceedance probability P(IM > x|EQ) can be defined as the expected value for a 
prescribed GMPE taking into account the joint probability distribution for the model 
parameters θ, denoted as f(θ). By using total probability theorem, Eq. (19) can expanded 
as:

(19)
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𝜈SBi (Section 4.1.2, Table 4)
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where �
�SBi

 and �
�BG

 are the domains of the model parameters �SBi
 and �BG , respectively.

6.1 � Model parameters θSB for finite fault sources

The model parameters for fault sources can be expressed as θSB = [m, w, l, Np], where m is 
the magnitude; w is down-dip rupture width (see Right sub-figure in Fig. 1); l is the subsur-
face horizontal fault rupture length (a.k.a. fault rupture length, see Fig. 3c), and Np denotes 
the location of the nucleation point within the ruptured surface (fault plane). With refer-
ence to Eq. (20), the term P

(

IM > x|EQSBi

)

 in Eq. (19) can thus be expanded as:

where f SBi

M
 is the truncated Normal/Uniform PDF for magnitude m calculated based on 

Eq. (6) as a function of the lower cut-off magnitude MSB
l

 = 5.50 for all fault sources, and 
the source-dependent upper magnitude MSBi

u  (see Sect. 4.1.1 and Table 3). The PDF f(w|m) 
is the distribution of down-dip rupture width w given a value of magnitude m; we employ 
herein the well-known WC94 (Wells and Coppersmith 1994) empirically-estimated log-
normal distribution with a (logarithmic) mean of the general form �log10w|m

= a + bm and a 
(logarithmic) standard deviation, �log10w|m , derived from linear regression model of log10w 
versus m for various styles of faulting. The PDF f(l|w) is the distribution of subsurface 
rupture length l with respect to w. In order to estimate f(l|w), one can use the linear rela-
tionship proposed by Peruzza and Pace (2002) in the form l = aASP+ bASP·w for different 
style of faulting (see also Sect. 4.1.1, part 4, assuming that, conditioned on the width of 
faulting, the faulting length is independent of magnitude). Leonard (2010) proposes a w 
versus l relationship in the form w = C1l

� , where � ≈
2

3
 is a constant value, and C1 is a vari-

able depending on the style of faulting. Herein, we use the latter relationship by assuming 
that f(l|w) is a lognormal distribution with the (logarithmic) mean �log10l|w

 and logarithmic 
standard deviation �log10l|w equal to (taking the logarithm of both side and calculating l in 
terms of w):

where �log10C1
 and �log10C1

 are the logarithmic mean and standard deviation of C1 (Leonard, 
2010). Finally, the PDF f(Np|w, l, m) denotes the distribution of the nucleation point of an 
event with magnitude m and rupture area w × l within the fault plane (i.e., individual seis-
mic source having total down-dip ruptured width w and ruptured length l, see the typical 
seismoigenic source in Fig. 3c). According to this sub-figure, Np is assumed herein to be 
located along the Bottom edge (along LL-UL projection on the Bottom depth) of the fault 

(21)
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plane either at the ends (LL or UL projection) or in the middle (in this case, the rupture is 
assumed to symmetrically spread out). Thus, due to the three possible locations, the prob-
ability f(Np|w, l)dNp ≈ 1

3
 (assuming that the location of the nucleation point is independent 

of the magnitude and rupture area dimensions). It is to mention that the Joyner-Boore dis-
tance, RJB, which is a function of m, w, l and Np, is estimated as the nearest distance from 
the designated site to the projection to the ground surface of the ruptured plane w × l.

