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data from the last 30 years 
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Monitoring the evolu8on of the deforma8on field of Campi Flegrei from the 1990s onwards is 
possible thanks to the use of SAR images from different missions. In par8cular, the ERS/ENVISAT 
and Sen8nel-1 missions of ESA cover the periods 1993–2010 and 2015 to the present day, 
respec8vely. The 8me gap between these two periods has recently been filled using Radarsat-2 
images. 

Therefore, we were able to carry out a comprehensive analysis of Phlegraean deforma8on over the 
last 30 years by combining the ERS/ENVISAT deforma8on 8me series provided by IREA/CNR, the 
Radarsat-2 series from Amoruso et al. (2025), and the Sen8nel-1 series from Giudicepietro et al. 
(2024). The LOS direc8ons for RADARSAT-2 and Sen8nel-1 are very similar across Campi Flegrei, 
with incidence angles of around 35°. This would enable the LOS displacement 8me series to be 
connected. Conversely, the LOS direc8ons for ERS/ENVISAT are quite different, with incidence 
angles of around 22.5°. We have therefore computed the quasi-ver8cal and eastward 
displacements in order to connect the three 8me series. Examples of long-term deforma8on are 
given in Fig.1. Weekly cGPS 8me series from De Mar8no et al. (2023) are also plo^ed for 
comparison. 

We will present the preliminary results obtained using linear regression models. These models 
have been used to verify whether the deforma8on field has remained unchanged within the 
margin of error between 1993 and the present day. They have also been used to highlight possible 
local deforma8on anomalies, such as those evidenced in Amoruso et al. (2014) and Giudicepietro 
et al. (2024). 
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Fig.1 – Examples of long-term deforma8on, obtained by connec8ng the displacement 8me seriesfrom ERS/ENVISAT, 
RADARSAT-2, and Sen8nel-1 imagery. Black dots, weekly cGPS data (De Mar8no et al., 2023). Red dots, ERS/ENVISAT. 
Green crosses, RADARSAT-2. Violet dots, Sen8nel-1. (a) Ver8cal displacement at the cGPS RITE sta8on. (b) Ver8cal 
displacement at the cGPS ACAE sta8on. (c) Eastward displacement at the cGPS ACAE sta8on.  RITE (Rione Terra) is 
close to the area of maximum ver8cal displacement. ACAE (Accademia Aeronau8ca) is close to the area of maximum 
eastward displacement. 

Anomalies in the Solfatara-Pisciarelli-Accademia Aeronau8ca area during the subsidence from 
1993 to the early 2000s (Amoruso et al. 2014) and in the Accademia Aeronau8ca area a`er 
approximately 2019 (Giudicepietro et al. 2024) have been confirmed, with further informa8on on 
their geometric characteris8cs being provided. 

Even more interes8ngly, the ini8al results of the analyses seem to indicate the coexistence of two 
sta8onary deforma8on fields throughout the en8re inves8gated period. The field with the larger 
amplitude has dimensions similar to those of the caldera and a temporal history comparable to the 
ver8cal displacement in the area near the RITE cGPS sta8on (Fig. 1a). The other field is less 
conspicuous, but poten8ally has even more significant implica8ons. It is more extensive and 
shi`ed eastwards rela8ve to the centre of the caldera. It is characterised by an approximately 
constant upli` velocity since at least the beginning of the available DInSAR 8me series. This second 
sta8onary field has a shape similar to that obtained from ERS/ENVISAT data using varia8onal 
Bayesian independent component analysis for the period 1993–2010 (Amoruso et al., 2024). We 
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will also discuss the degree of complexity of the sources necessary to account for the shapes of the 
two sta8onary deforma8on fields within the measurement errors. 
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Volcanic ac4vity can affect the climate system across mul4ple 4mescales, from rapid atmospheric 

fluctua4ons to longer-term responses driven by stratospheric aerosol forcing associated to major 

explosive erup4ons. Rapid evalua4on of the atmospheric response to such events calls for 

approaches that combine physical understanding with computa4onally efficient predic4ve tools. 

Predic4ng and quan4fying these impacts using numerical Earth system models remains 

computa4onally expensive, limi4ng the systema4c explora4on of uncertainty and sensi4vity across 

different erup4on scenarios.  

Machine-learning-based climate emulators have emerged as a promising complement to tradi4onal 

numerical models, enabling fast predic4ons of atmospheric evolu4on. State-of-the-art emulators, 

such as the AI2 Climate Emulator (ACE) [1], are trained on outputs from climate model simula4ons 

or on reanalysis datasets such as ERA5 [2], which provide realis4c representa4ons of the 

atmospheric state. However, their applica4on to volcanic forcing remains underrepresented due to 

the rarity of major erup4ons in the historical record, the limited availability of consistent volcanic 

forcing datasets, and the lack of standardized representa4ons of stratospheric sulfur dioxide (SO₂) 

and aerosol-related perturba4ons suitable for emulator training.   

Here, we inves4gate how to design volcanic forcing and ini4al condi4ons datasets suitable for 

emulator-based frameworks such as ACE. We explore different strategies for represen4ng sulfur 

dioxide (SO₂) forcing, assess available observa4onal and model-based datasets, and discuss training 
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and fine-tuning approaches aimed reproducing the dynamic atmospheric response to volcanic 

perturba4ons. The proposed methodological framework is intended to support efficient sensi4vity 

analysis and ensemble experiments of volcanic erup4on scenarios using machine-learning-based 

atmospheric emulators.  
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Fluids play a key role in controlling deforma>on, stress redistribu>on and seismicity in volcanic and 
geothermal systems. Classical formula>ons, such as the Mogi source (Mogi 1958) have long been 
used to describe surface displacements caused by magma>c intrusions, nevertheless they are 
limited in represen>ng the coupled effects of fluids pressurizing and hea>ng a porous medium, 
which are central to hydrothermal systems. Moreover, these models predict an isotropic stress 
state within the deforma>on source and thus cannot explain seismicity occurring inside it.  
Other approaches adopt thermo-poro-elas>city (TPE) theory to incorporate the influence of 
temperature and pore pressure of hydrothermal fluids (e.g., Rinaldi et al., 2010). Recently, TPE 
inclusion models have undergone significant development (e.g., Belardinelli et al., 2019). A TPE 
inclusion represents a limited porous and permeable region where temperature ( ) and pore 
pressure ( ) varia>ons occur, due to the arrival of a plume of fluids exsolved from a deep magma 

chamber. Such parameters define the potency of the TPE source , where  is 

the Biot’s constant and  is the coefficient of thermal expansion in drained condi>ons. The 
inclusion is enclosed in a poroelas>c matrix assumed to be in isothermal and drained condi>ons. 
Disk shaped TPE models have successfully reproduced the deforma>on and seismicity paZerns 
observed during the unrest episodes at Campi Flegrei Caldera (Man>loni et al., 2020).  
This work aims to enhance the physical realism of the previous analy>cal models that consider 
spherical and spherical shell geometric TPE inclusions. In par>cular, we extended the solu>ons of 
Belardinelli et al., (2019) in order to account for the presence of the free surface, which strongly 
influences the mechanical response of the medium and is essen>al for comparison with surface 
observa>ons. Closed-form analy>cal solu>ons are derived for displacement, strain, and stress 
throughout the domain, including the interior of the source.  
The model adopts a fully analy>cal framework. Owing to the axisymmetric nature of the problem, 
cylindrical coordinates are employed (Fig. 1). Two complementary techniques are combined to 
sa>sfy the free-surface boundary condi>ons: the image source method, which eliminates the shear 
stress component, and the Galerkin formula>on, which allows the normal stress to vanish at the 
free surface (Bonafede 1990). The approach is first developed for a spherical inclusion (Fig. 1a), 
which may represent a reservoir where hot and pressurized fluids accumulate. In addi>on to this 
configura>on, a spherical Mogi source embedded within a spherical TPE shell is also considered 
(Fig. 1b). The laZer could represent a mechanically dis>nct region, such as a damaged or fractured 
rock volume, surrounding the magma chamber, capable of responding to thermo-poro-elas>c 
coupling. 
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Fig. 1 – Spherical (a) TPE region (yellow) of radius  and spherical shell TPE region (b) of inner radius  and outer 
radius  surrounded by an embedding matrix (gray) in drained isothermal condi>ons. The reference system, in 
cartesian (black) coordinates  and cylindrical (blue) coordinates , is also represented. The origin of the 
reference system lies on the free surface  and the −axis is taken posi>ve in the downward direc>on. The 
center of the median plane of the TPE shell is located at  The reference system used by Belardinelli et al., 
(2019) expressed in spherical coordinates  and with the origin located in the center of the sphere, is also 
reported in (a).  is the volume of the TPE source and  the overpressure of the magma>c source embedded within 
the spherical shell.

The obtained results reveal that the presence of the free surface profoundly modifies the 
deforma>on and stress fields rela>ve to the unbounded configura>on. If the source is very deep, 
and thus far from the free surface, the solu>ons obtained in the half-space coincide with those of 
the full-space model; otherwise, significant differences arise in all mechanical fields. This 
underscores the importance of including the effects of the free surface when comparing with real 
data. 
The analysis also shows that thinner shells exhibit larger internal shear stress, while the external 
field weakens. This suggests that thin shells are more prone to internal failure, poten>ally 
explaining seismicity within the source region itself, a behavior that classical models of pressurized 
magma filled cavi>es with isotropic stress inside cannot reproduce. 
For the spherical inclusion, the solu>ons are exact and sa>sfy all boundary condi>ons. For the 
spherical shell the procedure described in sec>on 2 ensures only an approximate solu>on, as the 
normal trac>on con>nuity on the inner spherical surface is not perfectly reproduced. For this 
reason, leading order correc>ons to the surface displacement are evaluated following the itera>ve 
approach proposed by McTigue (1987) for magma>c sources. 
The 2021 unrest at Vulcano Island further illustrates the capability of the present model to jointly 
explain deforma>on and seismicity. By adop>ng a suitable set of source parameters derived from 
the inversion of geode>c data (Tab. 1), the models successfully reproduce the observed surface 
displacements. Shear stress concentra>on in the range of [104; 107] Pa result both within and in 
the vicinity of the source, offering a physically consistent explana>on for the clustered very shallow 
seismic events recorded near the crater of Vulcano Island. 
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Tab. 1 – Parameters of the spherical and spherical shell TPE inclusions under isothermal condi>ons. Here,  denotes 
the depth of the source center,  the potency,  the radius of the spherical inclusion,  and  the inner and outer radii 
of the spherical shell, respec>vely. The spherical shell model is considered under the assump>on that the pressure 
inside the magma chamber remains constant during degassing. The value of  (marked with *) is taken from S>ssi et 
al. (2023), while  and  are chosen such that the resul>ng source volume change, m3, is consistent 
with the value reported in S>ssi et al. (2023). The parameters of the spherical TPE shell are finally chosen in order to 
reproduce the same surface displacement as the spherical inclusion.
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Background 
Shallow dike emplacement plays a fundamental role in controlling briKle deformaLon at the 
Earth’s surface in volcanic and riO environments, commonly producing normal faults and graben 
structures. Comparable deformaLon paKerns may also result from regional tectonic extension, and 
in many volcano-tectonic seRngs these processes act concurrently. DiscriminaLng between 
tectonic and intrusion-induced deformaLon therefore remains a major challenge, with important 
implicaLons for magma transport pathways, fault reacLvaLon, and volcanic hazard assessment. 
This contribuLon presents an integrated synthesis of six complementary scienLfic studies that 
combine detailed field observaLons with numerical modelling to invesLgate the mechanisms 
governing dike-induced graben formaLon at shallow crustal levels. Field-based structural analyses 
form the backbone of this work were systemaLcally applied across all case studies using historical 
aerial photographs, archival imagery, UAV-based photogrammetry, remote sensing data, and 
detailed field surveys (e.g Fig. 1). This mulL-source dataset enabled a quanLtaLve reconstrucLon 
of fracture swarms, graben geometry, fault kinemaLcs, verLcal displacements, and the temporal 
evoluLon of surface deformaLon associated with shallow dike emplacement. 

 

Fig. 1 - Composite figure of the dyke-induced graben formed during the 1971 Mt. Etna erupLon. 
(LeI) Oblique UAV-derived view showing the graben in cross secLon, with the downthrown block (negaLve 
symbols) and bounding normal faults indicated. (Right) 1983 aerial photograph mosaic with mapped 
erupLve fissures (black), fault scarps (red), and lineaments (blue), highlighLng the overall graben geometry. 
Modified aOer Bonali et al. (2024). 
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Results 
Field observaLons and elasLc FEM modelling of the 1928 fissure erupLon at Mt. Etna demonstrate 
that shallow dike intrusion alone is sufficient to generate graben structures and surface faulLng, 
even in the absence of significant regional extension. This study highlights the dominant role of 
magma overpressure and dike geometry in controlling the style and magnitude of surface 
deformaLon (Tibaldi et al., 2022). 
High-resoluLon 3D structural analyses of the 1971 erupLon at Mt. Etna further show that 
intrusion-induced deformaLon can be strongly asymmetric when dike emplacement occurs 
beneath sloping topography (Fig. 1). Numerical models constrained by field data quanLtaLvely 
demonstrate that local topographic modifies the local stress field, promoLng preferenLal fault 
nucleaLon and asymmetric graben geometries (Bonali et al., 2024). 
The interacLon between propagaLng dikes and inherited fracture networks is addressed by two 
complementary studies focusing on the 1947 lateral erupLon along the NE RiO of Mt. Etna. By 
integraLng field observaLons, analogue experiments, and numerical modelling, these studies 
demonstrate that pre-exisLng fractures exert a first-order control on dike trajectory, segmentaLon, 
and arrest, as well as on the localisaLon of surface faulLng. Fracture spacing and connecLvity are 
shown to determine whether dike propagaLon is enhanced or inhibited, providing a mechanical 
explanaLon for the observed spaLal variability of erupLve fissures and deformaLon paKerns 
(Luppino et al., 2025; Tibaldi et al., 2025). 

 
Fig. 2 - Numerical models for the 1971 case study. The dyke is modelled with different aRtudes 
under a regional extensional stress field of 1 MPa. (A–C) Tensile stress distribuLons and (D–F) von 
Mises shear stress distribuLons are shown using the colour scale (MPa). Principal stress 
trajectories are indicated by white arrows (σ₁) and black arrows (σ₃). Axes are expressed in metres; 
the verLcal axis represents elevaLon above sea level (a.s.l.). 

An addiLonal case study from the Northern Volcanic Zone of Iceland documents the development 
of an asymmetric graben above a shallow dike intruding a subglacial volcanic cone (Fig. 3). 
Structural data indicate that a pre-exisLng riO fault guided dike ascent to the surface, consequently 
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promoLng the development of anLtheLc faulLng and enhancing graben asymmetry (Bonali et al., 
under review). 

 
Fig. 3 - Oblique 3D view of the Vestari Skógarmannaröll ridge and associated numerical modelling 
results. LeO panel: panoramic view of the summit graben affecLng the volcanic cone, derived from 
a photogrammetry-based 3D model. Right panels: numerical model results showing von Mises 
shear stress distribuLon for a dyke emplaced at the base of the cone, modelled under 
homogeneous condiLons and with a mechanical contrast between the cone and the substratum. 

