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A detailed Moho map is essential for understanding the deep structure of a given area, especially for 
a complex area such as the Sicily Channel, shaped by the Europa-Africa convergence. We built a new 
Moho map of the central-western Sicily Channel using a multidisciplinary approach, which comprises 
the analysis of crustal seismic reflection profiles and velocity models from multiple databases. We 
found two earthquake alignments that occurred in the study area from 1981 to the present that reach 
sub-Moho depths and through which we constructed two lithospheric seismogenic volumes (LSVs). 
We then related these results with the location of the volcanoes, the tectonic structures, and the 
rheological profiles present in the literature. This work aims to expand the limited knowledge of the 
geodynamic setting and lithospheric structure of the Sicily Channel. Furthermore, it can constitute a 
starting point for future works regarding the seismic hazard of the area.

Keywords  Moho depth, Sicily Channel, Lithospheric seismogenic volume, Seismic reflection profiles

The Sicily Channel is a seismically active area, characterized by moderate seismicity with a magnitude generally 
below 5. Unfortunately, the location of the earthquakes hypocenters in this area is poorly constrained because 
due to the sparse distribution of permanent seismic stations and the high attenuation1.

As illustrated in Fig. 1a, an alignment of earthquakes with sinistral strike-slip focal mechanisms occurs in the 
western sector of the Sicily Channel as noted by several authors2–5.

The Sicily Channel hosts eight seismogenic sources (Fig. 1b): four with approximately N-S trends in the 
western sector and near the Sicilian coast (Fig. 1b within the blue dashed line) and four with N-S trends 
crossing the Grabens (Fig. 1b within the red dashed line). These are mapped in the DISS (Database of Individual 
Seismogenic Sources)6.

The Sicily Channel has been greatly influenced by the interaction between Africa and Europe plates. Among 
the various deformation stages recorded, the most important one began in the Late Miocene with the formation 
of the Sicilian Fold and Thrust Belt (SFTB)7. In the Pliocene, an NNE-SSW-oriented extensional mechanism 
produced the Graben of Malta, Linosa and Pantelleria8–10; at the same time, the Gela Thrust System (GTS) 
emplacement occurred11 as well as the formation of a N-S oriented left strike-slip mechanism12, that extends 
from Capo Granitola-Sciacca to Linosa (CGSFZ)5,9 (Fig. 1c). The latter, physically separating the Graben of 
Pantelleria from those of Malta and Linosa (Fig. 1c), induced a different evolution between them; the earthquakes 
available in the area confirm that this structure is currently active and involves the lithosphere levels9,13. Along 
this deformation belt, also a relevant magmatic activity is recorded, which was associated with the formation 
of magmatic manifestations, constituting several volcanoes and volcanic banks (Fig. 1a), scattered in the whole 
Sicily Channel13–16. Near the coast of western Sicily, volcanic edifices of the Quaternary age were discovered by 
Lodolo et al.17. According to Civile et al.5, in this system, the magma rises through the faults, acting as conduits, 
that cut across the entire lithosphere leading to a partial melting by decompression. The seismic section CROP 
M23 (location in Fig. 1a) of Catalano et al.18 highlighted the deep structural layers of this highly deformed zone, 
revealing a mild Moho rising from west to east of the CGSFZ tectonic structure, and a Moho deepening beneath 
the Gela Thrust System. Civile et al.19 also detected in the seismic line CROP M25 (location in Fig. 1a) a Moho 
rising under the Pantelleria Graben, probably linked to deep fluids rising causing several volcanic manifestations 
around Pantelleria Island (Fig. 1c). This interpretation is supported by the gravity model realized along the 
seismic profile showing a Moho rising to about 17 km, in the NW of Pantelleria Graben, and, to the N and S of 
the Pantelleria Graben, a Moho deepening at 24–25 km depth19.

1Dipartimento di Scienze della Terra e del Mare, Università di Palermo, Palermo, Italy. 2Istituto Nazionale di 
Geofisica e Vulcanologia, Osservatorio Nazionale Terremoti, Rome, Italy. email: simona.bongiovanni@unipa.it

OPEN

Scientific Reports |        (2025) 15:17177 1| https://doi.org/10.1038/s41598-025-01189-7

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-01189-7&domain=pdf&date_stamp=2025-5-17


Knowledge of the Moho depth is crucial to gaining insights into the dynamics of the Earth’s interior, the 
evaluation of geohazard, the reconstruction of the lithospheric pattern of a given area and the knowledge of deep 
structures. The Moho presents different characteristics and geometries depending on whether it lies in oceanic 
or continental region or is located in areas subjected to extensive or compressive processes20.

