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The Italian Seismic Hazard Model (ISHM) project is a two-year project, coordinated by the Seismic 
Hazard Center (CPS) of the Istituto Nazionale di Geofisica e Vulcanologia (INGV), aimed at delivering 
a new long-term, time-independent Probabilistic Seismic Hazard Assessment (PSHA) model for Italy 
by the end of 2026. The new model will update earlier national analyses - i.e., MPS04 (Stucchi et al., 
2004) and MPS19 (Meletti et al., 2021) - and should serve as a scientific basis for future seismic 
regulations, territorial planning, and national risk-mitigation strategies. Developed within a 
methodological and transparent framework, the ISHM will integrate multidisciplinary data, state-
of-the-art methodologies, and internationally aligned best practices in PSHA. 

The ISHM project’s governance relies on three complementary components: 1) the Project Team, 
responsible for scientific development, structured into five thematic units: Core Team, Seismicity 
Rate Model (SRM) Team, Ground Motion Model (GMM) Team, Hazard Calculation Team, and Model 
Testing Team; 2) the Advisory Panel (AP), composed of leading international experts who will 
provide scientific guidance, methodological review, and support in key decisions such as logic-tree 
construction; 3) the Strategic Stakeholder Group (SSG), including representatives from national 
engineering communities, and civil protection authorities who will ensure that model outputs, 
formats, and metrics are suitable for regulatory and operational applications. Throughout the 
project, structured interactions with members of the AP and SSG—through joint meetings, 
consultations, and workshops—will support the interpretation of preliminary results and contribute 
to strengthening both the scientific and technical components of the model. These exchanges could 
also help anticipating implications for seismic design codes and national risk-reduction policies, and 
ensuring a close connection between scientific development and operational needs. 

The ISHM will integrate a suite of complementary SRMs based on updated input data (e.g., 
earthquake catalogues, fault databases, geodetic data, etc.), including area-source models, 2D and 
3D smoothed seismicity models, fault-based and geodesy-based deformation models, SRMs for 
Italy’s main active volcanic areas, and dedicated models for intraslab subduction seismicity. The 
project will also explore SRMs based on non-declustered catalogues that explicitly incorporate 
aftershocks and foreshocks. 
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For ground-motion modeling, the ISHM will select a wide range of GMMs suitable for shallow 
crustal, volcanic, and subduction environments. Selection criteria include data coverage and 
suitability for Italian seismotectonic contexts. The performance of the pre-selected GMMs will be 
tested against accelerometric datasets, to explore the predictive performance of models for seismic 
hazard purposes. A hybrid backbone approach will be evaluated for the explicit treatment of 
epistemic uncertainty. 

Hazard calculations will be performed using the OpenQuake Engine platform (Pagani et al., 2014), 
supported by a dedicated computational infrastructure for reproducibility, version control, and data 
management. The ISHM will produce hazard curves and maps, uniform hazard spectra, 
disaggregation analyses, and related products for multiple ground-motion parameters and return 
periods. 

A comprehensive testing phase will evaluate the reliability of the ISHM using available observations. 
To this purpose, both the SRMs and GMMs will be subjected to consistency evaluations, respectively 
comparing model outputs with past earthquakes (Schorlemmer et al., 2018) and accelerometric 
recordings (Scherbaum et al., 2009). These evaluations, based on statistical tests and model-
performance metrics, will also guide logic-tree weighting, and ensure a scientifically robust 
integration of model components. Consistency checks will also be performed by comparing ISHM 
outputs against accelerometric and long-term macroseismic data collected across a wide range of 
sites (see e.g., Meletti et al., 2021; D’Amico et al., 2024). Comparisons will then be performed 
between the ISHM outcomes and previous PSHA models available for Italy (MPS04 and MPS19) and 
Europe (ESHM20, Danciu et al., 2021; 2024). 

At the end of the project, the ISHM, together with its metadata and hazard products, will be made 
publicly accessible in accordance with INGV data policies. 
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The interac5on of offshore ac5vi5es with poten5al natural hazard sources is a cri5cal issue for 
many energy and industrial applica5ons. In recent years, growing aDen5on has been devoted to 
tectonic and gravita5ve tsunami sources [1]. The present work was developed within the 
framework of the SPIN project ("Test delle Buone Pra5che per lo studio della potenziale 
interazione tra aNvità offshore e pericolosità naturali", in English "Test of good prac5ces for the 
study of poten5al interac5on between offshore ac5vi5es and natural hazards”) funded by the 
Italian Ministry of Environment and Energy Security (MASE). The project was a mul5disciplinary 
collabora5on among research ins5tutes, Universi5es and Public Administra5ons and was 
completed in October 2025.  

It followed previous projects on the study of (poten5ally) triggerable offshore seismicity, taking 
into account both the direct effects of induced earthquakes and the associated cascading effects, 
including triggered landslides and tsunamis generated either by the seismic event (seafloor 
deforma5on or faul5ng) or by coseismic gravita5ve failures. The ul5mate goal of SPIN was to 
outline a methodology that strikes the right balance between na5onal-scale survey and highly 
detailed analysis, such that it could poten5ally be applied as a rou5ne procedure. The project 
focused on two study areas: "Alto Adria5co" (Northern Adria5c Sea), including the coasts of 
northern Marche and southern Emilia-Romagna and "Canale di Sicilia" (Sicily Strait), covering a 
por5on of the southern coast of Sicily centred around the Gulf of Gela.  

In this work, we present the workflow developed in the SPIN framework and used to model 
tsunamis generated by faults. In par5cular, applica5ons to the “Alto Adria5co” study area are 
shown. 

The first step of the proposed methodology consists of gathering geological and geophysical data 
for the target regions. These include mul5channel 2D and high-resolu5on 3D seismic data, 
morpho-bathymetric data, instrumental seismicity records, and well data, which are used to 
characterize both shallow and deep tectonic features, including ac5ve faults. Once the geometry of 
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the considered fault is defined, the tsunami genera5on is modelled as an ini5al condi5on problem, 
where the ini5al deforma5on is determined by the coseismic displacement of the seafloor 
generated by the rupture of each fault. While a magnitude for each fault can be derived from its 
geometry using scaling laws [2], different distribu5ons of slip on the fault are considered. In 
par5cular, we consider the case of uniform slip distribu5on, where the average slip is computed 
using Hanks-Kanamori formula [3], and cases of distributed slip, following the approach presented 
by [4]. Afer having computed the ini5al condi5ons, each scenario is simulated using the JAGURS 
sofware [5] to solve the Navier-Stokes equa5on in the Shallow Water approxima5on. The 
simula5ons are carried out on a system of nested grids, allowing for beDer spa5al resolu5on in 
areas of interest, such as harbours and industrial complexes. 

In the “Alto Adria5co” study area, five faults have been iden5fied: four related to the Pesaro Thrust 
seismogenic structure and one, named Cornelia Thrust, located further south. For each fault, four 
scenarios have been considered, one with uniform slip and three with Gaussian slip distribu5ons. 

Par5cular aDen5on has been given to strategic areas, where finer computa5onal grids have been 
used. Such areas are the harbours in the ci5es of Pesaro, Fano, Senigallia and Ancona, and the 
Ancona Refinery.  

In general, maximum observed inunda5on exceeds 1 m in most simula5ons in touris5c beaches 
close to the source areas, as well as in coastal stretched hos5ng cri5cal infrastructure, such as train 
tracks. The general paDern in maximum amplitudes is quite consistent among the different 
simula5ons. Special considera5on is given to the interac5on between incident tsunami waves and 
coastal structure such as river mouths and harbour structures, in order to determine possible 
amplifica5on phenomena that may occur in such structures. This work represents a contribu5on 
towards a detailed hazard assessment at the local scale for the Italian Central Adria5c coastline. 
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A new method to es6mate the Gutenberg–Richter b-value, known as b-posi6ve, was introduced by 
van der Elst (2021) as a robust es6mator designed to mi6gate the effects of transient catalogue 
incompleteness that commonly bias b-value computa6ons, par6cularly during periods of intense 
aKershock ac6vity. Despite its growing use, a systema6c and quan6ta6ve assessment of its 
sensi6vity to the magnitude of completeness under realis6c detec6on condi6ons is s6ll lacking. 