Future perspec<ves 
Future work will focus on the development of elasto-plasLc numerical models specifically designed 
to invesLgate the generaLon of fault zones during shallow dyke emplacement. Unlike elasLc 
approaches, elasto-plasLc modelling allows faults to emerge as zones of shear-strain localisaLon, 
providing a more realisLc framework for simulaLng fault nucleaLon and evoluLon. 
Ongoing modelling is aimed at exploring fault generaLon under flat topographic condiLons, in 
order to isolate the intrinsic mechanical effects of magma-induced stress perturbaLons. ParLcular 
aKenLon will be devoted to the role of mechanical (rheological) contrast, by comparing 
homogeneous host-rock configuraLons with layered systems, and to the influence of dyke-Lp 
depth, systemaLcally varied from shallow to deeper emplacement levels. 
This approach will enable the invesLgaLon of how fault localisaLon and graben geometry evolve 
under elasto-plasLc condiLons and whether new quanLtaLve relaLonships between dyke-Lp 
depth and graben width emerge. 
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1. Introduction 

Geofluids play a fundamental role in modulating stress, fault mechanics and deformation 
processes in active volcanic and tectonic environments. Variations in fluid pressure and 
permeability can promote aseismic slip, trigger seismicity and control hydrothermal circulation in 
geothermal fields (Sibson, 1992; Chiodini et al., 1996). In volcanic settings, these processes are 
further influenced by magma intrusion and gravitational instability, producing complex feedbacks 
between deformation, fluid migration and surface degassing (Bonaccorso & Calvari, 2013; Walter 
et al., 2005). 
Mount Etna represents a natural laboratory to investigate these interactions, particularly along its 
southeastern flank, where slow slip events (SSEs), fault creep and shallow seismicity coexist with 
diffuse gas emissions and thermal springs (Fig.1; Azzaro et al., 2000; Liotta et al., 2017). This study 
integrates geodetic, seismic and geochemical observations to investigate how geofluids modulate 
fault behaviour and hydrothermal circulation, and how these same processes have sustained long-
term human exploitation of geothermal resources at Santa Venera al Pozzo (SVP). 
From a mechanical perspective, the interaction between geofluids and active faults is increasingly 
recognized as a key factor controlling the transition between seismic and aseismic deformation. 
Transient increases in pore pressure can reduce effective normal stress, promote fault creep and 
facilitate slow slip events, thereby modulating both earthquake occurrence and surface 
deformation patterns (Sibson, 1992). In volcanic environments, these processes are further 
complicated by magma intrusion and flank instability, which can repeatedly reorganize stress 
fields and permeability structures. In this context, integrating geophysical and geochemical 
observations with long-term indicators offers a unique opportunity to investigate the persistence 
of fluid-controlled fault behaviour across different temporal scales. 
 
 



 
 
Fig.1 -Map of Mount Etna showing the location of key archaeological sites and geothermal features. 
(a) Historical and pre-historical lava flows on Mount Etna with major archaeological sites and thermal springs. Santa 
Venera al Pozzo (SVP) and the Salinelle of Paternò are highlighted, together with cold springs and historical thermal 
baths. Archaeological sites are scaled according to the number of preserved structures and color-coded by cultural 
period (Biscari, 1781; Brancato and Tortorici, 2021; Branca et al., 2021). Lava flows from Branca et al., (2011) and 
Proietti et al., (2024). 
(b) Close-up of the SVP area showing archaeological features and hydrothermal manifestations (Brusca et al., 2001), 
superimposed on local geological synthems (De Beni et al., 2011): Aci Trezza (pillow lavas from submarine eruptions on 
a sedimentary basement), Acireale (massive lava flows from fissural subaerial eruptions), S. Alfio (lavas and pyroclastics 
from subaerial eruptions), Concazze and Il Piano (lavas and pyroclastics from polygenetic volcanoes). Synthems 
indicated with colored patterns outside the study area are not discussed. 
(c) Pie charts showing the proportions of hot and cold springs, and a histogram illustrating the distribution of lava-flow 
surfaces by age (Brusca et al., 2001). 

 



2. Geological and Seismotectonic Framework  

The southeastern flank of Mount Etna is one of the most tectonically active sectors of the volcano 
and is affected by a dense network of Quaternary normal faults belonging to the Timpe Fault System 
(TFS), which accommodates a significant portion of the seaward sliding of the volcanic edifice (Fig.2; 
Azzaro et al., 2012; Tibaldi et al., 2016). These structures are characterized by steep fault scarps, 
aligned eruptive fissures and diffuse ground deformation, reflecting the interaction between 
regional tectonic stress, magmatic intrusion and gravitational instability (Branca & Abate, 2017). 
The TFS is composed of several N–S striking fault segments (e.g. Fiandaca, Aci Platani and Aci Catena 
faults) that locally show surface faulting, aseismic creep and repeated shallow seismic ruptures 
(Azzaro et al., 2000; Azzaro & D’Amico, 2019). Instrumental seismicity is dominated by shallow 
earthquakes (generally < 5 km depth, M ≤ 5), often organized in swarms, which are interpreted as 
the surface expression of stress redistribution processes affecting the unstable eastern flank. 
Geodetic observations indicate that these faults are kinematically linked to the long-term eastward 
motion of the flank, while transient deformation episodes, including slow slip events (SSEs), locally 
modify stress conditions and fault permeability (Palano et al., 2024). The spatial coincidence 
between active fault traces, thermal springs and soil gas anomalies demonstrates that these 
structures act as long-lived, permeable pathways for geofluid ascent (Giammanco et al., 1997; Liotta 
et al., 2017). 
Santa Venera al Pozzo is located at the intersection of major TFS segments, where repeated fault 
reactivation has favoured the development of a localized hydrothermal system, making the area 
particularly sensitive to fluid–fault interactions. 

 

 



Fig.2 - Tectonic structures and seismicity of Mount Etna’s southeastern flank. 
(a) Main fault systems and eruptive fissures. Fault abbreviations: PFS = Pernicana Fault System; RFS = Ragalna Fault 
System; SFS = South Fault System; TFS = Timpe Fault System; FF = Fiandaca Fault; SG–AF = San Gregorio–Acitrezza 
Fault; APF = Aci Platani Fault; ACF = Aci Catena Fault. Epicenters of major historical earthquakes are shown as stars 
and numbered according to their reference in Table 1 (Guidoboni et al., 2014; Guidoboni et al., 2019; Azzaro and 
D’Amico, 2019). 
(b) Instrumental seismicity from 1981 to 2024, color-coded by depth. Faults data from Azzaro et al. 
(2012) and Branca et al. (2011); eruptive fissures from Bevilacqua et al. (2022) and Proietti et al. (2024). 

 

3. Data and Methods 

This study is based on the integration of geodetic, seismic and geochemical datasets acquired on 
Mount Etna’s southeastern flank over different temporal scales, with particular focus on the role 
of geofluids in fault dynamics and hydrothermal circulation. 
Geodetic data consist of continuous GNSS time series recorded between 2006 and 2024 by the 
INGV permanent network. Stations located on the summit area and on the lower southeastern 
flank were selected to capture both long-term eastward sliding of the volcanic edifice and 
transient deformation episodes. These data allow the identification of slow slip events (SSEs) and 
aseismic fault motion affecting shallow fault segments (Palano et al., 2024). 
Seismic data were obtained from INGV instrumental catalogues and include local earthquakes with 
magnitudes generally lower than 5 and hypocentral depths mostly shallower than 5 km (Azzaro et 
al., 2000; Alparone et al., 2020; Barberi et al., 2020). Seismicity is mainly organized in swarms and 
spatially clustered along the Timpe Fault System, providing constraints on active fault segments 
and stress redistribution processes (Azzaro et al., 2012; Azzaro et al., 2013; Bonforte et al., 2013).  
Geochemical data include long-term monitoring of thermal waters and gas emissions at Santa 
Venera al Pozzo (SVP). Gas measurements focus on CO₂, CH₄ and H₂S concentrations, acquired 
through discrete sampling and continuous micro-gas chromatograph monitoring. These datasets 
document both the long-term stability of the hydrothermal system and short-lived geochemical 
anomalies associated with tectonic stress variations, including pre-seismic signals observed before 
the 26 December 2018 Fiandaca earthquake (Liotta et al., 2017; Sortino et al., 2022). 
Additional constraints are provided by soil CO₂ flux surveys carried out in the SVP area, which 
highlight the spatial correspondence between degassing anomalies and active fault traces, 
confirming the structural control on geofluid migration (Giammanco et al., 1997). 
Archaeological data from Santa Venera al Pozzo are used as a long-term indicator of persistent 
hydrothermal activity and geothermal resource availability. The continuous exploitation of thermal 
springs from the Hellenistic period to the Middle Ages provides independent evidence that fault-
controlled fluid pathways have remained active over millennial timescales (Branciforti, 2006; 
Bottari et al., 2020). 

4. Results 

Given this seismotectonic setting, deformation and fluid migration on the southeastern flank of 
Mount Etna are strongly controlled by transient stress changes affecting shallow fault segments. 
GNSS time series reveal persistent eastward motion of the southeastern flank, superimposed by 
millimetric SSEs lasting days to weeks (Palano et al., 2024). These aseismic deformation episodes 
are interpreted as fluid-assisted slip along shallow fault segments, where elevated pore pressure 
reduces effective normal stress (Sibson, 1992). 



Geochemical data show a hydrothermal system dominated by crustal CO₂ and CH₄, with transient 
anomalies temporally associated with tectonic stress changes. In particular, increases in methane 
and hydrogen sulfide concentrations were observed prior to the 26 December 2018 Fiandaca 
earthquake, indicating permeability enhancement and upward migration of deep geofluids in 
response to stress accumulation (Sortino et al., 2022). 
Archaeological evidence documents continuous exploitation of the SVP thermal springs from the 
Hellenistic period to the Middle Ages, despite recurrent seismic and volcanic activity (Branciforti, 
2006; Bottari et al., 2020). The spatial coincidence between ancient hydraulic structures, modern 
degassing anomalies and active faults suggests long-term persistence of fault-controlled geofluid 
pathways. 

 

Fig.3 - Conceptual model linking shallow SSE-driven stress redistribution, transient permeability enhancement, fault-
guided ascent of hydrothermal fluids, episodic gas anomalies, flank deformation and long-term human use of thermal 
resources on the southeastern flank of Mt. Etna. 

5. Discussion and Conclusions 

The integrated dataset supports a model in which geofluids play an active role in modulating fault 
mechanics on Mount Etna’s southeastern flank (Fig. 3). Shallow SSEs and fault creep are interpreted 
as fluid-assisted deformation processes, where transient increases in permeability promote 
hydrothermal circulation and surface degassing, in agreement with classical models of pore-
pressure–controlled fault behaviour (Sibson, 1992; Giammanco et al., 1997; Palano et al., 2024). 
The long-term archaeological record indicates that these geofluid pathways have remained active 
over millennial timescales, sustaining geothermal resources despite ongoing deformation. This 
study highlights the central role of geofluids in coupling earthquakes, volcanic deformation and 
geothermal systems, and demonstrates how integrating geophysical and geochemical observations 
with long-term indicators can improve our understanding of fault dynamics in active volcanic 
regions. 
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In the last years mul9ple studies have proposed measurements of ambient vibra9ons as an 
efficient seismic methodology to inves9gate the loca9on and characteris9cs of hydrocarbon 
reservoirs (e.g., Lambert et al., 2007; Saenger et al., 2009). Inland gas reservoirs associated with 
mud volcano fields in Italy (Antunes et al., 2022; Brindisi et al., 2025; Grassi et al., 2022; Panzera et 
al., 2016) show specific Horizontal to Ver9cal Spectral Ra9o (HVSR) of ambient vibra9ons 
signatures, and this method (for an extensive methodological review see Molnar et al., 2022) has 
been widely applied worldwide as a fast and effec9ve tool for inland subsurface seismic 
characteriza9on in many different contexts (e.g., Mele et al., 2021; Comina et al., 2023; 
Keskinsezer et al., 2023). In this framework, the aim of this study is to extend the applica9on of 
HVSR analysis offshore, where Ocean Bo[om Seismometer (OBS) data are available, to constrain 
the local seismostra9graphical configura9on of the offshore subsoil and characterize poten9al gas 
reservoirs.  
The study focuses on an offshore gas-emi]ng structure corresponding to the submerged 
westernmost edge of the North Anatolian Fault (NAF) in the İzmit Gulf area (Eastern 
Mediterranean) (Fig. 1), where methane seepage from the seabed is present (Embriaco et al., 
2014). To apply the inversion procedures commonly considered for the interpreta9on of HVSR 
inland (Brindisi et al., 2025) to sea-bo[om observa9ons, the effect of the water column must be 
accurately removed. 
A new correc9on procedure derived from the approach proposed by Albarello (2025) is introduced 
to account for resonance effects of the water column and to recover an HVSR curve comparable to 
that obtained inland. This method is based on the body-wave model by Herak (2008) and enables 
the use of the well-established inversion procedure implemented by Bignardi et al. (2016). 
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It has been suggested that strong water flows can significantly affect the HVSR pa[ern at very low 
frequencies (< 0.2 Hz) due, for example, to sensor 9l9ng. At higher frequencies, however, these 
water-flow-related effects mainly produce minor changes in peak amplitudes without affec9ng 
peak frequencies. Accordingly, we assume that the relevant part of the HVSR pa[ern remains only 
weakly influenced by oceanic disturbances and s9ll provides valuable informa9on on the subsoil 
structure in terms of Vs and Vp profiles, similarly to inland condi9ons. 
The inversion results reveal three main seismic impedance contrasts at approximately 10, 100 and 
500 m below the seafloor (Fig. 2), in good agreement with geological unconformi9es detected by 
seismic reflec9on data (Kurt and Yücesoy, 2009; Mitchum et al., 1977; Okyar et al., 2008). 
Moreover, interpreta9on of body-wave-derived velocity profiles and of Vp/Vs ra9os (Tinivella, 
2002) suggests the presence of unconsolidated material down to about 500 m below sea level, 
with an es9mated porosity on the order of 10%. The good fit between the body-wave velocity 
profiles and those inferred by Biot–Gassmann Theory by Lee (BGTL) modelling (Lee, 2004) further 
indicates that gas plays a significant role in this area, with a preliminary es9mate of gas satura9on 
of approximately 50% of pore space between 100 and 500 m depth. 
These findings demonstrate that HVSR analysis from OBS measurements provides a promising 
methodology for offshore subsurface characteriza9on in gas-bearing environments. Furthermore, 
the combina9on of HVSR inversion and BGTL modelling shows poten9al for es9ma9ng gas 
concentra9on within marine reservoir systems, thereby confirming the effec9veness and prac9cal 
applicability of this integrated approach. 

 

Fig. 1 – Tectonic map of the Marmara region modified from Okyar et al., 2008. 
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Fig. 2 – Inversion of the HVSR experimental curves aker the removal of the water column effects. a) Comparison 

between the best fi]ng HVSR curve obtained by the inversion procedure (solid line) and the data, represented by the 

mean HVSR curve (dashed line), corresponding to periods of low flow intensity. b) The solid black line represents the Vs 

profile considered to obtain the best fi]ng curve in (a), the dashed black lines represent the profile of the maximum 

and minimum Vs value at each depth. The solid bold black line represents the Vp profile considered to obtain the best 

fi]ng curve in (a), the dashed bold black lines represent the profile of the maximum and minimum Vp value at each 

depth. 
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The offshore sector of Campi Flegrei (Gulf of Pozzuoli, southern Italy), within the Neapolitan Yellow 
Tuff (NYT) caldera system, is characterised by acIve volcano-tectonic deformaIon, caldera-floor 
upliM (resurgence), and intense hydrothermal acIvity. The area has been extensively invesIgated 
to delineate the structural architecture and geological evoluIon of the system (e.g., Sacchi et al., 
2014; Corradino et al., 2021; Natale et al., 2022), but despite previous works, the metre-scale 
geometry of the apical fault network associated with the resurgent dome, and its role in 
controlling shallow fluid migraIon, remain poorly constrained. ConvenIonal 2D seismic data 
generally lack the verIcal and lateral resoluIon and areal coverage required to image such small-
scale structures. As a result, the idenIficaIon of hydrothermal vents and the relaIonship between 
fault architecture, fluid migraIon, and local stress redistribuIon - potenIally linked to seismicity - 
remain poorly understood in the marine sector of the resurgent dome. 