With reference to Eq. (21), the exceedance probability P
[

IM > x
|

|

|

m,RJB,𝜑s,mechi

]

 is esti-
mated for each SBi (with the style-of-faulting mechi, see Table 2) based on the weighted aver-
age of the exceedance probability for the four considered GMPEs in Sect. 5 including ITA10, 
BND14 (both EC8- and VS30-based models), and BSSA as shown in the following Fig. 9:

According to Fig. 9, wgmpe (where gmpe = 1:4) denotes the weight associated with each 
GMPE. The probability IM > x for each GMPE is calculated as a function of a Lognormal 
CDF ( � is the standard Normal CDF), whose logarithmic mean and standard deviation are 
estimated based on Eq. (13) for ITA10 and two BND14 models (defined with �log10IM,gmpe 
and �log10IM,gmpe where gmpe = 1:3) and Eq.  (14) for BSSA (shown with �lnIM and �lnIM 
where gmpe = 4). Herein, the term region for the BSSA model is set for Italy to account 
for regional effect. Moreover, the basin depth z1 for the BSSA model is treated as unknown 
for the case-study site due to the complicated geological formation of basin; thus, its effect 
on BSSA’s site amplification function is ignored in this case-study. It is worth mentioning 
that for Soil Class E, the EC8-based BND14 model is not included (as noted in Fig. 9, the 
weight w3 is modified accordingly; see also footnote 2 of Table 6).

As far as it regards the composite source (SB14, see Fig. 3a; Table 2), it is noteworthy that 
the length of the expected earthquake ruptures is unknown while the source itself spans an 
unspecified number of Individual Sources. The seismic potential of this source is estimated 
by assigning a magnitide ditribution f SB14

M
 (see Fig. 4; Table 3), and activity rate vSB14 (see 

Fig. 5; Table 4). Considering the fact that the surface projection of this complex source is 
determined (as shown in Fig. 3a), we assign a Uniform distribution to f(w, l|m) in Eq. (21), 
i.e. we assume that all the possible (w, l) pairs within the domain �

�SB14
 are equally likely to 

occur. Other terms in Eq. (21) are estimated in the same way as already explained.

6.2 � Model parameters θBG for the background area

The model parameters for the background area is composed of θBG = [m, xg, yg], where (xg, 
yg) are the Cartesian coordinates of the epicenter of an event, occurred within the Cartesian 
Background plane, with respect to the location of the desired site. Thus, the probability 
term P

(

IM > x|EQBG

)

 in Eq. (19) can be expressed as:

Fig. 9   Implementation of the GMPEs for finite fault sources within the PSHA framework
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where f BG
M

 is the truncated Exponential PDF of magnitude m based on Eq. (8) for the mag-
nitude range MBG

l
= 4.60  ≤  m≤ MSB

l
= 5.50 (see Sect. 4.2, and Table 5). The joint PDF 

for the epicenter location of an event within the BG zone with the area ABG, denoted as 
f
(

xg, yg
)

 in Eq.  (23), is calculated assuming equiprobable occurrence of seismic events 
(and independence of magnitude); thus, f

(

xg, yg
)

dxgdyg = f
(

xg, yg
)

dAg ≈
1

ABG

dAg . Alter-
natively, one can consider the distribution of past events within the BG zone. In such case 
the PDF f

(

xg, yg
)

 will no longer be a Uniform distribution. However, we have preferred the 
equiprobability assumption herein as it is coherent with the approach followed by INGV to 
develop the national seismic hazard maps (http://esse1​-gis.mi.ingv.it/s1_en.php, last 
accessed 20/02/2018). Note that the epicentral distance denoted as Repi, which represents 
the distance between the epicenter of the event and a station or a site, can be calculated as a 
function of the Cartesian coordinates (xg, yg) as Repi =

√

x2
g
+ y2

g
.

With reference to Eq.  (23), the probability P
[

IM > x
|

|

|

m,Repi,𝜑s,mech

]

 is estimated 
based on the weighted average of the exceedance perobabilitues associated with the 
ITA10 and EC8-based BND14 models. It is worth mentioning that the focal mechanism 
of the equiprobable earthquakes within the BG zone is unknown (i.e., mech is “unspeci-
fied”); this is while the BND14 model based on DS-VS30 data set is developed for events 
with known focal mechanism (see footnote 1 of Table  6). Although both ITA10 and 
BND14 prediction models are based on the site-to-source distance measure RJB, ITA10 
employs the epicentral distance (Bindi et al. 2011, see also footnote 4 of Table 6) when 
the fault geometry is unknown (generally the case when m < 5.50). Similarly, BND14 
allows substituting RJB with the epicentral distance Repi when the latter is unspecified—
only when m ≤ 5 and Repi ≥ 10 km (Bindi et al. 2014a, b, see also footnote 5 of Table 6). 
By relaxing the restriction on magnitude threshold (i.e., 5.0) to become 5.50, and con-
sidering that the number of points with Repi < 10 km are small in �

�BG
 , we have employed 

both ITA10 and EC8-based BND14 models for predicting the exceedance probability in 
Eq.  (23). On the other hand, there are no specified and tectonically-developed fault 
sources in the vicinity (< 10 km) of the case-study area (with the exception of volcano-
tectonic faults of the Campi Flegrei which are not considered in this study). Last but not 
least, for Soil Class E, the EC8-based BND14 model is not included. The implementa-
tion of the GMPEs (gmpe = 1:2) for the background area is illustrated in Fig. 10.

(23)

P
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IM > x|EQBG

)

= ∫
��BG

P
(

IM > x|EQBG, �BG
)

f
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�BG

)
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��BG

P
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IM > x
|

|
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(
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)
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]
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M

(m)f
(

xg, yg
)

dxg dyg dm

Fig. 10   Implementation of the GMPEs for areal source (background area) within the PSHA framework

http://esse1-gis.mi.ingv.it/s1_en.php
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6.3 � Model parameters for the point sources

The contribution to PSHA for each of the two point sources, namely, “PS Nola” and 
“PS Penisola sorrentina” can be described by an expression similar to Eq. (23) consider-
ing only one model parameter, m, (the epicenters are known; therefore, no uncertainty 
is associated to source-to-site distance). The PDF of magnitude m is a Uniform distri-
bution (explained previously) in the range of [ MSB

l
 = 5.50, 6.0] for both sources. The 

implementation of the GMPEs for the two point sources within the PSHA framework of 
Eq. (23) follows the instructions provided in Sect. 6.2 (and also Fig. 10).

7 � The seismic hazard analysis maps

The site-specific seismic hazard maps display the earthquake ground-shaking intensity for 
various probability levels across the case study located in the western Naples and can be 
directly applied in seismic risk assessment. The resulting maps are derived from seismic 
hazard curves calculated for a grid of sites covering the studied area. The PSHA curves are 
derived considering the spectral acceleration at the first-mode period, i.e. IM = Sa(T), for a 
vector of periods T (s) = {0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.25, 1.50} as 
the intensity measure (T = 0.0 denotes IM = PGA). There is also the possibility to consider 
other IMs (see Ebrahimian et al. 2015) in case of their computability through a GMPE.

7.1 � Distribution of buildings’ fundamental periods in the western Naples

As noted in Sect. 2, the case-study area hosts a wide variety of masonry and reinforced 
concrete (RC) buildings of different ages (the older buildings’ construction dates back to 
the turn of twentieth century). The height distribution (in terms of the number of stories) 
for RC and Masonry buildings within the study area and the corresponding number of 
buildings are reported in Table 8 (Dr. Carlo Del Gaudio 2018, University of Naples Fed-
erico II, Personal Communication).

The empirical formulations proposed by Ricci et  al. (2011) and Eurocode 8 (CEN 
2004) are employed herein for estimating the fundamental period of RC buildings (with 
infills) whereas the empirical relation proposed by Eurocode 8 (CEN 2004) is employed 
for estimating the fundamental period of masonry buildings. The story heights (needed as a 
parameter in the empirical relations) is assumed to vary in the range 3.5–4.76 m, consider-
ing the age distribution of the buildings. The last two columns of Table 8 report the period 
range (the lower and upper values) for each building category—according to the empirical 
relationships. The histogram of the periods associated with each building type is shown 
Fig. 11. With reference to the period distribution of the buildings in the western area of 
Naples, we have selected five target IMs including PGA, Sa(T = 0.3  s), Sa(T = 0.50  s), 
Sa(T = 0.70 s), and Sa(T = 1.0 s) for constructing the seismic hazard maps.