Here we evaluate the robustness of b-posi6ve to catalogue incompleteness using large ensembles 
of synthe6c earthquake catalogues generated with the ETAS model. The simula6ons reproduce 
both background-driven seismicity and aKershock-dominated sequences ini6ated by large 
mainshocks and explicitly account for short-term aKershock incompleteness through 6me-
dependent detec6on thresholds. By systema6cally varying the assumed completeness magnitude, 
we quan6fy the bias and variability of b-posi6ve es6mates under controlled but realis6c 
condi6ons. 

The same analysis is performed for other available b-value es6ma6on techniques, including b-
more posi6ve and b-more incomplete (Lippiello & Petrillo, 2024), allowing a direct comparison of 
es6mator performance across different seismicity regimes and levels of catalogue incompleteness. 
Results show that b-posi6ve and b-more posi6ve substan6ally reduce the systema6c 
underes6ma6on of b-values observed for classical magnitude-based approaches in incomplete and 
strongly clustered catalogues, while maintaining stable behaviour over a wide range of 
completeness condi6ons. These findings provide quan6ta6ve support for the use of difference-
based b-value es6mators in automated and near-real-6me seismicity monitoring frameworks, such 
as the updated Foreshock Traffic Light System (Gulia & Wiemer, 2019; Gulia et al., 2024). 
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For the first time in the Mediterranean Sea, two tsunami buoys (Tsunami Buoy INGV 01 and 02) 
have been successfully deployed in the Ionian Sea (Fig. 1), as part of the Italian Tsunami Alert Centre 
(CAT-INGV), which operates within the National Alert System for Tsunamis generated by 
earthquakes in the Mediterranean Sea (SiAM), composed also by National Civil Protection 
Department and Italian Institute for Environmental Protection and Research. CAT-INGV is also a 
Tsunami Service Provider in the NEAMTWS (North Eastern Atlantic, Mediterranean and connected 
seas Tsunami Warning System), coordinated by Intergovernmental Oceanographic Commission of 
UNESCO (IOC-UNESCO), along with CENALT (Centre d'alerte aux tsunamis, France), NOA (National 
Observatory of Athens, Greece), KOERI (Kandilli Observatory and Earthquake Research Institute, 
Türkiye) and IPMA (Instituto Português do Mar e da Atmosfera, Portugal). The buoys have been 
developed by the Mediterraneo Senales Maritimas company (MSM, Spain) in collaboration with the 
Istituto Nazionale di Geofisica e Vulcanologia (INGV, Italy) in the framework of MEET 
(https://meet.ingv.it/), a project coordinated by INGV and funded by the European Union through 
the National Recovery and Resilience Plan. Real-time sea level monitoring and rapid tsunami 
detection in the open ocean are critical for assessing tsunami wave propagation and the potential 
impact on coastal areas. The deployment of these buoys represents a major advancement in 
tsunami preparedness in the Mediterranean Sea. Unfortunately, one of the mooring of one buoy 
(Tsunami Buoy INGV 02) recently broke, because it was likely unintentionally damaged, but thanks 
to the tracking system, the buoy could be recovered. The re-deployment is presently being planned 
for 2026.  
The tsunami buoy system is composed of three primary components: the surface buoy (EBM24-TS), 
two ocean Bottom Pressure Recorders (BPRs), and a web-based Control Center for data acquisition, 
monitoring, and alert generation. The buoys were deployed at the following coordinates: Tsunami 
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Buoy INGV 01 at 36°49'48.00''N – 16°30'00.00''E (Ionian Sea, ~100 km offshore of Siracusa, eastern 
Sicily, at a depth of ~3200 m) on 14 September 2025, and Tsunami Buoy INGV 02 at 38°39'36.00''N 
– 18°09'36.00''E (~100 km offshore of Crotone, eastern Calabria, at a depth of ~2600 m) on 16 
September 2025. The deployment points are shown in Fig. 1. These points were chosen with an 
optimisation procedure aimed at minimizing the detection time of any tsunami, with weights based 
on the tsunami source probability (Basili et al., 2021; Romano et al., 2024). The vessel employed for 
deployment, Christos LVII, was equipped with a telescopic crane capable of lifting the 4-ton sinker, 
auxiliary boat for towing, diver support, and full power and communication infrastructure for 
telemetry and testing. Each buoy communicates acoustically with one BPR at a time and transmits 
near-real-time data via satellite to the CAT-INGV; a second BPR is available as a redundant unit and 
can be remotely activated in case of malfunction of the primary BPR.  
The EBM24-TS buoy is specifically designed for deep-sea deployment up to 7,000 m and is compliant 
with IALA (International Association of Marine Aids to Navigation and Lighthouse Authorities) 
recommendations for visibility, safety, and navigational aids (AtoN). It features a high-buoyancy 
polyethylene-foam elastomer-coated float (>3,100 kg), an aluminum marine superstructure housing 
electronic modules in IP66 enclosures, solar panels with redundant batteries ensuring over ten days 
of autonomy, a 360° LED marine lantern with 8 NM visibility, a radar reflector with Radar Cross 
Section (RCS)>10 m², Automatic Identification System (AIS) Type 1 transmitter, and antivandalism 
systems including GPS positioning, intrusion sensors, and impact alarms. The tail includes sacrificial 
anodes, adjustable steel ballast, and a support for the Surface Modem Transceiver (SMT) acoustic 
transducer. 
The CPU on board the buoy is a 32-bit high-performance unit with a real-time operating system, 
low-power design, remote configurability, 32 GB storage, and compatibility with serial and analog 
sensor interfaces. It supports satellite communications via dual Iridium SBD (Short Burst Data) 
modems, enabling both periodic telemetry transmission and immediate event-driven alerts. The 
SMT acoustic transceiver operates at 14–19 kHz, featuring bidirectional telemetry to ensure robust 
communication with the BPR. 
The BPR is a compact, high-capacity unit with acoustic release, digital signal processing, lithium 
battery with a theoretical deployment of over 1,450 days, a quartz pressure sensor, and the 
capability to detect pressure variations of 3 cm (configurable remotely) to trigger immediate data 
transmission to the buoy. The BPR includes a tilt sensor and a suspension float ensuring verticality 
during deployment. Its anchoring system is hydrodynamically optimized for minimal drift and 
controlled descent, with acoustic release enabling recovery.  
The general layout of the mooring and data transmission system is shown in Fig. 2. 
The deployment operations were carefully planned and executed in sequential phases: 
● Phase A: Deployment of buoy and rope system, including intermediate floats. 
● Phase B: Anchoring of the sinker and stabilization of the buoy. 
● Phase C: Underwater inspection of the buoy and anchor chain by professional divers. 
● Phase D: Deployment and commissioning of the BPRs, with acoustic testing and monitoring. 
● Phase E: Remote operational testing, verification of communication and system functionality 
via the Tsunami Sentinel web software. 
Some of these phases are shown in Fig. 3. 
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The Control Center leverages the Tsunami Netcom TS web application, enabling remote monitoring 
and management of buoy and BPR networks, near real-time visualization of pressure data, 
operational status of electronic subsystems, and alarm management, including battery, position, 
intrusion, impact, and communication faults. Netcom TS supports remote command issuance, 
system reconfiguration, event simulation, integration with the NOAA NDBC (National Oceanic and 
Atmospheric Administration - National Data Buoy Center) network (https://www.ndbc.noaa.gov/), 
and comprehensive maintenance and statistical logging for all deployed units. 
The deployment of these buoys establishes a robust infrastructure for continuous monitoring of the 
seafloor pressure, providing critical data to improve tsunami detection, modelling, and early 
warning capability. 

 

Fig. 1 – Deployment locations of the two buoys 

 

Fig. 2 – General layout of the mooring and data transmission system. 
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Fig. 3 – a) Tsunami Buoys during transit to the deployment sites; b) Configuration and testing of the buoys on board the 
vessel; c) During the buoy deployment phase; d) Buoy just positioned in the sea, but not yet anchored; e) Paying out the 
mooring lines for anchoring the buoy to the sinker; f) During the deployment of the sinker; g) Underwater inspection of 
the buoy and anchor chain; h) During the deployment of the BPR sensor. 
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In the frame of ended and ongoing projects (Boncio et al., 2025; Caputo et al., 2025; https://sigma-
programs.com/), we will present the workflow that has been implemented to compute Probabilistic 
Fault Displacement Hazard Assessment (PFDHA) compliant with the OpenQuake Engine (Pagani et 
al., 2014; Chen et al., 2025), and a first, trial, application to Southern Italy (Northern Calabria).  