This study exploits ultra-high-resoluIon (UHR) 3D seismic reflecIon data acquired in the Gulf of 
Pozzuoli (Fig. 1), enabling metre-scale imaging of tectonic structures, seismo-straIgraphic units, 
sedimentary architectures, and fluid-related features. Fluid migraIon is inferred from seismic 
responses such as amplitude anomalies, and bright spots that crosscut major seismo-straIgraphic 
boundaries, suggesIng acIve ascent pathways. To enhance both structural and fluid-related 
signals, a suite of seismic a[ributes was applied to the 3D volume. DisconInuity and structural 
a[ributes (e.g., semblance, variance, dip, and azimuth) support detailed fault delineaIon, while 
amplitude- and frequency-related a[ributes (e.g., RMS amplitude, chaos, spectral measures, and 
frequency decomposiIon) highlight potenIal fluid-charged sediments and migraIon pathways. 
Vents are idenIfied as verIcally persistent disturbance zones characterised by amplitude blanking, 
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bright spots and polarity reversals that are coherent across mulIple a[ribute domains and 

traceable toward shallow reflectors. 

Fig. 1 – a) Bathymetric map of Gulf of Pozzuoli and locaIon of the UHR3D seismic volume (yellow box). b) 
LocalizaIon of the study area in Italy with c) zoom of Gulf of Naples. 

The 3D seismic interpretaIon (Fig. 2) resolves the metre-scale fault architecture of the resurgent 
dome summit area, including fault strikes, dips, spaIal extent, segmentaIon, and network 
geometry. More than 60 predominantly normal faults are idenIfied, organised into disInct strike 
domains that define an overall radial pa[ern converging toward the centre of resurgence. 
Dominant fault orientaIons are NE–SW, NNE–SSW and NNW–SSE, with a subordinate ENE–WSW 
set.  

Fig. 2 – Bathymetric map of Gulf of Pozzuoli with fault segments (red lines) organized with radial geometry. 

Integrated interpretaIon and a[ribute analysis allowed the idenIficaIon and mapping of 
approximately 50 vent-related features within the shallow substrate. These vents display variable 
geometries, with horizontal dimensions ranging from 20 to 50 m and verIcal extents reaching up 
to approximately 60 m. They iniIate at different seismo-straIgraphic levels and commonly 
terminate in paleo-pockmark-like features, indicaIng episodic discharge and straIgraphically 
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controlled sealing. SpaIal comparison with the reconstructed fault network shows that vent 
distribuIon is only parIally fault-controlled: while some vents align with mapped fault planes and 
associated disconInuiIes, others are laterally offset from major fault traces (Fig. 3). 

 

Fig. 3 – Time-slice visualizaIon at 80 ms depth for vents mapping of the marine sector of the resurgent dome within 
the Flegrean Fields. a) Time-slice displayed in amplitude, aMer noise reducIon. Blue/yellow scale gradaIonal colour 
adopted to highlights zones of reduced amplitude signal. b) Blend view of Ime-slice 80 ms aMer spectral analysis and 
frequency decomposiIon. RGB scale: R = 988.24 Magnitude, G = 763.64 Magnitude, B = 525.00 Magnitude. Red circles 
represent the fluid vents mapped at 80 ms depth. 

Overall, the integraIon of UHR3D imaging and a[ribute-driven interpretaIon provides a robust 
and reproducible framework to resolve fault–fluid interacIons in the offshore Campi Flegrei 
system. The radially organised fault network locally focuses fluid ascent, yet the distribuIon of 
vent-related features demonstrates that migraIon pathways are not exclusively confined to fault 
planes. This points to spaIally heterogeneous permeability and temporally episodic hydrothermal 
discharge within the shallow subsurface, with important implicaIons for understanding 
hydrothermal circulaIon and its coupling with volcano-tectonic deformaIon during unrest. 
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IntroducDon 

The Aeolian archipelago (Southern Italy) hosts several volcanic islands characterized by acBve 
hydrothermal manifestaBons and represents a strategic area for evaluaBng geothermal resources 
in insular seEngs. Within the IRGIE project, the primary objecBve is to build a comprehensive 
inventory of geothermal resources across the Aeolian Islands, providing a scienBfic basis for 
evaluaBng their potenBal contribuBon to local energy supply and possible energy autonomy. 

The assessment of geothermal resources in volcanic areas requires robust constraints on 
subsurface structure, fluid circulaBon, and permeability distribuBon. In this context, geophysical 
methods play a key role by providing indirect but quanBtaBve informaBon on the physical 
properBes of the subsurface and on the structural controls governing hydrothermal systems. 

This study presents the results of a large-scale geophysical invesBgaBon carried out on the islands 
of Lipari, Salina, Vulcano, and Panarea, providing a geophysically constrained geothermal 
assessment at the archipelago scale.  

The focus is on the applicaBon of the Audio-Magnetotelluric (AMT) method, which allows three-
dimensional imaging of subsurface electrical resisBvity and provides key constraints on 
hydrothermal alteraBon, fluid circulaBon, and the structural framework relevant to geothermal 
exploraBon. 

Geological and Volcanological SeFng 

The Aeolian Islands form a volcanic arc in the southern Tyrrhenian Sea related to the subducBon of 
the African plate beneath the Eurasian plate. Their geological evoluBon is controlled by the 
interacBon between regional tectonic structures, primarily NW-SE striking fault systems and NE-SW 
extensional trends, shallow magmaBsm, and widespread hydrothermal circulaBon (Ventura et al., 
1999; De AsBs et al., 2003). 
The four islands invesBgated in this study exhibit disBnct geological features (Forni et al., 2013) 
that influence their geothermal potenBal.  
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Vulcano, as the southernmost island, is an acBve system characterized by high-enthalpy 
geothermal potenBal. It is very recent history is dominated by the acBvity of the La Fossa cone, 
where vigorous fumarolic degassing presently occurs. The subsurface is a complex overlapping of 
varying magmaBc products (lavas, pyroclasBcs), intersected by volcano-tectonic structures, 
facilitaBng the rise of magmaBc gases and also the circulaBon of meteoric water, which favors the 
development of a wide shallow hydrothermal system.  
Panarea, although smaller, is part of a vast, largely submerged volcanic complex. It hosts an acBve 
hydrothermal system, most clearly expressed by the intense underwater degassing near the islets 
to the east. The structural seEng here is dominated by NE-SW faults that act as preferenBal 
pathways for hot fluids rising from depth. 
Lipari, the largest island of the archipelago, shows a complex history of recurrent volcanic acBvity, 
with the most recent erupBons (rhyoliBc pumice and obsidian flows) occurring in medieval Bmes. 
While surface thermal manifestaBons are less vigorous than at Vulcano, the presence of disBnct 
thermal springs and fumaroles suggests a residual thermal anomaly and a potenBally exploitable 
medium-enthalpy resource. 
Salina, in contrast to its neighbors, is considered the most "volcanically mature" of the group, with 
no erupBons in the Holocene. It consists of twin stratovolcanoes (Monte Fossa delle Felci and 
Monte dei Porri). The geothermal interest here lies in invesBgaBng whether deep hydrothermal 
circulaBon persists despite the lack of recent erupBve acBvity, potenBally offering low-enthalpy 
resources for direct uses. 

Methodology 

The audio-magnetotelluric method is a passive electromagneBc technique that reconstructs the 
spaBal distribuBon of electrical resisBvity by measuring natural variaBons of the electric and 
magneBc fields over a frequency range suitable for imaging the shallow to intermediate crust 
(Simpson & Bahr, 2005). 
In volcanic environments, AMT surveys are parBcularly effecBve for characterizing surface 
geothermal systems, both in terms of geometric definiBon and physical properBes, as electrical 
resisBvity is highly sensiBve to fluid content, temperature, and hydrothermal alteraBon (Muñoz, 
2014). In addiBon, AMT provides key constraints on major structural disconBnuiBes controlling 
fluid circulaBon at depth (Spichak & Manzella, 2009). 
Measurements were carried out using a Geode-EM3D system (Geometrics), equipped with electric 
dipoles and low-frequency magnetometers, covering a frequency band from 0.1 to 105 Hz. A total 
of 153 soundings were acquired across the islands of Vulcano, Panarea, Lipari, and Salina (Fig. 1) 
represenBng one of the densest geophysical datasets collected in the Aeolian archipelago. 
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Fig. 1 – LocaBon of the AMT survey carried out on the islands of Lipari, Salina, Vulcano, and Panarea (Aeolian 
archipelago in Southern Italy). 

Survey locaBons were designed to cover both areas characterized by acBve hydrothermal 
manifestaBons and peripheral sectors of the islands. Data processing included robust techniques 
to miBgate anthropic electromagneBc noise, followed by three-dimensional inversion using the 
ModEM code (Egbert and Kelbert, 2012) incorporaBng both bathymetry and topography. All 
inversions achieved stable convergence with RMS misfits consistently below 5. 

Results  

The 3D AMT resisBvity models reveal a marked variability in subsurface electrical structure across 
the invesBgated islands, reflecBng differences in geothermal system development, fluid circulaBon, 
and structural control. The results do not indicate a uniform geothermal structure across the 
archipelago, but instead highlight island-specific resisBvity paeerns. 
At Vulcano, the resisBvity structure is characterized by a prominent resisBve body located beneath 
the La Fossa crater, extending from shallow levels down to depths exceeding 2–2.5 km b.s.l. This 
anomaly is interpreted as a conduit-like structure permeated by deep, hot magmaBc fluids and 
represents the main pathway for fluid ascent. Surrounding this resisBve core, a shallow conducBve 
domain is imaged within the upper few hundred meters, consistent with a hydrothermal system 
affected by intense alteraBon and saline fluids. Sharp resisBvity contrasts delineate caldera-related 
structures and major volcano-tectonic lineaments, parBcularly along a N–S direcBon, which exert a 
strong control on fluid circulaBon and surface degassing (Fig. 2). The spaBal correspondence 
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between resisBvity contrasts and degassing areas confirms the key role of structural control in the 
Vulcano geothermal system. 

 
Fig. 2 – 3D electrical resisBvity volume of Vulcano Island (Aeolian archipelago in Southern Italy). 

In contrast, the AMT models at Lipari (Fig. 3) do not show evidence of a conBnuous deep conduit 
or a well-developed geothermal reservoir comparable to that observed at Vulcano. The resisBvity 
structure is instead characterized by strong lateral heterogeneity and compartmentalizaBon, with 
localized conducBve anomalies associated with altered volcanic units and structurally controlled 
zones of residual hydrothermal circulaBon. These features suggest a waning geothermal system, 
with potenBal mainly confined to shallow to intermediate depths and compaBble with low- to 
medium-enthalpy applicaBons rather than high-temperature exploitaBon.  
At Panarea, the AMT resisBvity models mainly resolve the shallow subsurface beneath the 
emerged porBon of the island. Shallow conducBve zones are imaged in spaBal associaBon with the 
main fault systems affecBng the island and are consistent with the occurrence of acBve 
hydrothermal circulaBon, in agreement with surface and submarine degassing observaBons 
reported in the area. However, due to the limited areal extent of the emerged island and the 
largely offshore development of the volcanic system, the current on-land AMT dataset provides 
only limited constraints on deeper structures. As a result, no detailed interpretaBon of the 
geometry or extent of the deeper geothermal system can be derived from the available resisBvity 
models. 
At Salina, AMT data acquisiBon has been completed, but three-dimensional inversion is sBll 
ongoing. Consequently, only preliminary qualitaBve consideraBons can be made at this stage. The 
available data indicate a predominantly resisBve response associated with the main volcanic 
edifices; however, in the absence of a fully converged resisBvity model, no robust interpretaBon of 
subsurface structure or hydrothermal circulaBon is currently possible. The Salina dataset is 
therefore intended to complement the archipelago-scale geothermal inventory once inversion 
results become available, enabling future integraBon within a consistent interpretaBve framework. 
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Fig. 3 – 3D electrical resisBvity volume of Lipari Island (Aeolian archipelago in Southern Italy). 

Conclusions 

At Vulcano, the AMT models robustly image a conduit-like resisBve structure connected to a 
shallow conducBve hydrothermal system, confirming the key role of volcano-tectonic 
disconBnuiBes in controlling fluid ascent and geothermal acBvity. Lipari shows a more 
heterogeneous and compartmentalized resisBvity structure, consistent with residual hydrothermal 
circulaBon and suggesBng a lower geothermal potenBal compared to other acBve systems. At 
Panarea, the current on-land dataset constrains only the shallow porBon of the system, while 
deeper structures likely remain offshore and unresolved. At Salina, data acquisiBon is complete, 
but inversion is sBll ongoing, and no definiBve conclusions can yet be drawn. 

Overall, this study demonstrates the effecBveness of AMT resisBvity imaging in discriminaBng 
between different geothermal seEngs and in idenBfying structural controls on fluid circulaBon in 
complex volcanic island environments. These results firmly contribute to the construcBon of an 
inventory of geothermal resources at the archipelago scale and provide a robust basis for future 
integraBon with geological, geochemical, and geophysical datasets, supporBng informed 
evaluaBons and modelling of sustainable geothermal exploitaBon scenarios in the Aeolian Islands. 
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The Cansiglio Plateau is a carbonate karst system situated in the southern sector of the Alps, 
between the Veneto and Friuli Venezia Giulia regions. This tectonically acGve massif is shaped by 
the combined effects of thrust-related deformaGon and hydrologically driven mechanical 
processes. Its structural configuraGon is primarily governed by basal thrusGng along the southern 
Alpine front, which imposes a compressional stress regime on the overlying carbonate succession. 
This stress field promotes the development of dense fracture networks and fault systems within 
the plateau. The resulGng structures, typically high-angle faults and joints, provide preferenGal 
pathways for karsGficaGon and groundwater circulaGon. 

The GNSS Gme series computed by INGV, accessible at this portal, consGtute an extensive database 
that documents crustal deformaGons across the Eurasia–Africa plate boundary. Within this 
framework, the present study examines a disGncGve deformaGon paQern that was first idenGfied 
and monitored about a decade ago in the Cansiglio Plateau. This paQern exhibits a robust 
correlaGon with precipitaGon events and broader climaGc cycles. Furthermore, unpublished GNSS 
Gme series from staGons located at the foothills of the Cansiglio Massif further refine the 
characterizaGon of this phenomenon. Figure 1 illustrates the direcGons of rainfall-induced 
deformaGon inferred from the last five years of GNSS observaGons. Despite the relaGvely modest 
precipitaGon recorded during this interval, GNSS staGons exhibit systemaGc displacements of 
several cenGmetres, oriented orthogonally to the primary basal thrust system. 