The Moho is generally determined by means of seismic and/or gravimetric methods.
In the literature, many maps of Moho have been produced by different methods. Suhadolc & Panza21 and Du 

et al.22 generated a map of European Moho obtained from interpretations of CSS (Controlled Source Seismology) 
profiles.

Moho depth maps have also been created for other regions such as southern California23, northern and 
northeastern China24–27, eastern Tibet28–30 and southern China31, using receiver function (RF) analysis. Teng et 
al.32 and Reddy & Rao33 discussed and reviewed refraction seismic profiles for Moho determination in China 
and reflection seismic profiles for Indian shield Moho determination, respectively. Stankiewicz & De Wit34 
modeled the Moho below South Africa using reflection seismic profiles and RF analysis. These studies emphasize 
that obtaining reliable depths by using the RF method requires very accurate S-wave and P-wave velocities. 

Fig. 1.  (a) Location of the dataset available for the study area. Focal mechanisms of the major events present in 
the time domain moment tensor (TDMT) database are also reported53; (b) The seismogenic sources detected 
in the DISS (Database of Individual Seismogenic Source)6 are shown in orange. The red and blue dashed lines 
contain the seismogenic sources located in the Sicily Channel; (c) Geological and morpho-structural map of 
the study area. GTF (Gela Thrust Front)54, LG (Linosa Graben), MG (Malta Graben), PG (Pantelleria Graben), 
CGSFZ (Capo Granitola-Sciacca fault zone)5, SRF (Scicli-Ragusa Fault5. Focal mechanisms of the major events 
present in the Time Domain Moment Tensor (TDMT) database are also reported53. The location of banks and 
volcanoes is derived from Aïssi et al.15 and Lodolo, et al.17. Maps generated using QGis software version 3.30 
(https://download.qgis.org/downloads/). Hypocenter projections on the horizontal and vertical planes were 
generated using R software version 4.3.1 and Inkscape version 1.3. DEM used in the maps is from EMODnet 
(https://emodnet.ec.europa.eu/geoviewer/#).
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Consequently, reliable results depend on velocity variations with depth, which are best constrained by seismic 
refraction data.

Mjelde et al.35 and Aitken et al.36 determined the Moho depth for South America and Australia, respectively, 
using gravity data from satellite observation. In addition, Aitken et al.36 show a limitation of gravity inversion for 
crustal modeling. These authors noted the unreliability of the method, for example in areas with thick and dense 
crust or thin and low-density crust, adding that in such a case the method can be made reliable by defining the 
structure through seismic methods.

Other authors have created Moho maps by integrating data from various methods to overcome the limitations 
of individual techniques and to ensure better areal coverage. Grad et al.37 made a Moho map of Europe using 
seismic and gravity data; Assumpção et al.38 discussed crustal thickness models of South Africa using data 
extrapolated from seismic tomography, reflection seismic profiles and receiver function; Tugume et al.39 made 
crustal thickness map in Africa and Arabia by interpolating gravity data, RF data and surface wave dispersion.

Regarding the Central Mediterranean area and the Italian region, Nicolich & Dal Piaz40 and Scarascia et 
al.41 produced a Moho isobath map using CSS profiles; Waldhauser et al.42 and Lippitsch et al.43, produced a 
detailed Moho map of the Alpine region using a method proposed by Waldhauser44 and Waldhauser et al.42 to 
determine 3-D P-wave velocity models; Pontevivo & Panza45 used surface wave scattering to reconstruct the 
lithosphere-asthenosphere system of Italy; Lombardi et al.46 and Piana Agostinetti & Amato47 proposed a Moho 
map applying the RF method for the Italian peninsula and the central-western Alps, respectively; Di Stefano et 
al.48 and Spada et al.49 show a Moho map for the Italian peninsula using both CSS and RF data.

However, these maps either partially or completely exclude the Sicily Channel, which lies on the periphery 
of these models and is poorly detailed. This is primarily because they are mainly produced on a seismological 
basis and the seismic network in the area is not adequately distributed because stations are located only on land.