 

Fig. 1 – Graphical abstract of the work. 

We demonstrated the workflow capability through end-to-end calculations covering both on-fault 
(principal) and off-fault (distributed) displacement scenarios. 

The Calabria case study highlights the importance of logic tree approaches to capture epistemic 
uncertainties arising from different model formulations, parameter selections, and source 
configurations.  
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The Central Italy Electromagnetic Network (CIEN) was established on January 1, 2006, with the 
activation of its first monitoring station in the Marche countryside in the province of Fermo, central 
Italy. As a non-profit organisation, its main goal is to characterise any electromagnetic phenomena 
that may occur during earthquakes. The objective emerged from an investigation carried out over 
the previous eight years, first addressing the macroscopic phenomena observed during past 
earthquakes in central Italy and then reading studies already concluded or underway in various 
countries. The investigation led to the publication of a book in Italian (Fidani, 2005) and an 
international report (Fidani, 2006), which described the activity carried out. Furthermore, a period 
of electronic experimentation took place over the previous four years, simultaneously with the 
collection of numerous publications and the writing of the book, based on the experiments carried 
out by various authors. The spark that inspired this project dates back to the summer of 1987, when 
a long-wave radio receiver highlighted strong reception disturbances noted in an electronic 
construction diary, and a moderate intensity earthquake struck Porto San Giorgio in the Marche 
region a few days later (Battimelli et al., 2019). The consolidation of that inspiration came 
unexpectedly with the reading of an article dedicated to the construction of a radio listening receiver 
in November of the same year, whose lines apparently described the sounds heard months before 
(Cerboni and Veronese, 1987). 

Starting in 2008, additional stations joined the network, reaching 14 in 2015; subsequently, the 
number decreased to three currently operational stations: those of Fermo, Perugia, and Gubbio. 
The stations were equipped with the same instrument for recording the electrical component in at 
least two horizontal directions. Recordings were limited to time-varying signals in the ELF bands 
between 4 Hz and 1 kHz and VLF bands between 1 kHz and 20, 50, or 100 kHz, depending on the 
sound card used. As monitoring progressed, additional instruments were added over time and at 
different stations, depending on availability, site characteristics, and the checks suggested during 
attempts to understand the signals. The duration and type of monitoring activities carried out during 
the life of CIEN are represented by the horizontal extensions of the bars in Figure 1. Specifically, 
vertical electrical conductivity sensors, magnetometers operating in the same ELF band, alpha, beta, 
and gamma particle detectors, ion counters, microphones, weather stations, thermometers, 
hygrometers, GPS, and CO2 sensors have been added; the sensor type is reported by the colour of 
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the bars relative to each station in Figure 1. CIEN recorded atmospheric electrical signals in the ELF 
band during the three main Italian seismic swarms that occurred after the Umbria-Marche 
earthquake: the 2009 L'Aquila, 2012 Modena, and 2016-2017 Amatrice-Norcia-Montareale 
earthquakes, while monitoring the VLF and LF bands during the latter two seismic swarms. 

 

Fig. 1 – CIEN stations during the network activity, where colours indicate the type of instruments. Dotted red: ELF 
recorded 12/24h in one direction; dashed red: ELF in one direction; dashed dotted red: z direction; continuous red: ELF 
in two directions; orange: VLF; yellow: LF; dashed green: magnetic in one direction; Brown: OL radio; continuous green: 
magnetic in two directions; night blue: meteo station; violet: ground thermometer; pink: ion counter; dashed sky blue: 
gamma counter; continuous sky blue: Radon; black green: GPS; grey: CO2. The red * indicates the north Perugia station; 
the other *s indicate instruments not CIEN. The locations of the stations are shown on a map. 

 

Monitoring the atmospheric electric field component in the ELF band, between 4 Hz and 1 kHz, over 
such a long period is a global first for this type of monitoring. CIEN's scientific contributions can be 
summarised in five categories: the construction of sensors for long-term acquisition, the creation of 
suitable databases, the development of data analysis methods, the hypothesis of some models to 
interpret observations, and the disclosure of observations with obtained results. Sensor buildings 
developed three slightly different electronics with improved performance to amplify induced 
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atmospheric electric signals, while the sensor and acquisition hardware were always the same: a 
horizontal wire and the sound card of a PC. Although uninterruptible power supplies (UPS) ensured 
the acquisitions continued to operate during brief power outages, a significant portion of the time 
was spent on network maintenance. Indeed, the sensors' exposure to adverse weather conditions 
required numerous recording restoration operations, including some system replacements, to 
reduce data gaps. 

The first electronics consisted of a simple audio amplifier realised by two integrated circuits, one 
operational amplifier and one power amplifier. The second electronics was a much simpler audio 
amplifier made by one integrated circuit, realising an integrator. The third electronics maintained 
the simplicity of the second project, improving sensitivity and enlarging the frequency band. A 
variant of the electronics using a flat sensor was supported by Father Martino Siciliani as the subject 
of a new project to be developed at the "A. Bina" Seismic Observatory in Perugia. The Umbria Region 
funded the project for the development of a patent for an electrodynamic rain gauge, represented 
in Figure 2. Indeed, the Benedictine Monastery in Perugia, directed by Father Martino until 2025, 
was also a centre for meteorological studies in 1639, when Father Benedetto Castelli invented the 
first rain gauge together with Galileo Galilei. The invention was accepted on January 30, 2019, under 
No. 102016000077834. Moreover, the invention's capabilities were described in a recent 
publication (Fidani and Siciliani, 2025). 

 

Fig. 2 – The electrodynamic pluviometer sketch with the numeration of its parts. See the patent N. 102016000077834 
for further details regarding all parts and electronics. The pluviometer comprises an insulating housing (2), a capacity 
sensor (3) consisting in a capacitor having a first armature (16a) exposed to the raindrops to be sensitive to the variation 
in electric charge induced by said raindrops, and electrically shielded electronics (4) for conditioning of the signal 
generated by said capacity sensor (3) are positioned inside said insulating housing (2).  
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The composition of a database of atmospheric electrical recordings in ELF and VLF bands satisfied 
the necessity of recording the elements considered significant, for fast data consulting, and taking 
into account space memory limitations. Thus, spectrograms were the preferred solution, 
considering a logarithmic spectrum for the ELF band to highlight the lower frequencies, and a linear 
spectrum for the VLF band to distinguish the transmitting carriers. The other characteristics of the 
spectrograms have been described in publications from the outset (Fidani, 2011). The CIEN 
recording database, until 2014, with a few exceptions until 2016, consists of recordings with a 
sampling frequency of 2 kHz and 16-bit conversion, on the two channels corresponding to the pair 
of electrodes at each station arranged orthogonally. The database was supplemented by text files 
since 2012, which stored the intensities of the VLF stations, and subsequently, since 2016, by text 
files storing the intensities of the Schumann Resonances (Fidani and Marcelli, 2017). 

Analysis methods were developed to characterise specific signals in the spectrum and statistically 
verify their possible relationships with earthquakes. The first method was implemented using 
software such as Spectrumlab and Audacity, which could sum and filter certain regions of the 
spectrum. This allowed for correcting the bandwidth of sound cards, subtracting noise or part of it 
from the signal, and isolating signals recorded during seismic events (Fidani, 2011). The second 
method was derived from the definition of digital event-to-event covariance (ELF) to calculate the 
probability of an earthquake occurring after an ELF observation. In this formulation, the conditional 
probability of recording an earthquake with a magnitude greater than M0 after observing a given 
ELF intensity was derived from the correlation factor. The method enabled the identification of a 
significant peak of correlation between ELF observations that anticipate small earthquakes within 
70 km by 6 days (Fidani and Marcelli, 2025) and defined the probability of an earthquake within a 
certain number of days from the observation, shown in Figure 3. 