The interacGon between shallow seismicity and hydrologically induced processes has been the 
subject of considerable research interest, both at regional and global scales, including several 
studies focused on the northeastern Alps. In this context, we analyse the seismic catalogue 
compiled by OGS to evaluate whether climaGc forcing exerts a measurable influence on 
background seismicity in the study area. Our analysis is aimed at idenGfying temporal correlaGons 
between seismicity rates and climaGc variaGons of hydrological variables, such as precipitaGon and 
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water storage content, with parGcular emphasis on shallow earthquakes, which are more likely to 
respond to surface and near-surface loading effects and pore-pressure perturbaGons. 

 

Fig. 1 - Map of the Cansiglio Plateau showing the direcGons and amplitudes of hydrologic deformaGon measured at 
GNSS staGons (yellow double arrows). ConGnuous red lines indicate the main tectonic lineaments in the region, dash–
doQed lines represent thrust faults (taken from ITHACA database, ITaly HAzard from CApable faulGng). 
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The Campi Flegrei caldera (Napoli, Italy) is one of the most active volcanic systems worldwide, 
continuously monitored by the Istituto Nazionale di Geofisica e Vulcanologia, Sezione Osservatorio 
Vesuviano (INGV-OV). Intense hydrothermal activity, recurrent seismicity and significant episodes 
of ground uplift (bradyseism) peaking at the caldera centre over the last decades have been related 
to the dynamics of a complex magmatic–hydrothermal system. Previous studies indicate active fluid 
migration through the Solfatara-Pisciarelli hydrothermal system (Calò & Tramelli, 2018; Petrosino & 
De Siena, 2021; Calò & Tramelli, 2025), as well as strong small-scale heterogeneities and gas 
accumulation and release (Gammaldi et al., 2018) in this area. In this work, we produced a time 
dependent Rayleigh-wave tomography model of the Campi Flegrei caldera using the Python Package 
SeisLib (Magrini et al., 2022). We applied the method to three years of ambient noise data (from 
January 2022 to December 2024). This period corresponds to the most significant seismic unrest of 
the last 40 years, with a total of 37 seismic events with duration magnitude Md≥3.0 and a maximum 
magnitude of Md=4.4 on May 20, 2024. We used records of 18 seismic stations of the INGV-OV 
network, 17 from the IV network and 1 (CFB3) from the Medusa network (Fig. 1). We processed the 
continuous seismic records using a standard ambient-noise processing workflow, including the 
removal of transient seismic swarms and band-pass filtering. Data were then resampled and 
crosscorrelated for all available station pairs, knowing that cross-correlation of seismic ambient 
noise can be related to the surface-wave Green’s function between two points of observation 
(Campillo et al., 2014; Boschi & Weemstra, 2015; Magrini et al., 2022). From these, we extracted 
Rayleigh-wave dispersion curves to produce phase-velocity maps at 0.25 Hz, 0.50 Hz, 0.75 Hz, 1.0 
Hz, 1.25 Hz and 1.50 Hz. Here, we focused on the three highest frequencies (1.0 Hz, 1.25 Hz and 1.50 
Hz) (Fig. 2), which provide the best resolution in the shallowest portion of the caldera (Fig. 3). 
Inversions for Rayleigh-wave phase velocities reveal high-velocity anomalies in the Solfatara–
Pisciarelli area, with values ~100 m/s above average velocities, and sensitivity extending to a few 
hundred meters of depth. These velocities are consistent with the presence, below the Solfatara-
Pisciarelli region, of a shallow hydrothermal system comprising an aquifer and shallow faults 
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(Akande et al., 2019). 
The spatial distribution of the anomalies is also qualitatively consistent with geophysical models 
indicating the presence of a clay cap atop a highly resistive plume, constrained by faults, that feeds 
the fumaroles on the surface (Siniscalchi et al., 2019). High-frequency Rayleigh-wave phase 
velocities, obtained from the inversion, are also consistent with the presence of an elongated 
shallow zone of high rigidity. This transfer structure, formed by lateral stress accumulation in the 
crust, crosses the resistive plume that stores steam and gas beneath the Solfatara-Pisciarelli system 
(Petrosino & De Siena, 2021). The results are also consistent with the findings of Tan et al. (2025), 
supporting the interpretation that shallow faults in the Solfatara–Pisciarelli area act as preferential 
conduits for ascending gases and hydrothermal fluids. 

 
Fig. 1 – Campi Flegrei seismic network managed by INGV – OV. 

 

 
Fig. 2 – Rayleigh-wave phase velocity maps for: a) 1.0 Hz, b) 1.25 Hz, c) 1.50 Hz.



Session 
1.2 

GNGTS 
2026 

 

 

 

 
Fig. 3 – Raypath and spike test (input and retrieved models) for: a) 1.0 Hz, b) 1.25 Hz, c) 1.50 Hz.
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Monitoring volcanic emissions is essential for assessing the effects of gases and aerosols on air 
quality and for understanding the chemical and physical processes driving their atmospheric 
evolution (Bethke et al., 2017). Volcanic plumes can rapidly disperse over large regions (Robock et 
al., 2000), altering atmospheric composition and influencing climate. High-frequency, high-quality 
observations are therefore required to describe plume formation, transport, and dispersion with 
sufficient temporal continuity (Carn et al., 2016). Since volcanic gases represent key geofluids 
released during eruptive and non-eruptive activity, their continuous monitoring is fundamental for 
understanding the dynamics of volcanic systems and their impacts. 
 
The Sentinel-4 mission, part of the Meteosat Third Generation (MTG) program developed by ESA 
and EUMETSAT, introduces a major advancement in geostationary atmospheric monitoring (ESA, 
2020; Holmlund et al., 2021; EUMETSAT, 2023). Mounted on the MTG-S platform, Sentinel-4 is a 
UV–VIS–NIR spectrometer providing continuous observations of Europe and surrounding regions 
with a spatial resolution of 8 × 8 km² and an hourly revisit time. This capability enables near-real-
time detection of rapid changes in atmospheric composition, a key requirement for volcanic-
emission monitoring. 
 
Sentinel-4 measures key volcanic-relevant gases, including SO₂, NO₂, O₃, HCHO, CHOCHO, and 
aerosols. Its observations support the generation of operational products such as column densities, 
aerosol optical depth, transport parameters, and high-frequency time series. The mission will allow 
timely detection of new plumes, continuous tracking of their dispersion, and improved assimilation 
into forecasting systems. 
 
Comparison with the TROPOMI sensor aboard Sentinel-5P highlights the complementarity between 
the two missions: TROPOMI provides global coverage at about 7 × 7 km² resolution but with a daily 
revisit time (Theys et al., 2019; Corradino et al., 2024), whereas Sentinel-4 offers higher temporal 
continuity over a more limited domain. TROPOMI is therefore optimal for global mapping of volcanic 
emissions (Veefkind et al., 2012), while Sentinel-4 enables detailed, minute-by-minute monitoring 
of eruptions affecting Europe. 
 
Sentinel-4 also operates within a coordinated constellation of geostationary atmospheric missions, 
including the TEMPO (Tropospheric Emissions: Monitoring of Pollution) sensor for North America 
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(Zoogman et al., 2017) and the GEMS (Geostationary Environment Monitoring Spectrometer) 
mission for East Asia (Kim et al., 2020; Cho et al., 2024). Together, these instruments provide near-
continuous coverage of volcanic emissions across the Western Hemisphere. 
 
Here, we provide a comprehensive assessment of the expected potential of Sentinel-4 for volcanic-
emission monitoring, based on proxy observations and benchmarks derived from TROPOMI. 
Preliminary simulations and early test workflows suggest that Sentinel-4 will enable the production 
of high-frequency SO₂ and aerosol datasets tailored for volcanic applications. The mission’s 
geostationary sampling is expected to provide unprecedented temporal continuity in detecting SO₂ 
and aerosol plumes, complementing the spectral performance of Sentinel-5P and supporting future 
improvements in plume tracking, dispersion analysis, and short-term forecasting through data-
assimilation frameworks used by the volcanological and atmospheric-modelling community. 
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Salse di Nirano (Fiorano Modenese, Italy) host one of the largest mud volcano fields of Europe. 
They are posiFoned upon an anFcline structure of the NE-verging fold-and-thrust Northern 
Apennine belt and emit fluids mainly consisFng of clay mud, saline water and hydrocarbons (liquid 
and gas). Like most of the world’s mud volcanoes, their gas emissions are primarily composed of 
methane (> 98%), with minor contribuFons from carbon dioxide, nitrogen, and other hydrocarbons 
(EFope et al., 2007; Mazzini and EFope, 2017). Two main fault and fracture systems (one NW-SE 
oriented and the other SW-NE/ENE-WSW oriented) allow fluids migraFon to the surface (e.g., 
Bonini, 2008). From a geomorphological point of view, Salse di Nirano are placed within a caldera-
like depression presumably formed by progressive collapse due to degassing (e.g. Bonini, 2008) or 
as the final stage of mud diapir evoluFon (Castaldini et al., 2005). 

As many world’s mud volcanoes, Salse di Nirano acFvity is closely linked to tectonic processes 
(Coppi, 1875; MarFnelli and Ferrari, 1991; Bonini, 2009). With the aim of studying the interplay 
between geofluids and seismicity, a mulFparametric monitoring system was set up in 2023. Two 
disFnct mud pools were selected for the conFnuous monitoring of mud level/density, temperature 
and electrical conducFvity. In addiFon, a permanent staFon measuring CO2 flux diffused by the soil 
was installed at the edge of the mud volcanoes field, where higher gas fluxes were detected 
(Ferrari et al., 2024). Recently, the staFon has been upgraded with a methane sensor. A 
meteorological staFon and a velocimeter were installed to monitor the atmospheric parameters 
and the seismic acFvity of the area, respecFvely. 

Overall, the mulFparametric monitoring system conFnuously recorded about two years of data. 
Periodic oscillaFons were idenFfied, with some anomalous variaFons of mud level, temperature, 
electrical conducFvity and soil gas flux that have been compared with environmental data 
(meteorological and soil-related) and seismicity. Notably, synchronous changes in mud pools 
electrical conducFvity and soil CO2 fluxes were detected in relaFon to two disFnct seismic swarms 
occurred in February and August 2024. In addiFon, differences in the behaviour of the two mud 
pools were also observed throughout all the Fme-series and presumably point to extremely local 
condiFons influencing the common feeding system. All these observaFons highlight the efficiency 
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of the presented conFnuous mulFparametric monitoring system in inferring new insights on mud 
volcano crustal fluids dynamics. 
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IntroducHon 

Mount Etna is a ∼3400 m high stratovolcano in an interplate se7ng, as it lies on the hanging wall 
of the Sicilian Thrust Belt (Doglioni et al., 1999). Although it is among the most extensively studied 
volcanoes worldwide, the interplay between magmaIc and tectonic processes responsible for its 
volcanism remain poorly constrained (e.g. Barreca et al., 2020; Duvernay et al., 2021; Gvirtzman 
and Nur, 1999). 
Imaging petrophysical parameters such as temperature, melt content, and porosity is of 
paramount importance to bePer constrain the Etna’s plumbing system; however, the only means 
to indirectly infer these parameters is via geophysical invesIgaIons. For instance, low-seismic 
velocity zones are typically associated with reduced rigidity caused either by elevated 
temperatures, like melt content, or by pervasive fracturing. 
Seismic velocity tomography, which is based on earthquake travel Imes to image the deep 
subsurface (e.g. Lo Bue et al., 2024), provides key spaIal constraints on geodynamic models. 
In recent years, thanks to increasingly sensiIve seismometers and the establishment of seismic 
interferometry (Boschi and Weemstra, 2015; Tromp et al, 2010), techniques for tomography based 
on the use of ambient noise to image the subsurface have developed (Agius et al., 2022). 
Under the diffuse-wavefield assumpIon, cross-correlaIon between two receivers retrieves the 
interstaIon empirical Green’s funcIon, whose Fourier transform yields the surface-waves 
dispersion reflecIng the structure along the path. 
However, the quanItaIve validaIon of seismic velociIes needs lithological constraint, in terms of 
petrophysical parameters. The link between velocity and lithological properIes is encoded in 
empirical (Heap et al., 2020) and theoreIcal (Aki and Richards, 2002) consItuIve relaIons. Once 
the stable mineral phases are idenIfied through the Gibbs free-energy minimizaIon algorithms 
(Riel et al., 2022), these consItuIve relaIons allow the seismic-wave velociIes to be computed. 
This provides the basis for a forward quanItaIve mapping of petrophysical parameters. 
Developing a new inversion scheme will deliver a physical validaIon of the observed velociIes to 
the corresponding physical properIes, proving constraints into the mantle–crust coupling. 
Here we employed Ambient Noise Tomography implemented via SeisLib, a Python library for 
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performing Ambient Noise Tomography (Magrini et al., 2022). This approach allowed us to retrieve 
Rayleigh surface-wave velocity models across the East Sicilian crust at mulIple frequencies, each 
sampling different depth ranges. 

Data & Method 

We analysed two years from 2020 to 2021 of conInuous verIcal-component waveforms from 12 
seismic staIons from the INGV-OE network. Their spaIal configuraIon minimizes the effect of 
volcanic tremor while maximizing the number of interstaIon paths beneath Mt. Etna (Fig. 1). 

 

Fig. 1 – Map showing the selected staIons (Ns = 12). Black lines indicate the interstaIon paths connecIng the staIons. 
A total of 66 paths (∝ to Ns²/2) were considered in this study. 

The selected period is seasonally balanced and does not involve major erupIve acIvity. The 
frequency range (0.10-0.40Hz) for the Rayleigh-wave velocity models was chosen to isolate 
ambient noise generated by the ever-present sea–lithosphere interacIon (Yang and Ritzwoller, 
2008). 
Cross-spectrum were computed using Welch's method (Seats et al., 2012) to enhance the diffuse-
wavefield approximaIon and to reduce the effects of transient signals. Thanks to pre-exisIng area-
specific Rayleigh-wave reference dispersion curves and an appropriate physical velocity range (e.g. 
1.5 - 4.5 km/s), the path-specific dispersion curves were selected, reducing instabiliIes. 
Frequency–dependent Rayleigh-wave velociIes were then inverted through a regularized least-
squares scheme on grids adapted to data coverage. The importance of regularisaIon is selected via 
L-curve. An appropriate algorithm (Johnson and Gulrajani, 2000) provided the corner damping 
parameter, ensuring a good balance between fit and roughness. SyntheIc spike tests were 
performed to assess the resolving power of the inversion. 

Discussion and future works 
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Across the invesIgated depth range (2–24 km), results reveal a low-velocity anomaly beneath Mt. 
Etna western flank, whose significance varies with depth (Fig. 2). At shallow levels (≲5 km), it may 
correspond to the low-rigidity piled sediments consItuIng the CaltanissePa Basin. At 8–10 km 
depth, since the increasing temperature gradient, this anomaly may be due as a ducIle or molten 
region trending northeastward. The area remains largely aseismic down to ∼18 km, below which 
clustered seismicity likely may reflect magma migraIon. 
Shallow low-velocity anomalies (∼2–3 km) could be related to shallow aquifers or hydrothermal 
fluids within the Catania Plain. This view is supported by the occurrence of the Salinelle di Paternò 
mud volcanoes. The moderately high-velocity anomaly beneath Mt. Etna likely well fits a rigid 
intrusive body beneath the volcanic edifice (Lo Bue et al., 2024). At intermediate depths (∼5–10 
km), a low-velocity anomaly may indicate a fractured volume beneath the Nebrodi Mountains. This 
interpretaIon is supported by overlapping seismicity as well as the ongoing crustal compression. 
The southeastern sector is characterized by high velociIes, indicaIng a mechanically rigid and 
thermally cold crust associated with the exInct Hyblean volcanism. 