7.2 � Seismic hazard maps

With reference to the updated National Technical Code for seismic design in Italy (NTC 
2018), the performance objectives are categorized in four tiers as outlined in Table 9:
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The seismic hazard maps calculated for five target IMs defined in Sect. 7.1 including 
PGA, Sa(0.3 s), Sa(0.50 s), Sa(0.70 s), and Sa(1.0 s) and four hazard levels with TR (inverse 
of mean annual rate of exceedance) of [30, 50, 475, 975] years. Figures 12 and 13 show 
the hazard maps for PGA, and Sa(0.3  s) associated with the four aforementioned hazard 
levels (please note that the hazard maps for other intensity measure including Sa(0.5  s), 
Sa(0.70 s), and Sa(1.0 s) are presented in the electronic supplementary material of this man-
uscript, Section S.M.2, Fig. SM2 to Fig. SM4).

Table 9   The NTC performance objectives

Based on the building classification according to NTC (2018) in the designated area, VR can be set to 
50 years

Performance level: limit states Hazard level PVR
 : exceedance probability in 

the reference time period of VR
* years (%)

Return period TR (years):
TR =

−VR

ln

(

1−PVR

)

Operational (SLO) 81 30
Damage (SLD) 63 50
Life safety (SLV) 10 475
Collapse (SLC) 5 975

Table 8   Number of stories, the 
number of buildings and their 
associated fundamental periods 
for RC and Masonry buildings 
within the study area (Dr. Carlo 
Del Gaudio 2018, Personal 
Communication)

Number 
of stories

Number of 
RC build-
ings

Number of 
masonry build-
ings

Period range (s)
lower and upper limits

RC build-
ings

Masonry 
buildings

1 39 27 0.11 0.24 0.13 0.16
2 14 65 0.22 0.41 0.22 0.27
3 28 122 0.33 0.59 0.29 0.37
4 28 127 0.43 0.78 0.36 0.46
5 77 53 0.54 0.98 0.43 0.54
6 213 14 0.65 1.17 0.49 0.62

Fig. 11   The distribution of the 
fundamental periods associated 
with the two predominant build-
ing types in the western Naples

0 0.2 0.4 0.6 0.8 1 1.2 1.4

PM
F

RC buildings
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7.3 � Site‑specific uniform hazard spectra compared with the INGV and code spectra

In this section, the PSHA estimates in terms of Uniform Hazard Spectrum (UHS, a by-product 
of site-specific PSHA that expresses pseudo spectral acceleration values for a range of periods 
given a uniform hazard level) are compared with the national hazard map data (Meletti et al. 
2007, http://esse1​.mi.ingv.it/) released by INGV as well as the code-based response spectra 
(NTC 2018). The UHS are based on the four hazard levels indicated in the previous section 
corresponding to the four exceedance probabilities in 50 years for IM = Sa [g] at the period 
range of 0.0–1.50 s (T = 0.0 denotes PGA). Figure 14 illustrates the case-study area and the 
four nearby grid points of INGV hazard maps surrounding the desired area (green circles; 
note that the INGV maps are also provided for a finer mesh grid only for PGA at 475 years 
return period). We select three grid points (belonging to the gridded fishnet map) located on 
three soil types A, C, and E, with the highest hazard value (calculated through the site-specific 
PSHA herein), as highlighted in Fig. 14 with small colored circles. The rationale behind this 
choice was to highlight the intra-grid variations in hazard that are not going to be detected by 
INGV for each soil type. The closest INGV grid point to these reference points has latitude 
and longitude of [40.83, 14.22] (INGV grid number 33200, see Fig. 14). The UHS estimated 