 

Fig. 3 – The probability of occurrence of an earthquake in the given time interval after an ELF observation, in blue, under 
the hypothesis of a generalised Poisson process. The probability without ELF detection is black. The probability step on 
the sixth day after the ELF detection, in red, corresponds to the significant correlation peak. 
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Various hypotheses have been formulated regarding the nature of CIEN's observations of 
atmospheric electric fields, magnetic fields, and gases. Regarding atmospheric electric field 
oscillations, clouds of electrified molecules, capable of remaining stable for a certain duration, have 
been proposed (Fidani and Martinelli, 2015). The model allowed us to estimate the amount of 
charge present in the clouds. These clouds should be expelled from the ground in the days preceding 
seismic events, thanks to the increased flow of fluids in the subsurface, probably driving the radon 
gas. Regarding magnetic pulses, impulsive telluric currents have been proposed (Fidani et al., 2020). 
The model allowed us to estimate the currents required to generate the magnetic measurements. 
These currents should be impulsively interrupted by sudden changes in conductivity in the 
hypocentral region in the days preceding strong earthquakes. 

Dissemination has been achieved through seminars dedicated to recurring events, in secondary 
schools, universities, and associations; through presentations at national and international 
conferences; publications in proceedings and international peer-reviewed journals; and through 
several websites. Specifically, CIEN has been the subject of 14 seminars, primarily for dissemination 
purposes, and has been presented at 32 national and international conferences. One book has been 
published in Italian, 46 conference proceedings, and 5 international journal papers have been 
published. Finally, real-time recordings from some of the network's stations were published on the 
"A. Bina" Seismic Observatory website until 2015, while various information is now available on the 
network's webpage http://cfidani.wixsite.com/cien. The data were obtained from the CIEN and 
contain proprietary information. Access to these data is subject to ethical and legal restrictions and 
was granted to the authors under approval from the CIEN committee. The data are therefore not 
publicly available. However, qualified researchers may request access to the data by submitting a 
proposal to the corresponding author, subject to approval and the execution of a data-use 
agreement. 
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Ground Motion Prediction Equations for Calabria 
(Italy) based on regional earthquakes data (3.4 ≤ 
M ≤ 5.2)  
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1 Istituto Nazionale di Geofisica e Vulcanologia, sez. Osservatorio Vesuviano, Napoli 
2 Università degli Studi della Calabria, Cosenza 
 
 
 Ground Motion Prediction Equations (GMPEs) for Calabria (Italy) have been developed using 
a dataset of 101 crustal earthquakes with magnitude ranging from 3.4 to 5.2, recorded between 
2010 and 2025 by a dense seismic network of 109 stations. A GMPE is a mathematical model that 
estimates the expected level of ground shaking at a specific location, given certain earthquake 
parameters such as magnitude, distance from the source, and local site conditions. These equations 
allow scientists to predict the amplitude of ground motion in time and frequency domain for future 
seismic events. This work focuses on the estimation of a ground motion model (GMM) for Calabria 
through the analyses of earthquakes located in the Calabrian arc with the aim of obtaining a model 
as reliable as possible for the investigated area. Calabria is one of the regions with the highest 
seismic hazard in Italy because of its tectonic features and of its seismic history. We computed 
empirical attenuation models for peak ground velocity (PGV), peak ground acceleration (PGA), and 
5%-damped spectral acceleration (SA) at selected periods. If IM indicates the intensity measure 
(PGV, PGA or SA), in this study, we assumed log10(IM) as a linear function of magnitude M and of 
log10(R) where R is the hypocentral or epicentral distance. The GMPEs were obtained through least-
squares regression of ground motion parameters as a function of magnitude and distance. 
 Available seismic recordings of recent earthquakes were visually inspected to select only 
those characterized by high signal to noise ratio. Seismograms were deconvolved for the instrument 
response in order to deal with a uniform dataset. The total number of source-station paths used in 
our analysis is 4867. This large number associated with the spread distribution of epicenters and a 
fairly uniform seismic network ensures a very good coverage of the Calabria land.  
 Figures 1 shows the values of PGV (Fig. 5a), PGA (Fig. 5b), and SA ground motion models (5% 
of damping and T=1.0 s; Fig. 5c) and the peak values obtained from the signals of all the M4.0 
earthquakes. 
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FIG.1. Ground motion models (black line) for PGV, PGA and SA (horizontal component) vs hypocentral distance for M4.0 
and the observed peak amplitudes (PGV, PGA and SA are shown in green, yellow and blu circles respectively). 
 
The model obtained in this work and the models of Bindi et al. (2011) (ITA10) and Lanzano et al. 
(2019) (ITA18) are within the calculated error. The comparison with established GMPEs ITA10 (Bindi 
et al., 2011), ITA18 (Lanzano et al., 2019) and D’Amico et al. (2018) (DAM18) shows a high similarity 
in the distance range 20 km – 90 km and slightly lower amplitude values for distance larger than 
about 100 km. The lower values at medium-to-large distance correspond to a slightly higher 
attenuation. These results support the use of specific regional ground motion models for more 
accurate seismic hazard assessments in Calabria and other tectonic contexts. 

 Results are very robust in the distance range from about 20 km to at least 250 km. Distances 
shorter than 20 km are very few in our dataset, and none is shorter than 10 km. It is well established 
that GMPEs are most reliable when they are derived from regional seismological observations for 
the area of interest (Regina et al., 2023). For southern Italy it was found that the observed 
amplitudes decay much faster than global-scale models. This result is confirmed for all the IMs 
considered (PGV, PGA and SA) observed and modelled in this work and reinforces the indication of 
using specific datasets when one wants to use GM models for a restricted area. 
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Unsupervised Likelihood Inference of the b-Value via Magnitude Di�erences
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Estimating the Gutenberg-Richter b-value (Gutenberg and Richter, 1944) from seismic 

catalogs  is  critical  for  earthquake  forecasting  and  hazard  assessment.  However, 

traditional  approaches  rely  on  prede/ned  magnitude  thresholds  and  are  highly 

sensitive to catalog incompleteness (Mignan, A. and J. Woessner, 2012), limiting their 

applicability in automated or real-time settings. We propose a novel, unsupervised 

inference  framework  that  estimates  the  b-value  directly  from  the  distribution  of 

positive magnitude di4erences  δm,  without requiring manual threshold tuning. By 

introducing a two-parameter probabilistic model, we account for deviations from the 

ideal exponential form due to spatial and temporal variations in detection capability. 

This formulation enables a robust and scalable likelihood-based estimation of both 

the b-value and a correction factor γ, which quanti/es incompleteness. We validate 

our algorithm using synthetic catalogs generated from the ETAS model under varying 

noise and detection conditions, and apply it to global instrumental datasets from /ve 

tectonically  active  regions.  The  results  demonstrate  high  accuracy,  robustness  to 

incomplete data, and strong potential for integration into machine learning pipelines 

for seismic monitoring and hazard modeling.
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Toward Recognizing the Waveform of Foreshocks

 

Lippiello1, G. Petrillo2, C. Godano1 and L. Dal Zilio2,3

1Department of Mathematics and Physics, University of Campani a “L. Vanvitelli”, Caserta,  

Italy, 
2Earth  Observatory  of  Singapore,  Nanyang  Technological  University,  Singapore,  

Singapore, 
3Asian School of the Environment, NanyangTechnological University, Singapore

The identi�cation of seismic precursors remains a fundamental challenge (Mignan, 

2014;  Peng  and  Lei,  2025).  Foreshocks  are  often  indistinguishable  from  regular 

seismic sequences, making it di.cult to determine whether they precede a larger 

rupture (Felzer  et  al.,  2004;  Petrillo  and Lippiello,  2020,  2023).  We show that  the 

ground  velocity  envelope  recorded  after  several  Mw6+  foreshocks  exhibits  an 

anomalous  sawtooth  pattern,  distinct  from  typical  post‐mainshock  signals.  This 

pattern  suggests  the  presence  of  rate‐weakening  fault  patches  approaching 

instability,  promoting  stress  transfer  and  aftershock  migration  into  neighboring 

critically  stressed  regions.  A  similar  signature  was  observed  in  multiple  events, 

including the 2011Mw9.1 Tohoku earthquake and the 2014 Mw8.1 Iquique sequence. 