 

Fig. 2 – Len: Rayleigh-wave phase velocity model at T = 4.17 s, sensiIve to depths of ∼2–10km. Shallow low-velocity 
anomalies may be associated with shallow aquifers or hydrothermal fluids in the southern sector and fractured 
domains in the northwestern sector of Mt. Etna. To the west, the low-rigidity CaltanissePa Basin is also evident. Right: 
Model at T = 10.00s, sensiIve to ∼5–20km, showing deeper low-velocity zones that likely correspond to ducIle or 
molten regions beneath Mt. Etna, with, into the red circle, overlying clustered seismicity indicaIve of magma storage 
and migraIon. High-velocity areas indicate rigid, cold crust. 

Future work will consider improved data processing tailored to smaller regions with high local 
seismicity, with performance evaluated through dedicated validaIon techniques. It will 
subsequently incorporate Rayleigh radial components and Love waves. A joint Rayleigh–Love 
inversion will be performed, yielding a high-resoluIon Vs model with unprecedented depth and 
lateral coverage. Coupling these results with consItuIve-relaIon frameworks and computaIonal 
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thermodynamics will enable the development of a new petrophysical inversion scheme. This 
approach will produce spaIally resolved petrophysical parameters, improving our understanding of 
compeIng geological mechanisms through a more direct invesIgaIon of Etna’s inner crust. 
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In the 2005–2024 period, we recognized about 160 Volcano-Tectonic seismic events with a 
magnitude ML ≥ 0.3, within a radius of 10 km around the summit of Stromboli. We relocated a 
dataset of 98 events from the 2005–2024 period, using the double difference locaPon method 
(Waldhauser, F.; Ellsworth, W.L. A, 2000). We report an improved relocaPon of VT events here. 
Relocated earthquakes are mainly distributed on the island and in an area located SSW of 
Stromboli (Fig. 1). 

 

Fig. 1 – Map and verPcal cross-secPons of the seismicity relocated using HypoDD. Black dots indicate 2005–2016 
events, and red dots indicate the 2017–July 2024 ones. 
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These VT events are related to the acPvaPon of seismogenic structures by a stress increase related 
to magma ascent. The shallowest seismicity (4–5 km) is posiPoned under the Stromboli summit, 
with a high occurrence in 2006–2007 and in 2019–2024, suggesPng a major recharge of the HP 
magma reservoir. Its occurrence reflects changes in the stress field caused by LP magma ascent 
and mixing processes with HP. 
The deepest VT seismicity affects a depth of 7–12 km located in the submerged edifice SSW of the 
summit and is adributable to the dynamics of the LP magma reservoir (Fig. 2), which was more 
acPve in 2006–2014 and much less so in the successive years. 

 
Fig. 2 – N-S schemaPc representaPon of the relocated VT seismicity distribuPon related to the verPcally extended 
magmaPc system feeding persistent acPvity at Stromboli volcano (redrawn from (Landi et al., 2006). 

The increase in the occurrence rate of VT shallow seismicity seems to precede the most significant 
Stromboli acPviPes, such as the 2007 and 2024 lava effusions followed by paroxysms. For these 
episodes, VT seismicity would appear to indicate a recharging in the first 4–5 km during the 
months preceding them, thereby represenPng a medium–short-term warning signal. 
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Mount Etna, a prominent stratovolcano located at the convergent plate margin between the 
African and Eurasian Plates, is Europe's most ac<ve and extensively studied volcano, with a 
documented erup<ve and intrusive history spanning millennia. 
Understanding the stable, long-term structure of Mount Etna's plumbing system is of paramount 
importance. This sta<c architecture, resolved through years of detailed tomographic imaging, 
represents the framework that constrains the movement of magma and fluids from the mantle to 
the surface. In magma<c environments, transient velocity anomalies are to be expected, for 
example those related to fluid migra<on, magma<c intrusions, stress changes, and varia<ons in the 
state of fracturing. However, a model that averages the velocity structure over the <me interval 
has the advantage of defining velocity structures (both those related to tectonics and to the 
magma<c feeding system) that exhibit more stable characteris<cs over <me. 
Iden<fying magma storage regions, whether transient or long-lived, from the deep mantle source 
poses considerable difficulty. The deep crust is s<ll poorly imaged, while most tomographic studies 
illuminate the uppermost 15 km, revealing the presence of a broadly rooted, high-velocity body 
beneath the Valle del Bove region. Many ques<ons remain open, such as how the intrusive body is 
rooted at depth and whether and how magma ascends and/or stagnates within it, along its 
margins, or through both pathways. Tomographic studies have consistently found no sta<onary, 
widespread low Vp or high Vp/Vs anomalies, which would be evidence for large, dis<nct, melt-
filled magma chambers. Instead, the data reveal a mul<-faceted system of reservoirs and fluid-rich 
volumes dis<nguished by varying seismic signatures. 
In this work, in addi<on to presen<ng a new velocity model obtained from data of the last 20 years 
using a non-linear Bayesian method, we provide a review of the main constraints that seismic 
tomography has offered to characterize the magma<c feeding system and the deep structure, 
related to the underthrus<ng of the Ionian/Iblean crust beneath the volcanic edifice. We also aim 
to facilitate the use of tomographic images, and thus their interpreta<on, even for non-specialists, 
by clarifying their poten<al and limita<ons. 
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Inside a mud volcano: first mul3parametric 
signals recorded during the 2025 paroxysmal 
event at Macalube di Aragona (Sicily, Italy) 
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Mud volcanoes (MVs) are geological structures typically located within accreDonary wedges and 
fold-and-thrust belts where rapid sedimentaDon and compressional tectonic regimes facilitate fluid 
and mud expulsion. The expelled gases are generally methane dominated, waters are saline or 
brackish and the solid materials are mud breccias. Their characterisDc quiescent degassing is 
someDmes interrupted by high-energy events beMer known as paroxysmal phases or 
“overturnings”. These events are characterized by violent expulsions of hydrocarbon gas 
accompanied by the erupDon of massive volume (tens of thousands of cubic meters) of mud 
breccias, thus represenDng a significant geohazard risk. 
The Maccalube di Aragona (Figure 1) is one of the most acDve terrestrial mud volcano areas of 
Italy. Protected as a nature reserve, it has experienced approximately ten paroxysmal events over 
the last 25 years. During one of these events, occurred in September 2014, two children were 
tragically killed, buried by the expelled mud. This led to a legal trial concluded in 2025, during 
which judicial authoriDes confiscated a large porDon of the area was by the rendering it 
inaccessible for scienDfic acDviDes. Since the 2014 event, two more paroxysms have occurred: the 
first one in May 2020 and the most recent one on August 29, 2025 (Fig.1). 
With the aim of developing a surveillance protocol of MVs acDvity, the INGV Pianeta Dinamico 
project, supported the PROMUD sub-project, carried out in the years 2023-2025. In the framework 
of the PROMUD acDviDes, we have installed a real Dme and near real Dme mulDparametric 
monitoring network (seismic, geochemical, meteorological and soil parameters), thanks to which 
we had the opportunity to record, for the first Dme ever, signals associated to a MV paroxysmal 
event. LocaDon of the monitoring sites are reported in figure 1; it is worth noDng that, due to the 
confiscaDon, ended in January 2025, seismic and meteorological-soil staDons were located outside 
the restricted area, while the geochemical ones were installed just acer its release.  

Methods 

Water temperature, Electrical ConducDvity (EC) and pressure were measured in the water column 
of the Polla 1 (P1 site in figure 1), every 10 minutes using a CTD-DIVER submersible probe installed 
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in February 2025, at a fixed depth of 4.20 meters a few tens of cenDmetres above the boMom 
surface. Since the mud pool water level remains constant due to the presence of a natural 
overflow channel, the water column pressure has been converted in terms of average density (ρav).  
Soil and meteorological parameters have been recorded since February 2024, with an acquisiDon 
period of 30 minutes, using a Onset (now LICOR) data logger equipped with a UMTS modem for 
data transmission, equipped with wired and wireless smart sensors measuring: i) Air temperature 
and Rh; ii) Wind speed; iii) Atmospheric pressure; iv) Rainfall amount; v) Soil temperature, water 
content and electric conducDvity. 
Two seismic staDons, equipped with 5S three-component sensors, were installed on 24 June 2024 
and are sDll recording local seismicity in conDnuous mode. StaDon MCA08 is located near the main 
vent area, while MCA01 is located approximately 800 m away. Both the staDons acquire data with 
a sampling rate of 200 samples-per-seconds.  

 
Fig. 1 – Map of the Maccalube di Aragona area, located in the general geodynamic context of Sicily (lower lec inset), 
showing the locaDon of the monitoring network, the perimeter of the confiscated area and the mud neo-deposits 
created by the 2020 and 2025 paroxysms. In the upper right inset the whole hill created in recent geological Dmes by 
the MV acDvity, is shown. The black-dashed, yellow-highlighted line is the perimeter of the nature reserve, the orange 
polygon the presently main acDve area detailed in the main figure. 

Preliminary results 

The seismic recordings of paroxysm  
In figure. 2, we show the signals recorded by the two seismic staDons starDng at 20:30 UTC on 29 
August. The transient event with the onset at 23:16 UTC is likely associated with the overturning. 
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Since the seismic instrumentaDon is homogeneous, a clear amplitude aMenuaDon effect is 
observed with increasing distance from the main 2025 vent locaDon. 

 

Fig. 2 – The seismic signals recorded by the verDcal components (Z) of MCA01 and MCA08 seismic staDons starDng at 
20:30 UTC on 29 August 2025. The verDcal axes are in counts. 

Physical parameters recorded in the water column and in the soil 
The temporal trends of Temperature (T), Electrical ConducDvity (EC) and water density (ρav) in the 
water column of Polla 1 from March 04, to October 29, 2025 are shown in figure 3.  
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Fig. 3 – Temporal variaDon of T (a), EC (b) and ρav (c) in the water column at Polla 1. Purple lines: recovering of the 
probe. Orange line: paroxysmal event 

Water temperature ranges from 15.0°C to 26.0°C, reflecDng a seasonal trend and someDmes also 
diurnal variaDons driven by air temperature. The highest temperature values were observed a few 
hours acer the paroxysmal event (indicated by the orange line in figure 3a). This could provide 
evidence of a potenDal thermal input as a transient change in the deep fluid flow regime triggered 
by the overturning. 
Electrical ConducDvity values are in the range between 16.200 to 26.800 µS/cm (Fig. 3b), 
corresponding to a salinity between 13 and 15 g/L. The most significant changes in EC values 
occurred under two specific circumstances: 

- during the recovering of the probe for data download (purples lines); 
- concurrently with the occurrence of the paroxysmal event (orange line). 

The former should indicate a water column disturbance while the laMer could suggest that the 
violent erupDon might led to an input of more saline waters.  
The average density (ρav) of the water column, ranging between 1.080 and 1.142 g/cm3 (Fig. 3c), is 
always higher than the density of pure water. This is mainly due to the presence of suspended 
sandy-clay sediment parDcles with a density of about 1.8-2.0 g/cm3. A further increase of density is 
due to the salts dissolved in the waters. In fact, the density of a soluDon with a salinity of about 14 
g/L, is approximately 1.008 g/cm3 at 25°C. Conversely, gas bubbles rising along the water column 
tends to decrease the density of the water column being methane density (≈6.5x10^-4 g/cm3 at 
SATP) far lower than water. 
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Density shows high-frequency fluctuaDons over Dme with major negaDves recorded in May, at the 
beginning of July and in August. The rapid drops are thought to be the result of increases in the 
degassing rate (higher output of gas volume) rather than decreases in the raDo between 
suspended solid materials and water, because extensive seMling Dmes required for fine-grained, 
clay-size parDcles are incompaDble with the rapid decreasing observed in density. 
The paroxysmal event was accompanied by several rapid, consecuDve decreases in density. These 
fluctuaDons are likely aMributable to high-frequency cycles of increased and decreased gas output 
in a very narrow Dme interval. This evidence is confirmed by visual observaDons from the 
personnel of the natural reserve of Maccalube di Aragona who reported substanDal visible 
variaDons in the gas bubbling some days before the overturning. 
The soil monitoring staDon started to record variaDons in the acquired parameters, with parDcular 
reference to electric conducDvity, since some days before the paroxysm; these variaDons started to 
increment their amplitudes a few hours before the event. 

Conclusions 

The Dme series recorded in the water column at Polla 1 revealed interesDng dynamics likely 
triggered by the paroxysmal event that occurred in late August, 2025. This erupDon episode may 
have temporarily modified the fluid regime flow. The increase in the degassing rate could be 
associated with a relevant input of high-temperature and more saline water. However, the present 
dataset is not adequate to definiDvely explain the mechanisms driving these variaDons. Therefore, 
longer Dme series and a more comprehensive dataset, including supplementary geochemical 
measurements (verDcal profiles, addiDonal probes installed at different depths), is required to fully 
constrain and to model the physical processes responsible for the dynamics recorded in the water 
column at Polla 1.  
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1. Introduc>on 

Mud volcanoes develop where overpressured fluids in shallow sedimentary successions find a 

pathway to the surface, carrying water, fine-grained sediment and gas (Kopf et al., 2002; Mazzini 

et al., 2017). Their emissions, generally rich in methane, links mud volcanism to ac>ve 

hydrocarbon systems and to broader processes of natural gas release from the upper crust 

(E>ope et al., 2002; Mazzini and E>ope, 2017). Mud volcanoes oTen occur in oil and gas regions, 

and their surface distribu>on oTen reflects faults, structural highs and overpressured intervals. 

For this reason, they can provide informa>on regarding basin structure and fluid migra>on. 

Furthermore, they may pose local risks to infrastructure when embedded in urban context, so 

reliable detec>on is important for both explora>on and hazard assessment. Satellite and aerial 

imagery can be employed to monitor surface changes, such as freshly extruded mud, crack 

pa6erns and pathways formed by mud ouWlow. However, mapping these features over wide 

areas is s>ll largely manual and therefore slow and difficult to reproduce. This study tests a two-

stage pipeline based on deep learning to iden>fy mud volcanism expressions. The first stage 

performs scene screening through binary classifica>on (“mud volcano presence” and “no mud 

volcano”), comparing patch-based Mul>ple Instance Learning (MIL) (Ilse et al., 2018) models 

that aggregate predic>ons from overlapping patches with a standard image-level classifier 

opera>ng on the full scene. The second stage is ac>vated only for scenes labelled as posi>ve 

and applies a YOLOv5 (Jocker et al., 2020; Redmon et al., 2016), object detector to localize the 

area, moving toward spa>al posi>oning of the target. The aim is to test how reliably neural 

networks can learn mud volcano morphology from op>cal imagery and to assess the poten>al 

for scalable, semi-automa>c recogni>on workflow. 

2. Dataset and Preprocessing 

The dataset was manually sampled from Google Earth and includes 941 images (496 posi>ve, 

445 nega>ve). Scenes were collected from several geographic areas to reflect variability in 

appearance (season, illumina>on) and were constrained by minimum quality (sharpness, 

contrast, limited atmospheric effects). Images were exported at 1920 × 1080 pixels and cropped 
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to 1920 × 1010 pixels to enable uniform >ling. For patch-based models, each scene was 

decomposed into 10 overlapping 512 × 512 patches (2 × 5 grid) as illustrated in Fig. 1. Overlap 

was used to reduce sensi>vity to patch boundaries and to limit spliing of diagnos>c features 

across edges. For the image-level model, the full scene was resized to 512 × 512 pixels. The 

nega>ve class was deliberately selected as visually challenging (hard nega>ves), including 

erosional landforms, quarries, and agricultural/anthropic pa6erns that can mimic mud-volcano-

like geometry. Data augmenta>on included rota>ons (90°, 180°, 270°) and horizontal/ver>cal 

flips. Dataset samples are displayed in Fig. 2. 