Fig. 12   Seismic hazard maps for PGA associated with 4 hazard levels with the return periods of [30, 50, 
475, 975] years

http://esse1.mi.ingv.it/
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by this study are shown for the four designated hazard levels (see Table 9) in Fig. 15 with 
thick gray line. Accordingly, the INGV-based spectra (Meletti et al. 2007, http://esse1​.mi.ingv.
it/) for the nearest grid point 33200 are illustrated with dashed blue line (for the four defined 
hazard levels). The code-based spectra (NTC 2018) are also drawn with black solid line. It is 
to note that the INGV spectra are derived for stiff-soil condition (i.e., soil type A) and they 
should be later modified for site and topographical amplification effects by multiplying the 
spectrum ordinates by the coefficient S = SS ⋅ ST , where SS denotes the site amplification and 
ST is the topographical amplification (NTC 2018). For the sake of comparison, we set the 
topographical effects ST  = 1.0 (for INGV and code spectra), as our PSHA calculations did 
not take the topographical effects into account. The coefficient SS, for different soil types, is 
estimated based on the code provision (NTC 2018, Table 3.2.IV) as a function of the ag (i.e., 
PGA) that can be extracted form INGV data for grid point 33200 for each hazard level, and the 
coefficient Fo (that quantifies the maximum spectral amplification on a horizontal rigid refer-
ence site). The latter coefficient is extracted from the commentary of the National Italian code 
(NTC 2018) for the four considered hazard levels for the grid point 33200. The code-based 

Fig. 13   Seismic hazard maps for Sa(T = 0.3 s) associated with 4 hazard levels with the return periods of [30, 
50, 475, 975] years

http://esse1.mi.ingv.it/
http://esse1.mi.ingv.it/
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pseudo acceleration response spectrum is derived based on the following expression (see NTC 
2018):

where η stands for the modification of damping coefficient if it is different from 5% (η = 1.0 
herein); TC = CC ⋅ T∗

C
 where the coefficient CC is calculated for different soil types a as 

a function of T∗
C
 , and the period T∗

C
 is extracted from the commentary of NTC (2018) 

(depending on the hazard level); TB = TC∕3 and finally TD = 4ag∕g + 1.6 (g is the gravita-
tional acceleration).

With reference to Fig. 15, the following remarks can be addressed:

(24)Sa(T) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

ag ⋅ S ⋅ 𝜂 ⋅ Fo

�

T

TB
+

1

𝜂⋅Fo

�

1 −
T

TB

��

0 ≤ T < TB

ag ⋅ S ⋅ 𝜂 ⋅ Fo TB ≤ T < TC

ag ⋅ S ⋅ 𝜂 ⋅ Fo ⋅
TC

T
TC ≤ T < TD

ag ⋅ S ⋅ 𝜂 ⋅ Fo ⋅
TC ⋅TD

T2
TD ≤ T

Fig. 14   The location of the INGV grid points surrounding the case-study area; the representative grid 
points within the case-study area on soil types A, C and E; the INGV grid point 33200 as the benchmark for 
comparing the code-based and INGV-based UHS with the UHS calculated in this study
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•	 For stiff-soil sites (i.e., soil type A), the spectral amplitudes estimated by INGV and 
NTC code are compatible and are larger than the UHS derived in this study.

•	 For sites with soil type C (see Table 1), the UHS ordinates derived herein reasonably 
match the INGV ordinates (modified to account for soil type C) for periods higher than 
0.50 s. The NTC spectrum provides conservative spectral values (especially at smaller 
hazard levels) with respect to our study.

0 0.5 1 1.5
0

0.4

0.8

1.2

1.6

IM
 =

 S
a [

g]

T
R
 = 475 years, Soil Type A

This study
INGV spectrum
Code spectrum

0 0.5 1 1.5
0

0.4

0.8

1.2

1.6

period [sec]

T
R
 = 475 years, Soil Type C

0 0.5 1 1.5
0

0.4

0.8

1.2

1.6
T
R
 = 475 years, Soil Type E

0 0.5 1 1.5
0

0.4

0.8

1.2

1.6

2

IM
 =

 S
a [

g]

T
R
 = 975 years, Soil Type A

This study
INGV spectrum
Code spectrum

0 0.5 1 1.5
0

0.4

0.8

1.2

1.6

2

period [sec]