To assess the systematic occurrence of this anomaly, we introduce an index Q based 

on the �rst 45 min of waveform data. Analyzing 68 M6+ earthquakes

in selected regions since 2011, we �nd that 10 of 11 foreshocks preceding a larger 

event  exhibit  anomalous  Q values,  while  only  4  of  57  other  events  show similar 

behavior.  These  �ndings  suggest  that  foreshock  waveform  characteristics  may 

provide insight into seismic rupture processes.
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Analytical description of earthquake time 
interval survival functions 
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Earthquake activity in seismic hazard studies is normally assumed to be poissonian. This means that if 
we consider the relative survival function it is generally considered to be of the form of: 

 

𝑃(𝜏) = 𝑒𝑥𝑝 −
𝜏
𝜏0

 

 

where 𝜏 is a specific time interval and 𝑃(𝜏) refers to the probability that any time interval 𝛥𝑡might be 
greater than 𝜏. 

This representation is highly unsatisfactory, even though it has the huge advantage to be described by 
a single parameter 𝜏0. 

In this paper we propose a more general form that describes adequately the survival functions of all 
the data sets we tested, as long as they are statistically complete. 

This form is: 

 

𝑃(𝜏) = 𝑒𝑥𝑝 −
𝜏

𝜏𝑎 + 𝜏𝑏 [0.5 + 0.5𝑒𝑟𝑓 𝜇 + 𝑙𝑜𝑔𝜏
√2𝜎

]
 

 

where 𝜏𝑎, 𝜏𝑏, 𝜇, and 𝜎 are parameters that depend on the data set. Unfortunately there seems to be 
no pattern in these 4 parameters, since the survival function is not stationary even within the same 
geographical area and magnitude threshold. 

An example of the fit is given in Fig. 1 where we show the SF from the ISC-GEM catalogue (Di Giacomo 
et al., 2018) for the time period 2004-2021 for global events with MW≥6.00 and depth D≤40 km. 



We arrived to this formulation by direct inspection, since its form is really straightforward, it is 
basically a CDF of 𝑙𝑜𝑔𝜏 shifted and modulated in amplitude. 

The importance of this new formulation resides therefore in the possibility to better understand the 
underlying process more than in modeling the SF. 

 

 

 

Fig. 1 - Survival function relative to global events with MW≥6.00 and depth D≤40 km in the time 
period 2004-2021 (blue); the modelled SF according to the new formulation (red); the Poissonian 
model (yellow). 
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In a recent paper we calibrated with respect to moment magnitudes Mw the teleseismic magnitudes 
mb and Ms of earthquakes reported by the Bulletin of the International Seismological Centre (ISC) 
at the global scale. The latter includes reviewed events up to about 24 months behind real-time and 
unreviewed events taken from other agencies, for the remaining 24 months. Most of the 
unreviewed events provided by ISC come from the National Earthquake Information Centre (NEIC) 
of the U.S. Geological Survey, which is aimed to provide a Preliminary Determination of Epicenters 
(PDE) while the ISC Bulletin is the final global archive of parametric earthquake data. However, the 
NEIC data provided by ISC in near real-time are somehow partial and delayed, hence, to build up a 
catalog in near real-time of the global seismicity with magnitudes as most homogeneous and 
complete as possible, it is necessary to acquire the data directly from the NEIC webservices. In this 
work we present the result of the calibration of NEIC magnitudes as well as a near real-time 
procedure to download data from NEIC webservices and construct a catalog of global seismicity for 
time interval not covered by the ISC reviewed Bulletin to be used for seismic hazard assessment and 
statistical forecasting studies. 
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Sensi&vity of Italian seismic hazard to recent 
GMMs and microzona&on data 

F. Sabe;a1, G. Fioren&no1 

1 CNR, Ins*tute of Environmental Geology and Geoengineering, Montelibre= RM, 00015, Italy  

Introduc&on 

The Italian building code NTC18 (MIT, 2018) is s@ll based on the MPS04 hazard map (Stucchi et al., 
2024), which dates back to 2004 and does not incorporate significant advancements in the 
understanding of seismic sources, seismicity models, and GMMs achieved over the past twenty 
years. Since 2015, the Na@onal Ins@tute of Geophysics and Volcanology (INGV) has coordinated the 
na@onal scien@fic community to develop a new seismic hazard model, completed in 2019. 
However, this new map, known as MPS19, has not yet received official approval (Sabelli, 2023). As 
a result, although it has been published in a scien@fic journal (MeleU et al., 2021), the MPS19 data 
are not yet available in numerical format and therefore cannot be u@lized. We therefore 
considered it useful to assess the changes in the Italian seismic hazard map resul@ng from the 
adop@on of the most recent Ground Mo@on Models (GMMs) available in the literature and from 
the use of new geo-lithological amplifica@on factors derived from microzona@on studies (Falcone 
et al., 2021).  

PSHA 

In this work, we carried out a Probabilis@c Seismic Hazard Assessment (PSHA) of the Italian 
territory using the same seismotectonic zona@on adopted for the MPS04 map (MeleU et al., 
2008), upda@ng the earthquake catalogues (Rovida et al., 2011, 2022) and adop@ng new GMMs. 
The four GMMs adopted in this study are: ITA10 (Bindi et al. 2011); ASB14 (Akkar et al. 2014); 
AB10 (Akkar and Bommer 2010), ITA18 (Lanzano et al. 2019). The selec@on was based on the 
following criteria: the ranking obtained in the MPS19 study for ITA10 and ASB14; the fit with the 
Italian building code response spectra for AB10; and the availability of the most recent GMM 
developed for Italy in the case of ITA18. Fig. 1 shows the response spectra of the selected GMMs 
compared with those used in the MPS04 study. The four GMMs were combined within a logic-tree 
framework, with the corresponding weights shown in Fig. 1c. 

Results 

Fig. 2 compares the Uniform Hazard Spectra (UHS) obtained in this study with those prescribed by 
the Italian Building Code (IBC) for selected Italian ci@es.  
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Fig. 1 – Comparison of the elas@c response spectra from the four selected GMMs (coloured lines) with those adopted 
in the MPS04 study (dashed lines): (a) low magnitude and moderate distance; (b) high magnitude and short distance; 
(c) logic tree and selected weights. 

 

Fig. 2 – Comparison of the UHS obtained in this study with those prescribed by the Italian building code, for different 
return periods, for selected Italian ci@es. 

For short return periods (50 years), the UHS are lower than the IBC spectra over the en@re range of 
structural periods considered (0–2 s). For longer return periods (475 and 975 years), the UHS 
exceed the IBC values—par@cularly at short spectral periods—in municipali@es characterized by 
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high seismicity (e.g., Catania and L’Aquila), while they are quite lower than the IBC spectra in areas 
of low seismicity (e.g., Milan and Naples). 

Fig. 3 shows the percentage difference between the hazard values calculated in this study and 
those of the MPS04 map. For PGA (Fig. 3a), the new es@mates are higher—by up to 67%—than 
those of MPS04 along the en@re Apennine chain and, more generally, in central and southern Italy. 
The highest PGA increases from 0.28 g in Ferla (Siracusa) to 0.43 g in Pietraroja (Benevento). 
Conversely, in large parts of northern Italy and in some coastal areas, a decrease in PGA of up to 
86% is observed. For response spectral values at a period of 1 second (Fig. 3b), the new es@mates 
show a generalized decrease across the en@re Italian territory, with the excep@on only of the 
highest seismicity area in Irpinia (seismogenic zone no. 927). These pagerns result from the 
differences between the old and new GMMs, as illustrated in Fig. 1. 

 

Fig. 3 – Percentage difference between the hazard values calculated in this study and those of the MPS04 map. Hazard 
values (rocky type of soil) are assigned to the main town of each of the 7,715 Italian municipali@es (excluding 
Sardinia): (a) PGA; (b) pseudo-spectral accelera@on at a period of 1 second. 