Kherchouche et al.50 proposed a Moho map for the Sicily Channel using ambient noise and earthquake 
tomography method, but the nearly constant value of about 30 km depth is incompatible with the geological 
structures in the area.

Jongsma et al.51, Agius et al.1, and Calò & Parisi2 report information for this area through the study of 
earthquakes; Civile et al.8,19, Corti et al.52, and Palano et al.13 describe the area focusing on the analysis of the 
superficial part of seismic reflection profiles.

As a result, the lithospheric knowledge of the Sicily Channel remains incomplete.
With the present work, we want to contribute to the knowledge of the deepest part of the Sicily Channel, 

specifically in an area where there are several banks and volcanoes, and to provide an instrument that can be 
used to understand the mechanisms influencing the variation in crustal thickness found in the study area and 
the possible connection between rising deep magmatic fluids and outcropping volcanoes.

To do this, we used joint analysis of multidisciplinary data. Specifically, we interpreted reprocessed ultra-high 
penetration seismic reflection profiles18 calibrated with well-log data to observe detailed surface geometries 
down to Moho depth and used them to calibrate, in turn, P-wave velocity (Vp) and shear wave (Vs) models 
extrapolated from the literature. Further, to understand the connection with structures in the area we merged the 
seismological contribution using earthquakes with a statistical approach, using the Gaussian Kernel function. 
The location of this data is shown in (Fig. 1a).

Results
Seismo-stratigraphic interpretation
We interpreted CROP seismic profiles M23, M24, and M25 to determine the thickness and the geometries of the 
main units and structures. On each seismic line, we projected Vp profiles from Cassinis et al.55 and Agius et al.56. 
Key reflectors, limiting the main layers from Moho to the seabed, have been identified based on their amplitude, 
lateral continuity, and velocity variation. The correlation with well data (Egeria and Palma) (location in Fig. 1a) 
and literature data5,18,57,58 allowed us to characterize the shallower levels and attribute them to the respective age 
and feature. The deep layers were identified based on seismic reflection characteristics and velocity variation 
(Fig. 2),

From the seabed to the horizon corresponding to the Top of Miocene a wide Plio-Pleistocene sedimentary 
filling is observed; its maximum thickness (1.8  s/TWT) is reached in front of the GTS wedge (Fig. 2a). The 
reflectors show medium amplitude, high frequency, and parallel geometry, with onlap termination on the GTS 
and CGSFZ. This unit is composed of pelagic marls and marly limestones of the Zanclean Trubi Fm., and of the 
Piacenzian-Pleistocene shelf clayey deposits with sandy intercalations of the Ribera Fm5,9.

In the northern sector of the study area, the GTS chaotic reflectors, dissected by different S-vergent thrust 
faults, exceeding 2 s/TWT of thickness, are observed (Fig. 2a).

Underneath this unit, the Miocene deposits are present, consisting of shelf siliciclastic deposits of the 
Terravecchia Fm. and evaporitic sediments of the Messinian Gessoso-Solfifera Group5,9. The seismic signal is 
characterized by a high amplitude reflector, and medium frequency, with locally transparent zones (Fig. 2a).

Underlying these, the Mesozoic carbonates are observed; these are composed of: the Upper Triassic (Sciacca 
Fm.) and Lower Jurassic (Inici Fm.) deposits consisting of a carbonate platform succession overlain by Jurassic-
Eocene pelagic limestones with marly and clayey intercalations (Buccheri, Chiaramonte, Hybla and Amerillo 
Fms.). Horizons show high lateral continuity, medium frequency, and a sub-parallel configuration (Fig. 2a).

Volcanic manifestations are widespread in the entire study area (Fig. 1a), and volcanic intrusions are visible 
in all the analyzed seismic lines (Fig. 2a,b). Those are characterized by wide diffraction hyperbolae zones and 
chaotic facies, sometimes reaching the seafloor.

The deep layers include the units occurring below 5 s/TWT. The crystalline basement is the top of the upper 
crust, the shallowest of the deep layers, and is identified by a discontinuous and strong reflector lying at an 
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average depth of 6 s/TWT (10 km) in all the study area18 and by a Vp velocity variation that goes above 6 km/s 
at it (Fig. 2a,b).