T
R
 = 975 years, Soil Type C

0 0.5 1 1.5
0

0.4

0.8

1.2

1.6

2
T
R
 = 975 years, Soil Type E

0 0.5 1 1.5
0

0.1

0.2

0.3

IM
 =

 S
a [

g]
T
R
 = 30 years, Soil Type A

This study
INGV spectrum
Code spectrum

0 0.5 1 1.5
0

0.1

0.2

0.3

period [sec]

T
R
 = 30 years, Soil Type C

0 0.5 1 1.5
0

0.1

0.2

0.3
T
R
 = 30 years, Soil Type E

0 0.5 1 1.5
0

0.1

0.2

0.3

0.4

IM
 =

 S
a [

g]

T
R
 = 50 years, Soil Type A

This study
INGV spectrum
Code spectrum

0 0.5 1 1.5
0

0.1

0.2

0.3

0.4

period [sec]

T
R
 = 50 years, Soil Type C

0 0.5 1 1.5
0

0.1

0.2

0.3

0.4
T
R
 = 50 years, Soil Type E

Fig. 15   Comparison of the UHS calculated in this study for the four designated performance objectives in 
Table 9 with the INGV-based and code-based (NTC 2018) spectra considering different soil types of the 
case-study area
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Fig. 16   Comparison of the PSHA curves estimated by this study with the INGV derived hazard curves for 
six target intensities and considering different soil types of the case-study area
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•	 For sites with soil type E, the high-frequency (i.e., here T < 0.30 s) content of the UHS 
herein is considerably larger than those of INGV (modified to account for soil type E) 
and the national code NTC. For T > 0.30 s, the code spectrum is conservative while the 
INGV-based UHS is very similar to the UHS in this study.

7.4 � Site‑specific hazard curves compared with the INGV hazard data

The UHS is a by-product of the PSHA that is useful not only in design but also in 
assessment of building structures. However, there is wide-spread use of PSHA curves 
(in terms of intensity measure versus the annual rate of exceedance) in probabilistic 
performance-based earthquake engineering (Jalayer and Cornell 2009, see also Jalayer 
and Ebrahimian 2017; Jalayer et al. 2017; Miano et al. 2018) in quantifying the safety 
margin for newly designed buildings as well as existing ones located in seismic areas. 
On the same page, the deaggregation results of the PSHA curve are useful for construc-
tion of conditional spectra (see Ebrahimian et al. 2012). To this end, the PSHA curves 
constructed by this study for reference points (shown in Fig.  14) are compared with 
the INGV hazard curves (Meletti et al. 2007, http://esse1​.mi.ingv.it/). It is to note that 
the INGV hazard curves are defined on stiff-soil sites (VS30 > 800 m/s). Hence, in order 
to account for soft soil conditions, the same approach proposed in Sect. 7.3 should be 
employed by multiplying the IMs by the site and topographical amplification factor S 
(NTC 2018). As illustrated in Fig. 16, the comparison is done for six target IMs; namely, 
PGA, Sa(T = 0.2 s), Sa(T = 0.3 s), Sa(T = 0.50 s), Sa(T = 0.70 s), and Sa(T = 1.0 s) and for 
different soil types of the designated area. The following observations can be made with 
reference to Fig. 16:

•	 For sites with soil type A, the results of this study show slightly smaller values com-
pared to INGV hazard curves.

•	 For sites with soil type C, the hazard curves calculated in this study are in good agree-
ment with INGV-based hazard curves.

•	 For sites with soil type E, the hazard values calculated herein are larger than INGV-
based hazard curves for PGA and Sa(T < 0.3 s); good agreement is observed otherwise.