The geo-lithological amplifica@on factors have been taken from the study of Falcone et al. (2021) 
based on the new VS30 map from the work of Mori et al. (2020) using a large amount of data from 
the Italian seismic microzona@on. The introduc@on of site amplifica@on factors results in an 
average increase in PGA of 76%, with Pontelandolfo (Benevento) becoming the municipality with 
the highest PGA (0.73 g) 

Conclusions 

Probabilis@c Seismic Hazard maps of Italy have been developed using updated earthquake 
catalogues and new GMMs compared to those adopted in the currently enforced MPS04 map. 
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Only minor differences are agributable to the catalogue updates, par@cularly in volcanic areas 
where specific GMMs were applied (Iervolino, 2024). The main differences with respect to the 
MPS04 map are due to four recent GMMs arranged in a logic tree, resul@ng in an increase of 
ground spectral accelera@on at short periods in central and southern Italy, with the excep@on of 
some areas (e.g., Naples, central Sicily). Conversely, a considerable decrease in spectral 
accelera@ons at periods longer than 0.3 seconds is observed, par@cularly in northern Italy. The 
inclusion of site-specific geomorphological amplifica@on factors derived from microzona@on 
studies leads to an average PGA increase of 76% 
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The Central Apennines (Italy) are characterized by moderate seismicity and acAve fault systems 
capable of generaAng damaging earthquakes. However, the limited duraAon of historical and 
paleoseismic records restrict our understanding of long-term fault behaviour. In this study, we use 
the MulA-Cycle Earthquake Rupture Simulator (MCQsim; Zielke and Mai, 2023) to construct a 3D 
model of 42 acAve normal faults and to generate mulAple 100,000-year-long syntheAc earthquake 
catalogues. We systemaAcally vary key model parameters, including dynamic fricAon and fault 
strength heterogeneity, to assess their influence on earthquake occurrence rates, magnitude-
frequency distribuAons, and rupture scaling. 

 
The simulaAons reproduce the regional Gutenberg–Richter trend and show magnitude–average 
slip and magnitude–rupture area relaAonships consistent with empirical scaling laws and the 
available historical catalogue. Seismic producAvity and rupture characterisAcs are most sensiAve to 
variaAons in dynamic fricAon and fault heterogeneity. Although uncertainAes arise from simplified 
fault geometries and assumpAons about seismogenic depth, the overall agreement between 
syntheAc and observed seismicity suggests that MCQsim effecAvely captures key aspects of long-
term fault-system behaviour. These results indicate that physics-based syntheAc earthquake 
catalogues can improve constraints on earthquake recurrence and rupture scenarios, providing 
valuable input for probabilisAc seismic hazard assessment in regions characterized by moderate 
seismicity, complex acAve fault systems, and sparse observaAonal data. 
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A concise but structured overview of the 
evolution of the DISS database: 
an AI perspective 
G. Valensise 
 
Istituto Nazionale di Geofisica e Vulcanologia (INGV) 

 
A meeting of seismologists held in Udine on the 50th anniversary of the devastating 1976 Friuli 
earthquake is indeed an opportunity to draw a balance of how much we have progressed in the 
understanding of seismogenic processes, and specifically on the role of geological observations and 
methods in anticipating the characteristics of future earthquakes. 

When the 1976 earthquakes occurred, the Italian community of scientists concerned with active 
tectonics, seismotectonics and seismic hazard had just started looking for active faults in relation 
with large earthquakes. The earthquake had catastrophic consequences for the built environment 
but did not cause clear and undisputable geological and environmental effects: once more, the 
rationale of the different shocks was revealed by seismological and geodetic data. 

In those years, the main contribution of the geological community to assessing seismic hazard in 
most European countries usually included the identification of “Quaternary faults” (sometimes 
called “Neotectonic faults”) and the preparation of fault maps, generally at regional if not national 
scale. The seismologically-detected sources of the 1976 shocks were consistent with some of the 
mapped Quaternary faults, but was not satisfactory for most of the geologists concerned. Assigning 
ex-post a (large) earthquake to a recognized (large) active fault could perhaps be seen as a 
confirmation of the seismogenic potential of tha anticipate the large earthquakes of the future, and 
this could hardly be achieved on the basis of a lat particular fault: but the goal of Quaternary 
geologists and seismotectonicists is primarily torge set of Quaternary faults only. There were at least 
three main limitations, which are somehow inherent to the culture and to the perspective of field 
geologists: 

a) they have limited access to subsurface geology; this implies that 

b) they have a hard time hierarchizing the active faults they detect, plus 

c) the sources of many earthquakes are buried (blind), or somehow hidden, or offshore. 

In the late 1990’s, following the 1997 Colfiorito, central Italy, earthquakes, a group of ING (later 
INGV) scientists proposed to overcome these limitations by reversing the current paradigm and 
identifying not just faults, but seismogenic sources, i.e. fault systems responsible for/capable of 
generating earthquakes of magnitude 5.5 and larger. They did it by blending geological and 
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geophysical information with instrumental and macroseismic data. This contamination was 
inevitable if we were to overcome all three limitations outlined above; plus, formalizing seismogenic 
sources was the only way to make geological information useful for actually calculating – not just 
guessing – seismic hazard. Up to that moment these calculations were essentially based on historical 
seismicity, in the attempt to project the past into the future: this is indeed one of the sacred 
principles of Geology, but past earthquakes do not say much about the geological processes which 
generated them. The introduction of seismogenic sources was the only way to look straight into the 
future of a region’s or a nation’s seismic hazard. 

In the year 2000, the prototype of the Database of Individual Seismogenic Sources (DISS v. 1.0) was 
borne out of these principles, ideas and hard-to-achieve goals. For many large eartquakes of the 
past and of the future, DISS shifted the focus from vaguely defined earthquake epicenters to the 
identification of the earthquake causative source, represented by a simplified 3D plane. In 2025, a 
quarter of a century later, its v. 3.3.1 retains all basic principles and scopes of that original version, 
but features a more articulated structure, more parameters and tools, and a much larger number 
of seismogenic sources and bibliographic references. 

DISS was conceived as a necessary step toward a fault-based seismic hazard framework, aligned 
with international developments in seismic source characterization. DISS was designed to 
emphasize consistency, transparency, and reproducibility in the criteria for defining seismogenic 
sources and in the definition of their parameters and uncertainties. Perhaps more importantly, it 
was designed as a true scientific database, where any piece of information provided is backed by 
data, reasoning and literature references, making assumptions and uncertainties explicit: not just 
as stack of faults defined only by their 2D shape, something the modern machine-learning 
techniques could do automatically. 

Did the initiators of the DISS database succeed? As a veteran of the DISS Working Group, I have a 
professional and moral obligation to abstain from answering this question myself . But I decided to 
let an independent, intelligent, adaptive, extremely powerful and smart pal answer for me: he/she 
is called ChatGPT. I will show you what he/she thinks about the evolution of the DISS database, and 
he/she will tell us all whether or not we achieved our original goals. 
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An Algorithm for Rupture Catalog Genera4on in 
Complex Fault Systems: Integra4ng 3D 
Geometry and Depth-Dependent Constraints     

A. Valen4ni1 

1 Department of Geology, University of Vienna, Austria 

1. Introduc4on 

Probabilis5c Seismic Hazard Analysis (PSHA) relies on the defini5on of all physically plausible 
rupture scenarios across a given fault system. Tradi5onal PSHA models, par5cularly those based on 
the floa5ng rupture or segmenta5on approaches, oIen simplify fault geometry into 2D linear 
geometry. This simplifica5on leads to limita5ons when dealing with naturally occurring complex 
and irregular fault geometries, such as non-planar faults, segmented systems, or branched ('Y' or 
'T' shaped) networks. For example, simplified approaches cannot accurately implement constraints 
that are non-uniform, such as depth-dependent connec5vity criteria. The crust's mechanical 
behavior differs significantly between the briSle, shallow layer (0-5 km) and the deeper, semi-
briSle layer (5-15 km), requiring dynamic geometric filters. This work introduces an algorithm 
designed to overcome these limita5ons and systema5cally define a comprehensive catalog of all 
possible ruptures in complex fault networks star5ng from a magnitude forecast. 

The proposed algorithm replaces the concept of a linear fault system with a detailed 3D mesh of 
interconnected sub-sec5ons, using a hierarchical filtering process to define plausible rupture 
scenarios. The first 5er u5lizes tradi5onal, fast geometric checks to define coarse "fault groups" or 
physically independent networks. This step leverages a maximum absolute gap constraint and 
op5onal kinema5c filters (e.g., maximum difference in mean rake angle) to drama5cally reduce the 
computa5onal domain, ensuring that only geographically and kinema5cally related faults are 
processed together in the subsequent, high-resolu5on 5er. 