The top of the lower crust was identified below this, with numerous horizontal (near flat) and gently dipping 
reflections characterized by low continuity and medium amplitude, locally interrupted by wide diffraction 
hyperbolae zones. The velocity here increases to more than 7  km/s up to the Moho (Fig. 2a,b). A double 
laminated, laterally discontinuous reflector occurs at its base; this, according to Catalano et al.18 interpretation, 
is assumed to be the Moho horizon. Above the Moho, high amplitude reflectors are also observed, characterizing 
a high reflective lower crust, sensu Catalano et al.7.

In seismic profiles M23, M24 and M25, the signal shows high amplitude, low frequency, and it is locally 
interrupted by diffraction hyperbolae (Fig. 2). The most prominent double reflection is visible in M24 and M25 
(Fig. 2c). In proximity to the assumed Moho, the velocity increases up to 8 km/s.

Moho surface in time (S/TWT) and in depth (KM)
From the Vs models of Agius et al.56 and Kherchouche et al.50 (location shown in Fig. 1a) we obtained Vp values 
for the Moho surface, which are respectively 8 km/s and 7.7 km/s.

Fig. 2.  (a) M23 seismic line interpretation after Catalano et al.18 in time (TWT). The red rectangle corresponds 
to the close-up shown in c); (b) Line drawing in depth (km). Crossing Vp profiles by Cassinis et al.55 and Agius 
et al.56 have been represented; c - Moho reflection characteristics (indicated by yellow arrows) in M23, M24 
and M25 CROP profiles. The red cross in the close-up of line M23 corresponds to the intersection with the 
Moho recognized in line M24, those in the close-ups of lines M24 and M25 correspond to the intersection with 
the Moho recognized in line M23.
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The velocity models of Kherchouche et al.50 were not used to construct the Moho surface as they did not 
align well with the other data used and therefore, we used only the 3 velocity models proposed by Agius et al.56.

The obtained Moho surface in time ranges from ~ 6.7 to ~ 12.6 s/TWT (see Supplementary Fig. S1 online). 
The lowest values are found beneath the Pantelleria Graben (6.7 s/TWT): there, the contour lines follow the 
trend of the tectonic structures, which are normal faults at the rims of the Graben (Fig. 1a). Otherwise, between 
the Pantelleria Graben and the Linosa Plateau sector, the concavity of the contour lines shows a constant NW 
trend; and, on the contrary, in the proximity of the GTS and in the southern Linosa Graben, a variation in the 
concavity of the contour lines is observed (see Supplementary Fig. S1 online).

The Moho surface in depth shows strong lateral variation, with depths ranging from ~ 16.8 to ~ 27.2 km (Fig. 
3a).

In the Pantelleria Graben, the Moho reaches 16.8  km depth, maintaining a shallower trend than in the 
surrounding areas. Near the Linosa and Malta rims, it reaches depths of around 20 km (Fig. 3a).

Additionally, a Moho deepening is observed along the M23 profile from west to east. At the point where 
it intersects the orogenic wedge of the GTS, the Moho reaches ~ 27 km depth (Fig. 3a Supplementary Fig. S2 
online).

The study area has a variable bathymetry that affects the Moho depth map. To get information about the 
crustal structure, we constructed a crustal thickness map (Fig. 3b). The pattern of the crustal thickness map is 
similar to that of the Moho map and shows greater thicknesses in the GTS sector (~ 27 km) and lesser thicknesses 
at the Pantelleria Graben (~ 18 km) and near Linosa and Malta rims (~ 19 km).

Lithospheric seismogenic volumes (LSVS)
From the statistical analysis of each dataset of earthquakes divided into depth ranges, we obtained density 
plots on which we calculated gradients (example in Fig. 4) and maximum gradient values. Using the isolines, 
obtained from the maximum density gradient values for each depth range, we determined two pairs of surfaces 
perpendicular to each other bordering two LSVs also perpendicular to each other: one with N-S trend (blue 
scale in Fig. 5) and one with E-W trend (red scale in Fig. 5). For lithospheric seismogenic volume, we mean 
the seismogenic zone where most earthquakes occur59 involving the crust and upper mantle. The base of this 
volume corresponds to the brittle-ductile transition zone and is influenced by different factors including the 
geodynamics of the study area and the composition and physical state of the rocks59,60.

It is observed that the N-S-oriented LSV follows the trend of the tectonic structures located within the 
CGSFZ. Otherwise, the E-W volume shows a trend concordant with the normal faults bordering the Pantelleria, 
Malta, and Linosa Grabens.