8 � Summary and conclusions

A Probabilistic seismic hazard analysis (PSHA) is performed for the western area of the 
city Naples (southern Italy). This study carries out a detailed source characterization for 
PSHA using the most recent parametric catalog of Italian earthquakes (CPTI15) and the 
enhanced database of Individual Seismogenic Sources (DISS 3.2). The seismogenic mod-
els used herein comprise of (1) individual seismogenic structures/faults (a.k.a. seismo-
genic boxes) and two point sources liable to generate major earthquakes with magnitudes 
greater than 5.5; (2) background areal source model which allows to evaluate earthquakes 
with magnitude less than 5.5. Three most recent Italian, European and global ground 
motion prediction equations (GMPE’s) are adopted herein; namely, ITA10 (Bindi et  al. 
2011), BND14 (Bindi et al. 2014a, b) and BSSA (Boore et al. 2014). Since both ITA10 

http://esse1.mi.ingv.it/
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and BND14 use the geometric mean of the two horizontal components of ground motion, 
these two GMPEs are modified in order to account for an arbitrary horizontal component 
of ground-shaking (the related tables are presented in the electronic supplementary mate-
rial of this manuscript, Section S.M.3).

As a result, the PSHA is performed based on a bi-layer model of seismogenic tectonic 
faults and point sources, together with the background spatial model. The site amplification 
is considered through a detailed seismic microzonation study derived for the western area 
of Naples based on reliable geological and geotechnical subsoil models. It is characterized 
by different expected amplification levels of ground motion and instability due to lique-
faction. PSHA results obtained from fault and background source models are presented 
for a number of return periods (corresponding to prescribed probability of exceedance in 
50 years) for peak ground acceleration (PGA) and 5% damped pseudo spectral accelera-
tions (Sa) at periods representative of the existing masonry and reinforced concrete (RC) 
structures of the case-study area. The seismic hazard results obtained in this study are 
compared (in terms of the uniform hazard spectra, UHS, and the hazard curves) with the 
national hazard maps provided by INGV and the national Italian code (NTC 2018) for the 
designated site. The following observations are made:

•	 For soil type A, the UHS spectra of this study is lower than those of INGV and NTC. 
Similar trend is observed in the INGV-based hazard curves compared with those 
derived herein.

•	 For soil type C, the spectral ordinates derived in this study are lower than the NTC-
based values. Considering that most of the built environment in the case-study site are 
constructed on soil type C, following the NTC (2018) spectrum leads to reasonable 
intensity estimates for the designated hazard levels.

•	 For soil type E, the high-frequency spectral ordinates are considerably higher than those 
of INGV and NTC. On the other hand, for low-frequency range, the NTC-based spectra 
are higher than the INGV-based spectra and those calculated herein. The same trend is 
observed also for the results expressed in terms of hazard curves in this study with respect 
to those provided by INGV. This highlights the need for more detailed consideration of 
local amplification—especially for soil type E– in the national hazard curves.

The following limitations should be kept in mind:

•	 The topographical effect is not included within the site amplification factor. This is due to 
the fact that the current GMPEs used in this study do not include this effect.

•	 The effect of volcano-tectonic earthquakes (the earthquake swarms) are not included 
herein (see Convertito and Zollo 2011). These types of low-magnitude earthquakes can 
affect the low-intensity region of the seismic hazard curve significantly, and hence, affect 
the seismic risk estimates.

•	 With reference to seismic microzonation map Fig.  1b, a part of the case-study area is 
susceptible to liquefaction (denoted as S2 in the corresponding figure and outlined in 
Table 1). The liquefaction triggering and its consequences are not evaluated herein.

•	 Further studies should be carried out for characterizing the zone with unknown soil type 
defined as ND in Fig. 2b. As outlined in Table 1, we have assigned type C to the subsoil 
for this zone within the study area.

•	 The uncertainty in the soil amplification model parameters and its effect on the PSHA 
results should be explored and verified. In addition, employing a more sophisticated ampli-
fication model may address the site effects more properly.
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Appendix 1

Consider the standard deviation of the residuals of a GMPE that provides the geometric mean 
associated with the two horizontal components of ground motion, be denoted as �lnIMg.m.

 . To 
obtain the standard deviation for the arbitrary horizontal ground motion, �lnIMarb

 , we calculate 
the variance of the finite record numbers N in the database as follows:

where IMg.m.,j is the ground motion intensity for the geometric mean of the two horizontal 
components of jth recording, j ∈  [1,…,N], �lnIMg.m.

 is the logarithmic mean of the GMPE 
(see Eq. 14). Knowing that

Equation (25) can be written as,
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Hence, we have,
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