2. Depth-Dependent filtering 

The core of the methodology lies in the accurate geometric discre5za5on of the system. Based on 
the forecast magnitude, each fault is divided into a regular grid of m sub-sec5ons, and the 3D 
coordinates (X, Y, Z) of the centroid for every single sub-sec5on are calculated based on the fault's 
strike, dip, and dip-direc5on derived from the surface trace. 

This informa5on is used to build a sparse adjacency matrix, where an entry Aij=1 if sub-sec5on i is 
connected to sub-sec5on j. The connec5on criteria are defined by two sets of rules: 
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1. Internal Connec5vity: Sub-sec5ons within the same parent fault are connected only if they 
share an orthogonal border (i.e., excluding diagonal connec5ons), ensuring that the 
elementary rupture unit is a perfect rectangle in the index space. 

2. External Connec5vity (Inter-Fault): Sub-sec5ons belonging to different faults are connected 
only if they sa5sfy advanced physical constraints. 

A key innova5on in defining external connec5vity is the implementa5on of a depth-dependent 
physical gap constraint. This ensures the completeness of the rupture catalog by accoun5ng for the 
inherent mechanical and geometrical uncertain5es in the deeper crust. The permissible 3D 
distance between the centroids of two connec5ng sub-sec5ons is dynamically controlled by their 
mean reference depth. In this way, for shallow regions, a strict geometric filter can be enforced. 
This reflects the rigidity and high-resolu5on constraint derived from surface data. For deeper 
regions, the filter can be significantly relaxed to allow for mechanically plausible larger jumps. This 
relaxa5on captures the greater uncertainty regarding true fault proximity at depth and 
acknowledges the poten5al for enhanced mechanical coupling and rupture propaga5on through 
broader damage zones in the semi-briSle crust. Moreover, this layered approach guarantees that 
ruptures separated by large horizontal distances at the surface but likely connected through 
complex structures or broader zones of localized deforma5on at depth, are not arbitrarily 
excluded. 

3. Rupture Genera4on and Combina4on SGeme 

The rupture catalog is generated using a two-stage combinatorial approach that preserves 
geometric integrity while allowing mul5-fault complexity: 

Phase I: Elementary Rectangular Rupture GeneraAon: within each fault group, all possible 
elementary ruptures are defined. An elementary rupture must be a con5guous block (a perfect 
rectangle) in the local sub-sec5on index space. All elementary ruptures are filtered by a strict 
Aspect Ra5o (AR) constraint to exclude elongated or implausible shapes. These valid rectangles 
form the nodes of the subsequent combina5on graph. 

Phase II: MulA-Fault CombinaAon: the final rupture catalog is built by combining these elementary 
rectangular ruptures from different faults within the same group. For example, in a simple system 
made by two faults, two rectangles are combinable if at least one sub-sec5on belonging to the 
physical boundary of the first fault is connected to at least one sub-sec5on on the physical 
boundary of the second fault. 

Each combined rupture is subjected to a final check on its total area, resul5ng moment magnitude, 
and the overall AR of the combined polygon. 

4. Conclusions 

The proposed methodology successfully addresses the limita5ons of linear rupture models. By 
moving the core decision-making process from the linear index space to the high-resolu5on 3D 
physical space, this algorithm ensures that: 1) rupture propaga5on across complex geometries 
(e.g., 'Y' bifurca5ons) is only permiSed where physical proximity and kinema5c compa5bility are 
met (elimina5ng non-physical jumps), 2) geometrical integrity is maintained within single faults 
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(rectangle constraint), and 3) the physical constraints on connec5vity can reflect the varying 
mechanical proper5es of the crust with depth. 

The resul5ng rupture catalog provides a more physically rigorous and comprehensive basis for 
next-genera5on fault-based PSHA, par5cularly for seismically ac5ve regions characterized by dense 
and geometrically complex fault networks. The approach is generalizable and easily adaptable to 
different regional tectonic se`ngs by tuning all filters and constraints. 
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New insights into temporal changes in 
magnitude probability distribution in Central 
Italy 

Elisa Varini1, Renata Rotondi1, Alex González Fuentes1 

 

1 Consiglio Nazionale delle Ricerche, Istituto di Matematica Applicata e Tecnologie Informatiche 
CNR-IMATI, Milano, Italy 

 

Non-extensive Statistical Mechanics (NESM) extends classical Boltzmann–Gibbs physics through 
Tsallis entropy (Tsallis, 2009), introducing the q-exponential distribution to better model long-range 
correlations and dynamics of complex systems. This approach is well suited for earthquakes: it is 
intrinsically complex, spans spatial scales from microcracks to major fault zones and temporal scales 
from seconds to centuries, despite it exhibits robust statistical features such as power-law 
distributions for magnitude and aftershock decay, and multifractal epicenter clustering. In this 
framework, by maximizing Tsallis entropy and applying the fragment-asperities interaction model 
(Sotolongo-Costa and Posadas, 2004), the q-exponential magnitude distribution is obtained, 
reducing to the classical exponential Gutenberg–Richter law as q approaches 1. 

In Rotondi et al. (2022), we examined real seismic sequences: we derived the q-exponential 
magnitude distribution and analyzed the L’Aquila and Amatrice–Norcia sequences, covering the 
periods 2005-2009 and 2014-2018, respectively, to assess how their magnitude distributions 
changed before and during the seismic crises. Temporal variations in Tsallis entropy and in the q 
index of the corresponding q-exponential distribution  are estimated using sliding windows of a fixed 
number of events, advancing one event at a time, and applying Bayesian inference via the MCMC 
methods (Rotondi et al., 2025). We found a link between variations in the estimated q-index values 
and phases of seismic crises, with low q values potentially indicating the onset of strong events.  

In the present study, we combine all events recorded in the region from 2005 to 2024, using the 
most complete section of the ISIDe catalog, and examine them as a unified sequence. Our goal is to 
determine whether the temporal variations detected in Tsallis entropy and in the estimated q 
entropic index  in the previous works truly act as both sufficient and necessary precursory signals of 
strong earthquakes. Results show that a significant and persisting reduction of entropy and of the  
q parameter, index of energy concentration, could be considered as a necessary but not sufficient 
condition for the occurrence of a strong seismic shock. However, taking into account that the q-
exponential distribution has, in addition to q,  another parameter β related to the volumetric energy 
density, we observe that the joint analysis of q and β and of their correlation provides a more reliable 
identification of periods of impending heightened seismic activity. 
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For comparison, we also analyzed the region’s seismicity over the same period using the HORUS 
catalog, which provides an accurate and consistent assessment of the moment magnitude for all 
recorded events, and obtained consistent results. 
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Stability of the Gela Basin Margin and 
Tsunamigenic Poten:al of Submarine Landslides 
in the Sicily Channel     