In Fig. 5, the geometry of the N-S-trending LSV’s bounding surfaces is well illustrated to the west and east. 
The volume extends from the northern coast of Sicily to the island of Linosa for about 240 km and from 5 km to 
about 60 km depth. In particular, the northernmost sector of the volume is present from a depth of 5 km to about 
25 km; from the island of Pantelleria southward, the volume deepens to a depth of 60 km.

To the south of the Sicily coast, the volume decreases vertically and is only present from about 20 km depth 
to about 35 km depth. The minimum, average and maximum distance between the two surfaces, and thus the 
minimum, average and maximum value of the volume thickness are 35 km, 48 km and 55 km, respectively. The 
two surfaces also exhibit concavity facing toward the inside of the volume (Fig. 5b,d). The central sector of the 
NS-trending LSV perpendicularly intersects the EW-trending LSV (red scale in Fig. 5).

The latter extends from a depth of 50 to 60 km and a length of 100 km. The minimum, average and maximum 
distance between the two surfaces and thus the minimum, average and maximum volume thickness are 50 km, 
70 km and 90 km, respectively. The two surfaces bordering the volume exhibit a concavity facing toward the 
inside of the volume (Fig. 5a,c).

Discussion
A new, reliable, high-resolution Moho map of the central-western sector of the Sicily Channel.

We used data from different disciplines, which allowed us to have a greater data coverage than the Moho 
maps produced for the Italian peninsula that showed a gap in the Sicily Channel due to the poor data coverage 
due to the use of single-discipline data and techniques41,43,46–49.

In addition, the Delaunay triangulation method used, offers the advantage of generating a consistent 
triangular grid, improving the computational accuracy of the model and preserving the original data set without 
adding or removing data points.

Considering that this new map covers a smaller study area and was made using a wide dataset, it exhibits 
a higher resolution comparatively to other Moho maps of the Mediterranean and the Italian peninsula55,57,61.

Moreover, the map reveals strong lateral variations (the depth ranges between 16.8 km and 27.2 km, see Fig. 
3a) conversely to the map proposed by Kherchouche et al.50 which shows a constant trend in Moho depth within 
the Sicily Channel, probably due to a not well-distributed seismic network in the area.

Furthermore, our map exhibits a strong correlation with the tectonic structures found in the literature and 
shown in Fig. 1c (e.g., Pantelleria, Malta, and Linosa Grabens) and with the location of volcanoes; in fact, a 
shallower Moho (16.8  km depth) is observed in correspondence with the Capo Granitola-Sciacca offshore, 
around the Pantelleria, Lampedusa, and Linosa islands and near the volcanoes (Fig. 6).

The two constructed LSVs, if compared with the other data analyzed, are a fundamental tool for understanding 
the lithosphere structure variation of the study area. Fundamental evidence is that both the N-S and the E-W 
LSVs show a concordant trend with both tectonic structures (Fig. 1c) and seismogenic sources from the DISS 
database (Fig. 1b).

Specifically, these LSVs exhibit (i) a NNE-oriented trend (in agreement with Calò & Parisi2; Di Stefano et al.3; 
Spampinato et al.4; Civile et al.5, which follows the structures of the CGSFZ, interpreted by Civile et al. (2018) as 
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lithospheric faults favoring the rise of magmas to the surface, and (ii) an EW-oriented trend, concordant with 
the normal faults delineating Pantelleria, Malta, and Linosa Grabens (Fig. 7).

Furthermore, the E-W alignment of seismic events, which has not been widely discussed by other authors, is 
supported by the presence of an E-W seismogenic source identified in the DISS database.

Fig. 3.  Moho map in depth (a) and the crustal thickness map (b) of the central western sector of the Sicily 
Channel. Image generated using Move Software version 2022.1 ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​p​e​t​e​x​.​c​o​m​/​p​e​-​g​e​o​l​o​g​y​/​m​o​v​e​-​s​u​i​t​
e​/​m​o​v​e​/​​​​​) and Inkscape version 1.3.
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In detail, the N-S LSV extends from 5 km to 60 km depth, except in the northernmost region where it lies at a 
depth between 20 km and 35 km depth (Fig. 5a,c). In this sector, morpho-bathymetric and seismic data from the 
literature5,15,17,62 indicate a high concentration of volcanoes, located outside the LSV. Conversely, some volcanoes 
are observed within the LSV, particularly around Linosa and Pantelleria Islands (Fig. 6). Hence, it is not possible 
to derive a direct relationship between the location of volcanoes and LSVs.