 

Fig. 1 – Workflow of the patch-based classifica>on stage. Each input scene is split into 10 overlapping patches (p1 – 

p10), which are processed independently by a CNN backbone with pretrained (frozen) layers and fine-tuned 

(trainable) layers. Patch-level outputs are then aggregated at scene level to produce a single predic>on and the final 

output class. 

 

Fig. 2 – Representa>ve samples from the dataset. The top row shows scenes containing mud volcanoes, with 

typical morphology and textures (cones, extrusion areas, radial pa6erns and flow features). The bo6om row shows 

no mud volcano examples, deliberately selected as hard nega>ves including erosional landforms, quarries and 

agricultural/anthropic geometries to make the class separa>on more challenging and realis>c. 

3. Methods and Models 

For the ini>al recogni>on stage, we implemented and compared four deep-learning models for 

classifica>on, which we called as M1, M2, AM1 and M4. All four are binary classifiers, but they 

differ in how they process the input image and the backbone architecture employed. 

• M1: ResNet-18 with max-pooling MIL 
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Each patch is processed by a ResNet-18 backbone pretrained on ImageNet (He et al., 2016) and 

adapted to output a single score for mud volcano presence. Patch scores are then aggregated 

with max-pooling to obtain the predic>on for the whole scene. As a consequence, a scene is 

classified as posi>ve if at least one patch provides a strong posi>ve response, which corresponds 

to the standard MIL assump>on for sparse targets. 

• M2: MobileNetV3-Small with max-pooling MIL 

M2 follows the same max-pooling MIL formula>on as M1, but replaces ResNet-18 with 

MobileNetV3 (Howard et al., 2019), a lighter backbone designed to reduce computa>onal cost. 

The purpose is to assess whether a compact network can retain adequate sensi>vity to mud 

volcano morphology while improving efficiency and suitability for deployment even in scenarios 

with limited resources. 

• AM1: ResNet-18 with a6en>on-based MIL 

AM1 also operates on patch sets, using ResNet-18 to extract patch-level features. Instead of 

max-pooling, patch contribu>ons are combined through a learned a6en>on mechanism (Ilse et 

al., 2018), which assigns a weight to each patch and produces a weighted scene-level 

representa>on before classifica>on. This formula>on can improve stability when the target 

signature is distributed across mul>ple patches and provides a direct way to inspect which 

patches contribute most to the final decision. 

• M4: ResNet-18 global image-level classifier 

M4 provides a baseline image-level approach. The en>re scene was resized to 512 × 512 and fed 

as a single input by a ResNet-18 network (He et al., 2016) that outputs one predic>on per 

image. Unlike the MIL models, M4 has no explicit patch decomposi>on and therefore tests 

whether a standard global CNN can achieve comparable performance losing details. 

Object-detec>on was implemented in the second stage of the pipeline, using Yolov5 model 

(Jocher et al., 2020; Redmon et al., 2016), to localize mud volcano areas within scenes. YOLO 

family model can be described as a three-part architecture. The backbone is a CNN that extracts 

visual features from the image and produces feature maps at different scales. The neck then 

combines and refines the feature maps so that both coarse context and fine details are retained. 

Finally, the head uses the refined features to output the model predic>ons as the loca>on of 

bounding boxes and the associated class scores. To avoid loss of detail from resizing full scenes, 

YOLOv5 was applied at the same patch level adopted for image classifica>on. Bounding boxes 

were first annotated on the full-resolu>on images, using LabelMe, and patch-level labels were 

then derived automa>cally by projec>ng and clipping the original boxes within the same 

overlapping patching scheme used for the classifica>on models. During inference, predic>ons 

on individual patches can be mapped back to the original image coordinates and duplicate 

boxes arising from patch overlap are removed using non-maximum suppression. Intersec>on 

over Union (IoU) was used to evaluate the performance of the detector (Cheng and Han, 2016). 

The dataset split for both classifica>on and object detec>on was set to 80:20 and the total 
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number of epochs was equal to 100. 

4. Results 

Across the five-fold cross-valida>on, all four classifica>on models showed similar behavior, with 

mean valida>on accuracies consistently above 80%. The highest score is obtained by the 

a6en>on-based AM1 at 88%, followed by the M1 model at 85%. Performance is slightly lower 

for M2 (84%) and for the global image-level model M4 (83%), but the overall differences 

between architectures remain modest. A modest performance gain is observed for patch-based 

approaches, especially when a6en>on is used to combine informa>on from mul>ple >les. This is 

consistent with the structure of the problem, because mud volcano sites are oTen local and may 

occupy only a frac>on of the scene. Patch-based training preserves the local features and 

reduces the loss of detail that can occur when the full image is resized into a single input, while 

a6en>on further improves aggrega>on by increasing the weight of the most informa>ve 

patches. The error pa6erns are broadly consistent across architectures and are informa>ve in 

terms of what limits performance. False nega>ves are concentrated in images where the mud 

volcano expression is weak or par>ally degraded, for example when the vent area is small 

rela>ve to the scene, when cones and flow margins are subdued by erosion, when vegeta>on 

masks the surface texture or when image artefacts reduce contrast and sharpness. In these 

cases, the diagnos>c morphology is present but not sufficiently clear at the available spa>al 

resolu>on to trigger a confident posi>ve decision. False posi>ves are dominated by landforms 

and human features that reproduce similar geometry or tonal pa6erns. Typical examples include 

quarries and agricultural layouts, where the combina>on of shape and texture can resemble 

mud cones or flow lobes. In Fig. 3 is illustrated the classifica>on result for a challenging nega>ve 

class instance in the test set. 

Building on this classifica>on output, a YOLOv5 model was then tested to localize the main mud-

extrusion areas. In the proposed pipeline, detec>on is applied only aTer a posi>ve classifica>on 

decision, so the detector operates in a constrained seing where mud volcanism is expected, 

and the aim is spa>al localiza>on rather than scene rejec>on. To avoid losing detail through 

resizing, YOLO was run on overlapping patches, and the resul>ng boxes were mapped back to 

the original image coordinates and merged to remove duplicates. Object Detec>on results are 

promising but s>ll preliminary due to the limited number of annotated images and the strong 

inter-site variability. On the labelled set, the detector provides reliable coarse localiza>on (mean 

average precision about 0.55 at 0.5 IoU), but performance drops under stricter overlap 

requirements (mean average precision of 0.28 from 0.5 to 0.95 IoU). This drop is expected 

because mud-extrusion margins are oTen diffuse and irregular and may be obscured by erosion, 

vegeta>on and variable imaging condi>ons, making >ght bounding boxes difficult. Overall, to 

improve robustness more annota>ons are required and broader training coverage across 

different geological and environmental seings. 
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Fig. 3 – Challenging nega>ve example from the test set. The full scene (top) was correctly classified as “no mud 

volcano”, but some patches in the 2 × 5 >le grid (bo6om) reached probabili>es up to 0.71. The landscape is 

dominated by erosional forms that can mimic dry mud-volcano cones and flow-like structures. 

5. Discussion 

This work shows that mud volcano pa6erns can be recognized from op>cal aerial and satellite 

imagery with good reliability using standard CNNs and established deep learning paradigms for 

remote sensing (Ma et al., 2019; Zhu et al., 2017). All four classifiers reach mean accuracies 

above 80%, with the a6en>on-based MIL (AM1) performing best and only modest differences 

across architectures. Patch-based MIL slightly outperforms the global image-level approach, 

which is consistent with mud volcano features oTen occupying only a limited por>on of the 

scene. A6en>on further improves aggrega>on by emphasizing the most informa>ve patches. 

Errors highlight the main limita>ons: false nega>ves mostly occur when the expression is weak 

or par>ally masked, while false posi>ves are driven by geomorphic and anthropic structures 

such as quarries or agricultural pa6erns, consistent with known challenges in op>cal remote 

sensing detec>on (Cheng and Han, 2016). Image-level cross-valida>on may place scenes from 

the same site in both training and valida>on, infla>ng generaliza>on. Future work should use 

leave-one-site-out tes>ng and expand the dataset. 
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In this study, we present the findings of an analy?cal inves?ga?on conducted on samples obtained 
from the Marsili Seamount. The objec?ve of the inves?ga?on was to characterize the petrophysical 
characteris?cs of the rocks, par?cularly the porosity. The Marsili Seamount is the largest 
submarine volcano in the Mediterranean Sea. The summit cone of Marsili is located at a depth of 
490 meters below sea level, with the volcano rising approximately 3,000 meters above the 
seafloor. The forma?on extends for a distance of 60 kilometers along a NNE-SSW orienta?on, with 
an average width of 16 kilometers (Trua et al., 2002). 

Porosity measurements were performed using two different methods: 

1. Mass and density measurements using hydrosta?c balance. 

2. Microtomography (MCT) scanning of rock samples and imaging segmenta?on. 

The eight samples that were analyzed were obtained from a dredging campaign. The samples 
collected are representa?ve of different areas of the volcano and sea depths, from 600 meters 
below sea level (top of the volcano) to 3,000 meters below sea level.  

The hydrosta?c balance was employed to collect analy?cs measurements of mass and density of 
the samples. To mi?gate poten?al errors resul?ng from instrumenta?on, five dis?nct weights were 
carried out on dry samples using two dis?nct balances. Subsequently, the samples were immersed 
in water for a period of 72 hours, aXer which the measurements were repeated to calculate the 
mass and density of the saturated sample. The porosity was then calculated from the obtained 
data. Concurrently, a segmenta?on analysis was conducted on the ultra-resolute images of the 
samples collected from the MCT scan. The cone-beam MCT sta?on was constructed by ICTP and 
EleYra Sincrotrone in Trieste. The system has been me?culously engineered for the analysis of 
large objects, such as rock samples, with a resolu?on of 40-50 micrometers. The apparatus consists 
of two primary components: a tube for X-ray produc?on, which is generated by a microfocus X-ray 
source (150 kV maximum voltage, 500 µA maximum current, 5 µm minimum focal spot size); and a 
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detector, which is a flat panel sensor coupled to a fiber op?c plate under the GOS scin?llator. The 
device under considera?on is noteworthy for its high efficiency in conver?ng radia?on, and it is 
equipped with a sample posi?oning system that incorporates two linear transla?on axes and a 
rota?on stage. 

MCT scan provides a series of slices of the sample, enabling three-dimensional analysis. The 
segmenta?on process was employed to dis?nguish pixels associated with the rock from those 
associated with voids, indica?ve of the porosity. From these results it is possible to determine the 
calculated porosity for each sample, knowing the size of the single pixel in the image.  

Subsequently, a comparison was made between the measured and calculated porosi?es. The two 
measurements generally align with each other and es?mate a porosity for Marsili rocks that, in 
some cases, reaches 10-12%. In rocks with higher porosity, the measurements on the samples 
resulted in a porosity es?ma?on greater than the calculated one, while for less porous rocks, the 
results exhibited substan?al consistency, with a slightly higher es?mate for the calculated porosity 
values compared to the measured ones. These two alterna?ve approaches to porosity es?ma?on 
are significant in facilita?ng more precise modeling of fluid movements within the volcanic area. 
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How much magma must be added to a shallow chamber to trigger rupture, dyke injecBon, and 
potenBally an erupBon? Developing models that robustly answer this quesBon is essenBal for 
reliable erupBon forecasBng during volcanic unrest. Because a long-lived shallow reservoir requires 
periodic recharge from deeper sources, detecBng the signals associated with pressurizaBon and 
volume change is of criBcal importance. IntegraBng high-resoluBon seismic tomography 
(Giacomuzzi et al., 2024), geological data (Natale et al., 2026), and petrologic constraints (Arienzo 
et al., 2025), and conBnuum- and fracture-mechanics modelling (Gudmundsson, 2011), we 
calculate the excess pressure required to rupture the magma chamber and iniBate dyke 
propagaBon at Campi Flegrei caldera, southern Italy. We reconstruct the geometry and physical 
properBes of the dyke that fed the ~3.9 ka Nisida erupBon, a ~0.16 km³ fissure-fed 
phreatomagmaBc event located on the caldera rim (Fig. 1).  

 

Fig. 1 – UAV photograph of the Nisida tuff cone and simplified illustraBon of the feeder dyke (Natale & Vitale, 2025). 

Our results show that the feeder dyke ascended from a ~5 km-deep reservoir (Natale and Vitale, 
2025), consistent with petrologic esBmates idenBfying a 4–6 km depth range as the principal zone 
of erupBble magma storage (Fig. 2a) during the last 5 kyr (Amstutz et al., 2025), and consistent 
with magma emplacement and degassing source depth in the last few years (Caliro et al., 2025). 
We esBmate the acBve chamber volume at 85–150 km3, considering a fully molten and a 
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poroelasBc mush, respecBvely, with a rupture threshold at ~9 MPa of excess pressure, 
corresponding to ~170 MPa of magmaBc overpressure at depth. 

 

Fig. 2 – a) Simplified sketch of the Campi Flegrei magma domain; b) Diagram showing the calculated relaBonship 
between magma volume change and magmaBc excess pressure required to rupture the reservoir.  

A similar 4–9 MPa excess-pressure threshold characterizes moderate-sized erupBons along the 
caldera margin during Epoch 3b, supporBng the existence of a shared magma reservoir, 
corroboraBng isotopic evidence (Fig. 2b). Finally, by evaluaBng the volume change needed to reach 
rupture, we simulate the resulBng ground deformaBon (Fig. 3a) and show that the predicted 
pafern is disBnct from current geodeBc observaBons, implying that a disBnct geodeBc signature 
may precede near-rupture condiBons (Fig. 3b), crucially anBcipaBng the formaBon of a dyke. 

This work provides a quanBtaBve framework for recognizing the transiBon from magma-driven 
unrest to erupBon at Campi Flegrei caldera and should sBmulate further characterizaBon of the 
physical properBes of the shallow crust, pivotal to accurately esBmate rupture condiBons at depth. 
Altogether, this informaBon can Bmely inform decision-makers and stakeholders involved in the 
management of a highly challenging crisis. 
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Fig. 3 – GeodeBc modeling of Campi Flegrei deformaBon source. a) 3D plot showing the tradeoff between the source 
depth and magmaBc excess pressure of a sill-like source in producing a spectrum of uplig values at the deformaBon 
center. b) Plot showing the comparison between normalized verBcal displacement of a Mogi point source and a Fialko 
sill-like source displaying a bell-shaped pafern as computed for different source depths with a fixed radius of 4.5 km. 
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Understanding the processes that drive ground deforma=on and gravity changes in volcanic areas 
is essen=al for interpre=ng unrest episodes and assessing volcanic hazards. While magma=c 
intrusions have tradi=onally been considered the dominant source of such signals (e.g. Walsh and 
Rice, 1979; TrasaI and Bonafede, 2008; Nikkhoo and Rivalta, 2022), recent work has highlighted 
the important role played by shallow hydrothermal systems (Nespoli et al., 2026). In this study, we 
inves=gate the gravimetric effects produced by Thermo-Poro-Elas=c (TPE) inclusions. The laTer 
represent rock volumes that undergo changes in pore pressure and temperature due to the arrival 
of hot, pressurized fluids released from deeper magma reservoirs (Fig. 1). 