M. Zane?1, F. Zaniboni1, C. Angeli1, E. Paolucci1, A. Armigliato1, M. Rovere2, A. 
Argnani2 

1 Department of Physics and Astronomy “A. Righi”, Alma Mater Studiorum - University of     
Bologna, Bologna, Italy 

  2 ISMAR – CNR, Bologna, Italy 

In recent years, a growing body of research has focused on the interac>on between offshore 
ac>vi>es and natural hazards, par>cularly in areas characterized by ac>ve tectonics and submarine 
slope instabili>es and located close to strategic coastal seElements and infrastructures. The 
present work is developed within the framework of the SPIN Project (“Test delle Buone Pra>che 
per lo studio della potenziale interazione tra aLvità offshore e pericolosità naturali”, in english 
"Test of good prac>ces for the study of poten>al interac>on between offshore ac>vi>es and 
natural hazards”), funded by the Italian Ministry of Environment and Energy Security (MASE). The 
project ended in October 2025 and involved various Italian Research Ins>tutes, Universi>es, and 
Public Administra>ons. The main objec>ve of the project was to develop and test a workflow for 
the analysis of offshore natural hazards that could interact with offshore hydrocarbon exploita>on, 
with par>cular emphasis on poten>ally triggered seismicity, its cascading effects—such as 
earthquake- and landslide-generated tsunamis—and their impacts on coastal and inland areas.  
The SPIN project concerned two study areas located in the northern Adria>c Sea and the Sicily 
Channel. In this contribu>on, we focus on the laEer which develops along the Gela Basin, an area 
located south of the Gulf of Gela and marked by the widespread evidence of past submarine mass 
movements and by the proximity of densely populated coastal zones and industrial facili>es (e.g., 
Gauchery et al., 2021; Zaniboni et al., 2021).  
The adopted workflow combines geomorphological reconstruc>on of submarine landslides, 
stability analysis, dynamic modeling of landslide mo>on, and numerical simula>ons of tsunami 
genera>on, propaga>on, and coastal inunda>on. Six landslide scenarios were reconstructed along 
the Gela Basin—Northern Twin Slide (NTS), Southern Twin Slide (STS), Serenusa Slide (SER), Vigata 
Slide (VIG), South Gela Basin Slide (SGBS), and Gela Drib Slide (GDS)—using constraints derived 
from bathymetric data, which allowed the morphometric mapping of detachment scars and 
deposi>onal bodies.  
Slope stability was inves>gated using the LEM-MLD approach, i.e., a Limit-Equilibrium Method 
(LEM) formula>on based on the Minimum Lithosta>c Devia>on (MLD) principle, originally 
developed by Tin> and Manucci (2006, 2008). In this framework, the factor of safety is evaluated 
within a minimiza>on-based scheme, providing an alterna>ve to classical LEM formula>ons. 
Seismic loading was accounted for in terms of peak ground accelera>on (PGA), es>mated for each 
scenario by considering three offshore possible seismogene>c sources (named “Gela11”, 
“Pozzallo30”, and “Pozzallo36”, described in a companion presenta>on by Angeli et al., 2026). PGA 
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was computed using the ITA10 ground-mo>on predic>on model proposed for the Italian region 
(Bindi et al., 2011). 
To evaluate the impact of uncertain>es on stability outcomes, a global sensi>vity analysis was 
performed using variance-based Sobol indices (Saltelli and Sobol, 1995). The analysis was first 
performed by considering geotechnical parameters only, and subsequently extended to include 
seismic loading among the uncertain inputs, allowing the combined effects of material proper>es 
and ground-mo>on variability to be evaluated.  
Landslide dynamic was simulated using the UBO-BLOCK model (Tin> et al., 1997), and the resul>ng 
>me-dependent seafloor deforma>on was translated into a tsunamigenic impulse through the 
intermediate code UBO-TSUIMP (Tin> et al., 2006). Tsunami genera>on, propaga>on, and coastal 
inunda>on were then simulated using the JAGURS sobware (Baba et al., 2015). Given the 
characteris>cs of landslide-generated tsunamis, dispersive effects were explicitly accounted for in 
all simula>ons. A non-linear formula>on was adopted to properly represent nearshore processes 
and coastal inunda>on. Tsunami simula>ons were performed on a system of nested grids, allowing 
the analysis of both basin-scale propaga>on and localized effects in bays and harbor areas. 
The stability analyses indicate that the majority of the submarine landslides are stable under the 
considered loading condi>ons, while only a limited number of scenarios (i.e., NTS and STS) show 
clear instability. Sensi>vity analyses indicate that, among geotechnical parameters, the fric>on 
angle exerts the strongest control on slope stability, whereas when seismic loading is included 
among the uncertain inputs, PGA becomes the dominant controlling factor. 
Tsunami simula>ons show that the propaga>on in coastal areas is mostly controlled by local 
bathymetry and coastal morphology. The geometry of the Gulf of Gela and its rela>vely wide and 
shallow con>nental shelf plays a key role in trapping and redistribu>ng tsunami energy, resul>ng in 
spa>ally heterogeneous coastal responses that are not necessarily correlated with the distance 
from the tsunami source. 
High-resolu>on simula>ons further highlight the importance of wave interac>on with coastal 
features such as bays and harbor basins, where resonance phenomena may develop depending on 
both basin geometry and wave characteris>cs. In some cases, longer-period oscilla>ons are also 
observed, sugges>ng the occurrence of more complex nearshore processes related to coastal 
trapping and basin-scale responses. 
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marine and satellite data of the May 2017 Sicily 
Channel event, Italy 

S. Zappalà1, S. D’Amico1,2, A. Cannata1,3, F. Panzera1 

1Università di Catania, Dipar4mento di Scienze Biologiche, Geologiche e Ambientali, Sezione di 
Scienze della Terra, Catania, Italia 
2Is4tuto Nazionale di Geofisica e Vulcanologia, Sezione Roma2, Roma, Italia 
3Is4tuto Nazionale di Geofisica e Vulcanologia, Osservatorio Etneo, Catania, Italia 

Meteotsunamis are tsunami-like long ocean waves generated by atmospheric disturbances that 
can produce sudden sea-level oscillaBons and coastal damage comparable to seismic tsunamis 
(Monserrat et al., 2006; Vilibić et al., 2021). Their amplificaBon depends criBcally on coastal 
resonant mechanisms, such as Proudman resonance over conBnental shelves and alongshore 
Greenspan resonance in elongated bays (Proudman, 1929; Greenspan, 1956; Miles & Munk, 1961). 
In the central Mediterranean, tsunami early-warning systems exist which remain sensiBve to 
uncertainBes in the speed and track of the atmospheric disturbance, and effecBve nowcasBng 
requires minute-scale sea-level and pressure measurements (Šepić et al., 2012; Denamiel et al., 
2019; Tojčić et al., 2021). Coastal broadband seismic staBons located close to the shoreline can 
record the associated long-period ground moBon, with energy in the millihertz band, providing an 
independent constraint on meteotsunami Bming and propagaBon (Okal, 2021; D’Amico et al., 
2025).  

The Sicily Channel is one of the most meteotsunami-prone regions in the Mediterranean area, 
owing to its wide, shallow conBnental shelf and its favourable posiBon for the development and 
guidance of intense convecBve systems (Candela et al., 1999). Within this region, the harbour of 
Lampedusa is parBcularly exposed: its semi-enclosed basin behaves as a resonant box, enhancing 
harbour resonance and amplifying sea-level oscillaBons (Vilibić et al., 2008; Rabinovich, 2009; 
Šepić et al., 2012; Vilibić et al., 2016). 

This study combines integrated seismic, meteo-marine and satellite data to characterize the severe 
meteotsunami event that struck Lampedusa Island during the night between 11th and 12th May 
2017.  
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Broadband seismic data from Lampedusa, Malta and south-eastern Sicily were corrected for the 
instrument response to obtain ground displacement and bandpass-filtered between 0.1-10 mHz to 
isolate the characterisBc meteotsunami signal. Through the analysis of the seismic signal based on 
Root Mean Square (RMS) amplitude, we were able to construct the spaBo-temporal progression of 
the low pressure front that generated the meteotsunami event. 

For meteorological and marine observaBons, we used sea level and barometric data from three 
staBons of the NaBonal Tide Measurement Network managed by ISPRA, located at Sciacca, Porto 
Empedocle and Lampedusa along the southern Sicilian coast. A harmonic analysis was performed 
on the sea level data in order to reconstruct the astronomical Bde and calculate the residuals. 
Finally, both the sea level residuals and the pressure data were filtered in the meteotsunami 
frequency band range.  
Lampedusa showed the clearest response, with sea-level residuals up to ~0.5 m between late 11th 
May and the early hours of 12th May, anBcorrelated with a local pressure drop, a typical 
meteotsunami signature. At Sciacca and Porto Empedocle, no single peak matched the Lampedusa 
amplitude, but enhanced oscillaBons co-occurred with pressure falls; residuals remained modest 
at Sciacca, whereas more abrupt fluctuaBons at Porto Empedocle on the morning of 12th May were 
consistent with a weaker meteotsunami response. 
  

ERA5 reanalysis fields (Hersbach et al., 2020) depict a mesoscale atmospheric disturbance crossing 
the Sicily Channel during the event, characterized by cooling at 850 hPa, strengthened mid-
tropospheric winds, and a surface low consistent with the observed marine and seismic signatures. 
Our results demonstrate that onshore broadband seismic staBons act as effecBve complementary 
sensors for meteotsunami detecBon and that integraBng seismic, oceanographic, and atmospheric 
observaBons improves reconstrucBon of propagaBon dynamics and supports the design of new 
mulBparametric early-warning strategies in the central Mediterranean. 
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