Fig. 4.  An example of the density gradient (color scale) obtained from the density of earthquakes (red dots) 
located between 5 and 15 km depth. Image generated using QGIS software version 3.30 ​(​​​h​t​t​p​s​:​/​/​d​o​w​n​l​o​a​d​.​q​g​i​s​.​
o​r​g​/​d​o​w​n​l​o​a​d​s​/​​​​​) and R software version 4.3.1.
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Viti et al.63 suggest, in the rheological profiles realized for the Sicily Channel, an alternation between 
viscous and brittle behavior at various depths down to approximately 35 km; down to this value, they observe a 
predominantly viscous behavior, in agreement with the maximum Moho depth reconstructed in this work (see 
Fig. 3a).

Analysis of a large earthquake dataset, linked to the reconstruction of a detailed Moho map, has identified 
sub-moho earthquakes.

Except for subduction zones, the sub-Moho earthquakes in general are rare64,65. Otherwise, they are observed 
in various parts of the world and across different tectonic regimes66–69. The two LSVs shown in this paper indicate 
the presence of seismic events at depths greater than the Moho. Therefore, this is not anomalous as different 
tectonic regimes coexist in the study area as reported by Calò and Parisi2, Corti et al.52 and Maiorana et al.10.

The presence of such sub-Moho events would also suggest the presence of rheological variation in the mantle, 
but this is not in agreement with the rheological profiles of Viti et al.63 which give no evidence of brittle behavior 
under Moho. Therefore, these profiles should be updated.

However, if we consider the absence of a shallow LSV in the north of the Pantelleria volcanic island (Fig. 5a,c) 
and the absence of it at great depth near to the Linosa volcanic island (Fig. 5b,d), we see that the absence of LSV 
also gives important information about the mantle rheological nature.

In the first case, the absence of a shallow LSV to the north is in an area where a shallow magma chamber is 
present, at a depth of about 6 km, also inferred from a significant positive gravimetric anomaly in the complete 
Bouguer map17,70.

In contrast, the absence of a continuous LSV at depth around Linosa is related to the presence of deep 
magmatic intrusions as indicated by seismic reflection data10 and to the absence of evolved rocks on Linosa 
Island indicating a deep magma reservoir71.

Fig. 5.  (a–d) Different views of the LSVs represented by the surfaces bordering them laterally. Topography 
(exaggeration x8) is represented in blue-brown color scale; in blue scale the LSV with NS trend, in red scale 
the LSV with EW trend. The fill between the surfaces in transparency represents the volume. Image generated 
using Move Software version 2022.1 (https://www.petex.com/pe-geology/move-suite/move/) and Inkscape 
version 1.3.
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Considering our results, optimizing the localization of earthquakes would be beneficial, thereby improving 
the accuracy of seismogenic volumes such as those we have produced. Extending the seismic network to include 
offshore areas could help achieve this goal.

In conclusion, our Moho map of the west-central sector of the Sicilian Channel represents a key tool for 
constraining to the bottom the crustal velocity models useful for earthquake localization. This is particularly 
important because, currently, earthquakes in the Sicily Channel are localized using a single velocity model 
that covers large areas with varying structural characteristics. Moreover, since the E-W trending seismogenic 
sources extend farther east than the sector we analyzed, it is necessary to extend the analysis to obtain a complete 
overview of the entire Sicily Channel.

Finally, based on our results, we suggest updating the rheological models proposed in the literature for the 
Sicily Channel to improve our understanding of the geodynamics and lithospheric structure, which remains still 
unclear.

Fig. 6.  Moho map in depth (color scale) and the LSVs (in grey scale) obtained. The red and black dots 
represent volcanoes and banks, respectively. Image generated using Move Software version 2022.1 ​(​​​h​t​t​p​s​:​/​/​w​w​
w​.​p​e​t​e​x​.​c​o​m​/​p​e​-​g​e​o​l​o​g​y​/​m​o​v​e​-​s​u​i​t​e​/​m​o​v​e​/​​​​​) and Inkscape version 1.3.
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Methods
Interpretation of seismic reflection profiles and weel-log data
We analyzed intermediate to ultra-high penetration seismic reflection profiles and well-logs data derived 
from ViDEPI (https://www.videpi.com/videpi/videpi.asp) and CROP databases18 (Fig. 2). The CROP (CROsta 
Profonda) project (http://www.crop.cnr.it/) interpreted the deep crust reflection seismic profiles to map the 
deepest crustal reflectors. The seismic reflection profiles were acquired in collaboration with CNR-ENI and CNR-
ENEL from 1988 to 1995 by the RV OGS-Explora using an Airgun array and a 4500 m long and 180-channel 
streamer. This represents a multidisciplinary geophysical research project aimed at understanding geodynamic 
processes, assessing geological hazard, and exploring energy resources in Italy. Approximately 10,000  km of 
seismic reflection were acquired (about 1250 km on land and about 8700 km at sea). The dataset is publicly 
available for consultation (www.videpi.com/videpi/videpi.asp).