Building on recent analy=cal and semi-analy=cal solu=ons for TPE sources (a review of them was 
done by Nespoli et al., 2025), we compute the gravity varia=ons induced by disk-shaped inclusions 
embedded in an elas=c half-space and quan=fy the contribu=ons associated with solid and fluid 
compressibility, thermal expansion, and deforma=on-related density changes. 

We explore several scenarios involving both liquid- and vapor-saturated inclusions, choosing 
pressure–temperature varia=ons that generate iden=cal upli[ but dis=nct gravity responses. Our 
results demonstrate that the fluid phase strongly controls the resul=ng gravity residuals. Liquid-
filled inclusions produce significant nega=ve gravity varia=ons, while vapor-dominated inclusions 
lead to negligible changes even when the associated upli[ is large. This reveals a strong poten=al 
decorrela=on between deforma=on and gravity signals, fundamentally different from the 
behaviour of classical magma=c sources in which increased volume typically requires an associated 
mass influx. 

We also show that if the fluid is near the equilibrium curve of water (Clapeyron’s diagram), small 
pressure perturba=ons can trigger phase transi=ons that generate abrupt density changes within a 
thin layer at the top of the TPE inclusion. These transi=ons can produce measurable posi=ve 
gravity residuals without notable surface upli[, offering an explana=on for gravity fluctua=ons 
observed in several volcanic systems during periods of weak deforma=on. This mechanism is 
par=cularly relevant for hydrothermal zones. 
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Fig. 1 – Sketch a possible scenario in which a TPE inclusion (orange) undergoing a variaAon of 
volume from Vs to Vs’ is located above a deeper magma chamber (red) in a volcanic system. The 
exsolved fluids (arrows) released from the magma chamber rise toward a briUle layer (gray) 
separaAng the deep circulaAon from the shallower (meteoric aquifer in light blue) one. The 
fractured, permeable part of the layer can be represented by a TPE inclusion that acts as a 
deformaAon source and it is able to generate seismicity. In the inset the reference system is shown 
which is employed in the following computaAons, assuming a disk-shaped TPE inclusion and a 
spherical magma chamber (Mogi’s).  

Applying these results to the ongoing unrest at Campi Flegrei (Italy), we compare synthe=c gravity 
varia=ons from TPE inclusions with long-term measurements. Our analysis indicates that TPE 
processes alone cannot reproduce the posi=ve gravity residuals observed during the past 1982–84 
upli[ episode, sugges=ng a substan=al magma=c contribu=on. However, TPE effects are consistent 
with the gravity oscilla=ons observed a[er 1985, which are not associated with significant 
deforma=on. Furthermore, when combined with a deeper magma=c source, a shallow TPE 
inclusion can par=ally or completely mask the gravity signature of magma ascent, implying that the 
absence of clear gravimetric signals cannot be taken as evidence against magma=c involvement. 
Overall, our findings demonstrate that TPE processes significantly influence gravity observa=ons in 
volcanic environments.  
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Boron, a rare, but remarkable compounds in geoscience and industry (Helvacı, 2017; Kot, 
2009), is mainly found in the continental crust and seawater, linked to subduction processes, slab 
metasomatism, acidic magmatism, and evaporitic environments. Boron-bearing minerals typically 
occur in pegmatitic settings around plutons, marine evaporite deposits and volcano-sedimentary 
playa lake. However, volcanic activity plays a key role in borate formation, being sassolite, or 
crystalline boric acid (H3BO3), “the most common boron mineral known to be of direct volcanic-
exhalation origin or to be generated by the evaporation of hot-spring waters” (Schaller, 1936). 
Sassolite was reported for example (Bernard et al., 2011; Peretyazhko et al., 2000; Schaller, 1936), 
at Vulcano and Lipari (Italy), Yellowstone (US), Shiveluch and Bezymyannyi (Russia), Los Humeros 
(Mexico). From the original magmatic source, boron is in fact transported by geothermal fluids and 
post-volcanic gases to hot springs, fumaroles and solfataras (Ellis et al., 2022; Peretyazhko et al., 
2000; Pollard et al., 1987; Simmons & Webber, 2008; Thomas et al., 2006). B-mineralogy has then 
the potential to be an informative marker of steam-related processes occurring at volcanoes with 
important hydrothermal systems, such as in the case of calderas.  

Building on this perspective, we investigated borate appearance as a novel finding for the 
geothermal dynamics during the ongoing unrest at the Campi Flegrei (CF, Italy; Fig. 1). CF, 
particularly in the Pozzuoli area, is the archetype of a “dormant”, meaning it is likely to erupt in 
future, and “restless” volcanic caldera, meaning that it shows signs of subterranean evolution 
related to magmatic activity. Here, the large size of the inflating hydrothermal system masks 
deeper signals and leads to blurred or even contrasting interpretations about the involvement of 
ascending magmas and/or infiltrating brines originating unrest. In this context, the appearance of 
new minerals during the progression of an unrest fixes undoubted thermodynamic constraints 
about changes occurring in the source composition, pressure and temperature of uprising fluids. 
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Fig. 1 – Study area and timeline of main bradyseism related variations since 2012. (a) CF location and view showing in 
gray sulfate areas of the Solfatara cone, with its crater circled by a red line, the Pisciarelli discharge site and main tectonic 
faults, as modified from (Piochi et al., 2019); (b, c, d, e, f) Pisciarelli characterized by a water-filled pool in September 
2018 and the variated drying up conditions in 2020 and 2021; (g) The period with lack of borate phases and sassolite 
occurrence within the surveyed hydrothermal assemblage, compared with seismicity, ground deformation, H2S, 
CO2/CH4 and δ34S (‰) patterns at the Bocca Grande fumarole since 2012 (data from (Bevilacqua et al., 2024; Caliro et 
al., 2025); http:// https://terremoti.ov.ingv.it/gossip/, access on June 9, 2025). Interestingly, equilibrium temperatures 
of CH4 formation at 3-4 km (Marini et al., 2025b) also mark a substantial increase at the time of the sassolite appearance. 

Owing to a decadal-long periodical mineralogical survey of hydrothermal mineral 
assemblage at CF, we point out an unexpected widespread presence of sassolite at Pisciarelli, 
coinciding with dried-up hydrothermal waters (Fig. 1) and escalating bradyseism (Bevilacqua et al., 
2024; Danesi et al., 2024). Through literature and new mineral, chemical and δ11B data in volcanic 
rocks and waters, we examine the meaning of its abrupt appearance in the light of intensified 
seismicity (Danesi et al., 2024; di Uccio et al., 2023), increased H2S and a drop of its δ34S (Caliro et 
al., 2025; Marini et al., 2025a) recorded from 2021 to 2024 (Fig. 1).  

The sassolite was univocally identified by major peaks at 3.06, 6.02 and 5. 89 Å in our 
experimental spectra and well-reproduced by the ICDD standard 96-900-7676; together with 
koktaite, sulfur, mascagnite, alunite and pyrite, it simulated the mineralogical assemblage of the 
Pisciarelli mud pool. Data collected from 2012 onwards (Fig. 2), matches in terms of mineralogical 
association except for sassolite, which appeared when NH4-sulfates, previously abundant, 
vanished. 
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Fig. 2 – Mineral changes at the Pisciarelli mud pool. (a) Stacked XRD patterns of representative samples across 
different sampling times. The colored vertical lines indicate peaks of crystalline standards from the ICSD database, 
utilized for simulating experimental spectra. (b) Variation of equilibrium temperature (T) of CO, CH4 and H2S 
emitted at Bocca Grande fumarole (Marini et al., 2025b) and seismic monthly count. The purple box highlights the 
sassolite appearance period. * indicates disappearance of springs with pH<2. 

Our study also considers and integrates previous information and modeling of elemental 
boron and its phases from CF (Caprarelli et al., 1997; Chiodini et al., 1988; De Vivo et al., 1989; 
Guglielminetti, 1986; Iovine et al., 2024; Moretti et al., 2018; Piochi et al., 2019, 2019; Valentino & 
Stanzione, 2003) and other volcanic sites (Boschetti, 2011; Kracek et al., 1938; Peretyazhko et al., 
2000; Pollard et al., 1987; Simmons & Webber, 2008; Taguchi et al., 1981; Thomas et al., 2006) 
leading us to propose that sassolite appearance relates to the direct ascent from the deep roots 
(i.e., >2 km) of the geothermal system of vapors close to the critical point of water. Specifically, we 
show that the shallow system can no longer buffer the steam during the actual unrest, as it has 
instead occurred over the last 40 years (Fig. 3).  
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Fig. 3 – Conceptual model for CF and constraining geophysical data. (a) Model of boron brines flashing into steam due 
fracturing of the carapace (adapted from Fournier, 1999 and Helvacı, 2017). The sketch assemblies from surface 
downwards the sulfate area with a steam-heated condensing zone (Piochi et al., 2015, 2019) above the high 
temperature geothermal system and the thermo-metamorphic zone with two main shallow aquifers and the deeper 
ones featured by brines (AGIP, 1987; De Vivo et al., 1989) and the degassing pressurizing source with the fluids-enriched 
carapace and the brittle-to ductile transition as derived by (Tramelli et al., 2024). Red lines are fracturing zones. (b) 
Model before the sassolite onset; the degassing pathway from the deep source only reaches the surface at the 
fumaroles of the Solfatara crater. (c) Diagram redrawn from (Kracek et al., 1938) illustrating the field stability of boron 
crystalline phases, steam and water as function of pressure and temperature variation. The orange upper box with a 
black arrow indicates the thermo-barometric condition of the deeply-sourced B-rich fluids and the isothermal pathway 
up to the surface where a rapid cooling allows crossing the B(OH)3 field (horizontal orange arrow) and the sassolite 
crystallization. The two lines at the plot bottom indicate the B and NH3 distribution in the steam vs. water as a function 
of temperature according to experimental data of (Chiodini et al., 1988). The arrow at the bottom of the diagram shows 
how the system heating associated with the steam flashing determines the volatilization of B, whilst the ammonia 
remains in the liquid, in agreement with the disappearance of NH4-sulfates at the sassolite onset. (d) Seismic 
tomography identifying aquifers, gas reservoir, caprock which differ for seismic parameters (Calò & Tramelli, 2018; 
Tramelli et al., 2024). (e) Magnetotelluric tomography showing the conductive liquid volume overlying a resistive plume 
ascending toward the Solfatara areas; arrows for the main fluids pathways, stars for qualitative seismicity 
representation, and dashed lines for main faults (Siniscalchi et al., 2019). MS: La Fangaia mud pool; SNP: New pool; BG: 
Bocca Grande fumarole into the Solfatara crater. 
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Detec%on and characteriza%on of resonant 
signals in global seismology: Evidence for 
shallow fluid reservoirs and their interac%on 
with the oceans 

Piero Poli1 

1 Dipar(mento di Geoscienze, Università di Padova 

Using a new global seismological analysis technique designed to detect long-las?ng coherent 
signals, we iden?fy both previously known and en?rely unrecognized resonant-like seismic 
emissions at periods longer than 10 seconds. A detailed examina?on of these signals allows us to 
locate their sources with remarkable precision. Strikingly, they cluster in offshore sedimentary 
basins near major river fans and beneath ice-covered regions. Although their resonant character 
resembles classic volcanic tremor, the source loca?ons indicate that they are not associated with 
any known volcanic system. 
A careful analysis of their frequency content, spa?al distribu?on, and radia?on paKerns instead 
suggests that these signals may originate from the resonance of fluids within shallow subsurface 
reservoirs. This interpreta?on aligns with the presence of large volumes of gas, oil, and water in 
thick sedimentary basins, and with seafloor seepage structures that release substan?al amounts of 
naturally generated fluids from depths of roughly 5–10 km. 
By tracking the temporal evolu?on of these signals, we also iden?fy a pronounced seasonal 
modula?on that mirrors oceanic variability. This observa?on points to a significant coupling 
between the oceans and the solid Earth, poten?ally mediated by sta?c or dynamic stress transfer. 
The detec?on of these newly recognized signals opens a promising path toward probing the largely 
unexplored dynamics of sedimentary layers and their sensi?vity to external environmental forcing. 
More broadly, these findings introduce a new class of geophysical observables capable of revealing 
how the shallow lithosphere responds to, and interacts with, oceanic processes on seasonal to 
long-term ?mescales. 
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Seismological Evidence of Resonant Fluid-Filled 
Fractures at Campi Flegrei 

Giacomo Rapagnani1,2,3, Simone Cesca3, Gilberto Saccorotti2, Gesa Petersen3, 
Torsten Dahm3,4, Francesca Bianco5, Francesco Grigoli1,2 

1University of Pisa (Italy) 
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5Istituto Nazionale di Geofisica e Vulcanologia (INGV), Sezione Osservatorio Vesuviano, Napoli 
(Italy) 
 
 

The Campi Flegrei (CF) caldera is a large and active volcanic system located beneath a densely 
populated area west of Naples, Southern Italy, and represents the largest active caldera in 
Europe. It is characterised by intense hydrothermal activity, recurrent earthquake swarms, and 
episodes of pronounced ground deformation (bradyseism), consisting of rapid uplift phases 
usually accompanied by seismicity, followed by slower aseismic subsidence. The current unrest 
episode, which began in 2005 and is driven by a degassing magma source and subsequent 
magmatic–hydrothermal interactions, has resulted in a cumulative uplift of approximately 1.5 m. 
Seismicity has increased exponentially over the past decade, culminating in 2024–2025 with 
more than 1500 earthquakes per month and the largest recorded events to date, with 
magnitudes up to Md 4.4–4.6. 
In this study, we analyse the seismic catalogue of the INGV–Osservatorio Vesuviano from 2014 
to 2025 to investigate earthquake source processes and their relationship with caldera dynamics. 
For a selected subset of more than 100 earthquakes with Md > 2.5, we perform time-domain, 
full-waveform Moment Tensor (MT) inversion with a probabilistic framework, using data from 
publicly available seismic stations. We performed waveform similarity analysis, allowing us to 
identify 6 earthquake clusters, each characterised by closely spaced hypocenters and similar focal 
mechanisms. Most solutions indicate normal faulting. Offshore earthquakes show locations and 
fault plane orientations consistent with the inferred geometry of the caldera rim, whereas 
earthquakes in the highly active Solfatara area predominantly strike WSW–ENE. These results 
reveal the geometry and kinematics of the active fault structures within the CF caldera and their 
relationship with major volcano-tectonic lineaments. 
In addition to shallow volcano-tectonic earthquakes associated with brittle failure, we identify 
for the first time 14 very long-period (VLP) seismic signals. VLPs display high waveform similarity 
and stable spectral characteristics over multiple years. Our analysis indicates the presence of a 
resonant, inclined, fracture system at approximately 3.6 km depth, located between the inferred 
inflation source and the Solfatara maar, an active degassing centre exhibiting increasing CO₂ flux. 
The VLP signals are triggered by volcano-tectonic earthquakes occurring at different locations 
and indicate resonance of a gas-filled fracture system that has been active at least since 2018. 
This structure likely represents a mechanical and hydraulic connection between the inflating 
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source region, characterised by shallow brittle deformation, and the surface fumarolic activity, 
potentially providing new insights on the coupled magmatic–hydrothermal processes during the 
ongoing unrest at Campi Flegrei. 
This study highlights the importance of applying advanced source characterisation techniques to 
identify and monitor fluid-filled fracture systems in volcanic environments, with the ultimate aim 
of better understanding the role they play in volcanic unrest. 
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Insights into Fluid–Rock Interac5on from  

Kinema5c Analysis in the Southern Apennines  

P. Roselli, L. Valoroso, F. Di Luccio  

Is#tuto Nazionale di Geofisica e Vulcanologia, Roma (Italy)  
  
Within the framework of the FURTHER project (hBps://progeF.ingv.it/en/further), we invesKgate 
the role of fluids during the preparatory phase of earthquakes in the Southern Apennines (SA, Italy). 
The main objecKve is to elucidate the cause–effect relaKonship between fluids and seismicity, as 
well as the evoluKon of the acKve tectonic dynamics of the SA (Di Luccio et al., 2022). From a 
seismological perspecKve, we analyze recorded microseismicity with parKcular focus on the Mefite 
d’Ansanto, Sannio–Matese, and Pollino areas (Fig. 1), aiming to improve our understanding of the 
mechanisms controlling seismic source acKvaKon within a complex seismotectonic framework 
influenced by non-volcanic fluid circulaKon.  

The study is based on high-resoluKon earthquake locaKons and on a systemaKc analysis of the spaKal 
relaKonships between seismicity and the regional fault network. For each analyzed event, we 
compute moment magnitudes, perform full seismic moment tensor inversions, and esKmate source 
kinemaKc parameters. These source parameters are used to idenKfy faulKng styles and rupture 
kinemaKcs, providing robust constraints on acKve deformaKon processes. Stress tensor inversion is 
subsequently applied to the derived focal mechanisms to reconstruct the local stress field and to 
assess its consistency with observed fault orientaKons and rupture paBerns.  

In parallel, crustal properKes and fluid-related effects are invesKgated through the analysis of Vp/Vs 
variaKons, derived from local earthquake data and used as a proxy for fluid presence and migraKon 
within the crust. The integraKon of Vp/Vs anomalies with source kinemaKcs, stress orientaKon, and 
fault geometry allows us to evaluate whether seismic ruptures preferenKally occur in regions 
characterized by elevated fluid content or enhanced pore pressure. This integrated seismological 
framework provides new insights into the coupled interacKons among microseismicity, stress 
regime, crustal structure, and fluid diffusion in a non-volcanic yet fluid-rich tectonic environment of 
the SA.  
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Fig. 1 – Map and CO2 flux of the SA. Seismicity (ML>2) is color-coded with depth (hFps://terremoI.ingv.it ). The FURTHER 
target areas are shown in map view as well as in the three boFom panels. The largest earthquakes (M7.1, 1456 and 
M6.9, 1980) of SA are shown as cyan squares. The CO2 flux is from Chiodini et al. (2004). The inset in the upper right 
corner shows the huge degassing area located inside the river Ansanto, the Mefite d’ Ansanto Valley. Thrust and faults 
are from Palano, 2015. Coloured squares in the maps indicate the GNSS staIons (see legend for details).  
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Fluid dynamics during the paroxysmal  
ac5vity of Mount Etna 
  
F. Sor5no1 , L. Calderone1, S. Giammanco2 & C. Ferlito3 
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2Is$tuto Nazionale di Geofisica e Vulcanologia (INGV), Sezione Osservatorio Etneo 
3Università di Catania, Catania 

The study focused on the results of geochemical monitoring from a fixed sta>on located on the 
North-East RiB of Mt. Etna (2500 m a.s.l.). This site was specifically selected due to the presence of 
stable steam fumaroles with dis>nct chemical and isotopic signatures. The dominant non-
condensable gas species is carbon dioxide (CO2), followed by methane (CH4); the isotopic ra>os of 
carbon of CO2 and of He indicate a magma>c source, while CH4 carbon isotopic ra>os point to its 
thermogenic origin. 
Between 2019 and mid-July 2021, nega>ve peaks in CO2 concentra>on served as consistent 
precursory signals of summit erup>ons. In almost every instance, a sharp decrease in CO2 
concentra>ons was followed 24–48 hours later by increased volcanic ac>vity-either Strombolian or 
paroxysmal-at the summit craters. 
Our interpreta>on proposes a complex fluid-dynamic event in which gas-rich magma migrates 
rapidly from a deep reservoir 1–6 km b.s.l.) to a shallow one (1–2 km a.s.l.). This sudden, high-
velocity movement of magma and its associated gas phase would induce a marked pressure drop 
within the surrounding volcanic conduits. Similar to the Venturi effect, the rapid varia>on in gas 
flow within the volcano’s central conduits drags gases away from the peripheral fumaroles, thereby 
reversing the normal outward flow gradient. This process consequently leads to the significant CO2 
decreases measured at the surface. 
The transi>on from steady degassing to violent lava fountains is theorized to be the result of the 
magma>c column's composi>on. Strombolian ac>vity typically begins the erup>ve cycle, gradually 
"consuming" or ejec>ng the thick, already degassed and cooler magma that is normally residing in 
the top-most part of the magma column. Once this magma cap becomes sufficiently thin, it can no 
longer suppress the pressure of the underlying fresh and gas-rich magma. In this case, the 
ascending gas-rich magma disrupts the equilibrium, leading to rapid expansion of gas bubbles and 
thence triggering of a lava fountain. 
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Time Series of Radon in the Etna Area: Integrated 
Analysis with Meteorological, Seismic, and 
Volcanic Data (2022-2025) 
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 This study is part of multidisciplinary research aimed at improving our understanding of the 
geophysical and geochemical processes that govern active volcanic systems, such as Mt. Etna. The 
main objective is to examine the potential of radon gas (222Rn) in soil emissions as a geochemical 
tracer and early indicator of dynamic variations within the plumbing system. 

We analyzed radon time series collected at a fixed monitoring site (ERN7, in the geochemical 
network of INGV-Osservatorio Etneo) near the village of Santa Venerina on the eastern flank of the 
volcano between November 7, 2022, and July 12, 2025. The radon data were supplemented with 
environmental, volcanological, and seismic data, and we sought to identify patterns and correlations 
that could contribute to the understanding of the geo-structural mechanisms of radon release at 
the surface. The aim was to potentially use this natural gas to recognise possible precursors of 
seismic and volcanic activity on Mount Etna. The adopted approach combines time series analysis 
with an integrated geophysical and volcanological interpretation. 
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Fig. 1 – Location of the radon monitoring station used for the present study (Blue triangle). The base map is an excerpt 
from the Geological Map of Etna (Branca et al., 2011). 

This study is based on the integration among three main datasets: the activity of 222Rn in the soil 
(Bq/m³) recorded hourly by the ERN7 probe; meteorological data (relative humidity, rainfall, air 
temperature, acquired by the Linera station of the ÆGIS meteorological network); and 
seismological-volcanological data (eruptive activity from INGV-OE bulletins and seismic tremor - 
RMS in the 0.5-2.5 Hz band from the EPLC station located near the summit craters). Mt. Etna 
seismicity is monitored by the the Istituto Nazionale di Geofisica e Vulcanologia - Sezione 
Osservatorio Etneo (INGV-OE) permanent seismic network. 

We used a dual approach to process the hourly radon data, in order to filter out all possible 
environmental influences on the radon signal. The first was based on a purely mathematical analysis, 
whereas the second was based on a cross-correlation between radon values and the available 
meteorological parameters. In all cases we used the software Matlab to perform our analyses. The 
first step in both approaches was to interpolate the radon signal, in order to fill all time gaps greater 
than one hour.  

According to the first approach, we then applied a Continuous Wavelet Transform (CWT) to the 
interpolated signal, in order to highlight persistent periodicities (the main ones being 12 hours, 5, 7, 
14 days, 6 and 8 months) and seasonal fluctuations (Fig. 2), using the Matlab implementation based 
on analytic Morse wavelets (Lilly & Olhede, 2009; Mathworks, R2O24b). 

 

 

https://www.protezionecivilesicilia.it:8443/aegis/map/map2d
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Fig. 2 – CWT plot for to the whole radon data series. Arrows on the left side indicate the most intense cyclic frequencies 
for the studied period (indicated as hours or days). 

Subsequently, the signal was filtered from periodic and environmental components using the 
“Signal Multiresolution Analyzer” algorithm, optimized with 8 wavelet filters and 14 levels of 
decomposition, each one corresponding to a progressive range of decomposed frequencies. 
Reconstructing the filtered signal made it possible to isolate variations due to non-seasonal or non-
periodic origin.  

In order to define the anomalous radon values in the filtered signal, a robust statistics based on the 
Normal Probability Plot (implemented using the normplot function in MATLAB) was applied (Hahn 
and Shapiro, 1967). 

The results of this analysis indicated six distinct populations of data (named A to F) and two 
thresholds of anomalies, one for very low values (< -8553.6) and the other for very high values (> 
6265.1). In particular, the very high values of population F correspond to the maximum values 
observed in the peak described. Population D shows only slightly anomalous values and is therefore 
classified as weakly anomalous as a precautionary measure. 
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Fig. 3 – A) Time series of raw radon data; B) time series of filtered radon values after signal 
processing analysis; C) time series of filtered radon values after applying regression analysis using 
meteorological data. 

According to the second approach, we used the available meteorological data (air temperature, air 
humidity, rainfall), to apply a Multiple Linear Regression Analysis. The synthetic radon signal 
obtained was subtracted from the original signal and the residuals were confronted with the filtered 
radon signal from the time series analysis. The two filtered signals show a good temporal agreement 
(figures 3B and 3C), thus confirming the effectiveness of mathematical filtering in removing 
environmental influences. 
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In addition, a correlation analysis was also conducted between radon and variations over time in 
the amplitude of the seismic signal at a station on Mount Etna, which largely reflects variations in 
the amplitude of volcanic tremors.  

The resulting dataset contains 19,310 values, recorded at hourly resolution. The 0.5–2.5 Hz band 
provides the best results for analyzing tremor variations. 
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Seismicity and Vp and Vp/Vs models around the 
Mefite d’Ansanto deep-CO2 degassing site 
(Southern Apennines, Italy)How to organize a 
successful conference 

Valoroso L.1, Bagh S.1, De Gori P.1, Improta L.1, Piccinini D.1, CianeM S.1, Roselli P.1, 
and Di Luccio F.1 

1 Is%tuto Nazionale di Geofisica e Vulcanologia (Italy) 

Mantle-derived fluids play a primary role in the genera?on of large upper crustal earthquakes in 
extensional domains. Here, we focus on the Mefite d'Ansanto degassing site, the largest low-
temperature non-volcanic deep-CO2 emission site in the world (about 2000 tons per day, Chiodini 
et al., 2010), located at the northern ?p of the Mw6.9 1980 Irpinia faults in the Southern 
Apennines (Italy). The area, characterized by high heat flow and pervasive CO2 rich fluids 
circula?on, experienced strong historical earthquakes (M6+) but it is characterised by low 
background seismic rate, with respect to the nearby Sannio and Irpinia regions. 
To inves?gate this key-sector of the Southern Apennines, within the mul?disciplinary FURTHER 
project (hZps://proge].ingv.it/en/further), a collabora?ve ini?a?ve exploring the role of fluids in 
seismogenesis within the Southern Apennines, we collected high-quality microseismicity data 
during a two-year dense temporary passive survey (May 2021 to May 2023). The seismic network 
integrates the 10 temporary sta?ons with 39 permanent sta?ons of the INGV and ISNet network. 
Star?ng from about 360 accurately manually-picked earthquakes, we applied the EqCorrScan 
template-matching algorithm to detect low-magnitude seismicity. We computed a best fit 1D Vp 
velocity model of the area through a non-linear technique, and 1D earthquake loca?ons using the 
probabilis?c non linear loca?on method NonLinLoc. The final catalog is composed of 1573 
earthquakes (-0.7 < ML < 3.0). 
We also computed new 3D Vp and Vp/Vs seismic tomography models of the area following a 
graded local earthquake tomography (LET) inversion scheme (from a regional 10x10x5km to a local 
3x3x2 km grid spacing). 
Most of the seismicity has small magnitude (ML<1), confirming the low seismic rate of this area 
compared to the adjacent regions, and occurs in small clusters (some?mes along small faults) 
characterized by either short-lived or sustained seismic ac?vity. 
The combined interpreta?on of Vp and Vp/Vs velocity model, seismicity distribu?on and full 
moment tensor solu?ons (i.e., double-couple vs non-double-couple component) helped us to 
inves?gate the rela?onship between seismicity, crustal structure and fluid pressure in this crucial 
sector of the Southern Apennines seismic belt. 
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New insights on hydraulic behaviour of normal 
faults and thrusts of Irpinia area (Southern Italy), 
based on well exploration pressure profiles 
 

Eleonora Vitagliano1, Luigi Improta1, Luca Pizzino1, Nicola D’Agostino1 
 
1 Istituto Nazionale di Geofisica e Vulcanologia (Roma, Italia) 
 

We present the results of a recently published study that applied methodologies traditionally 
employed in the oil industry to analyse pressure profiles derived from exploration wells (Fig. 1). This 
research explores the connections between subsurface fluid flow and both normal and reverse 
faults in the Irpinia area (Southern Apennines, Italy), a region that has experienced significant 
seismic activity over the past century. 

Fluid–fault interactions can be studied at various scales, ranging from laboratory settings to field 
observations. Our research focuses on a regional scale, integrating well data, tectono-stratigraphic 
frameworks, and geochemical information to evaluate the hydraulic behaviour of faults and their 
capacity to either facilitate or hinder fluid flow. Recent geophysical investigations, particularly 
seismic tomography, suggest that overpressured fluids are primarily contained within highly 
permeable carbonates of the Apulian Platform that are sealed by a low-permeability tectonic 
mélange. In this case, regional low-dipping overthrusts separating the deep Apulian units from the 
root-less Apennine nappes would act as a barrier for fluid flow. 

 

Fig. 1 – Analyzed exploration wells in the Irpinia region and a simplified tectono-stratigraphy at the well site. 
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In our study, we have re-assessed the hydraulic characteristics of normal faults in the vicinity of the 
Irpinia Fault, source of the 1980 Ms 6.9 Irpinia earthquake, and analyzed the vertical pressure 
gradients to discriminate the behaviours of regional thrusts and their associated 
tectonostratigraphic units. Notably, we investigate the impact of the 1980 earthquake on fluid 
dynamics. The San Gregorio Magno-1 well, which intersects the seismogenic fault, reveals a 
continuous pressure profile that ranges from hydrostatic to slightly overpressured conditions down 
to a depth of 5.9 kilometres (Fig. 2). This finding indicates a relatively uniform fluid distribution 
within a highly fractured rock volume, contradicting earlier seismological models that suggested the 
existence of significantly overpressured fluids within the Apulian carbonates. Additionally, in regions 
characterized by intense CO₂ degassing, such as Mefite d’Ansanto located 10 km to the north of the 
Irpinia Fault, the Monte Forcuso-1 and Monte Forcuso-2 wells exhibit continuous hydrostatic 
pressure gradients. We interpret this phenomenon as a consequence of active normal faulting, 
which has compromised the sealing effectiveness of the overlying clay-rich tectonic mélange, 
thereby facilitating increased fluid movement within the fractured Apulian carbonates. Our findings 
suggest that high-angle thrust faults in the upper rootless nappes can also serve as conduits for 
vertical fluid migration. These tectonic boundaries allow groundwater to flow downward from the 
upper Apennine Platform carbonates into the lower Lagonegrese basin formation, enabling a 
gravitationally-driven circulation flow in the upper 0-4 kilometres of the crust consisting of strongly 
fractured rocks. 

 

 

Fig. 2 – Cross section modified from Feriozzi et al. (2024) and pressure profile at San Gregorio Magno-1 well (SGM-1). 
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