Fig. 7.  LSVs in plan. LSV with N-S trend, in red scale the LSV with E-W trend. PG (Pantelleria Graben), 
MG (Malta Graben), LG (Linosa Graben), CGSFZ (Capo Granitola-Sciacca Fault Zone)5, GTF (Gela Thrust 
Front)54. Image generated using Move Software version 2022.1 ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​p​e​t​e​x​.​c​o​m​/​p​e​-​g​e​o​l​o​g​y​/​m​o​v​e​-​s​u​i​t​e​
/​m​o​v​e​/​​​​​) and Inkscape version 1.3.
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The interpretation of the dataset was carried out through a seismo-stratigraphic and structural analysis, 
applying Vail72 ’s method, and implementing a 2.5D geological model using Move Software version 2022.1 ​(​​​h​t​t​p​
s​:​/​/​w​w​w​.​p​e​t​e​x​.​c​o​m​/​p​e​-​g​e​o​l​o​g​y​/​m​o​v​e​-​s​u​i​t​e​/​m​o​v​e​/​​​​​)​. The interpretation of the seismo-stratigraphic horizons was 
compared with the analysis of the seismic profiles by various authors18,73,74. In the first step the seismic reflection 
profiles were interpreted on the basis of their reflectivity. Subsequently, intersections with other seismic profiles 
and velocity profiles were evaluated. The interpretation of the seismo-stratigraphic horizons was compared with 
the analysis of the seismic profiles by various authors18,73,74.

Literature data on the localization of volcanic banks15,17 were projected on a DEM downloaded from 
EMODnet (https://emodnet.ec.europa.eu/geoviewer/#) (Fig. 1c).

Velocity data and time to depth conversion
We digitized and analyzed, through the 3D modeling software Move Software version 2022.1 ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​
p​e​t​e​x​.​c​o​m​/​p​e​-​g​e​o​l​o​g​y​/​m​o​v​e​-​s​u​i​t​e​/​m​o​v​e​/​​​​​) which allows 2D data to be visualized in a 3D environment, 5 2D 
shear velocity models (Vs) obtained from ambient noise and earthquake tomography method by Kherchuche 
et al.50, 3 2D shear velocity models (Vs) inferred from seismic surface waves by Agius et al.56 and a 2D P-wave 
velocity model inferred from the WARR (wide-angle reflection-refraction) profiles by Cassinis et al.55 (Fig. 1a) 
(see Supplementary Fig. S3 online).

Initially, we converted 2D shear velocity models (Vs) to 2D P-wave velocity models (Vp) using the relationship 
between Vp and Vs proposed by Menichelli et al.75 for southern Italy. Since the latter focuses on southern Italy 
in general and not specifically in off-shore areas, we also used the empirical law proposed by Brocher76 (see 
Supplementary Fig. S4.1, S4.2, S4.3 online). The results obtained from the two methods are comparable, so 
we used the model proposed by Menichelli et al.75. Subsequently, we converted these 2D velocity models from 
depth-to-time through the 3D Time Conversion Tool (see Supplementary Fig. S5 online). In particular, we used 
the Database method where rock properties, such as the velocity and velocity decay with depth, are assigned to 
each layer.

We calibrated the P-wave velocity models with seismic reflection profiles. To construct the Moho surface 
in times (s/TWT), we interpolated- the recognized Moho horizon on each individual profile by Delaunay 
triangulation method. This method offers the advantage of creating a uniform grid of triangles for better model 
computation quality, without adding or removing data points from the original dataset. A grid with 4 km x 4 km 
cells was used for resampling the interpolated surfaces and simplifying it.

For the construction of the Moho surface in depth, we converted velocity models and reflection seismic 
profiles from time to depth using the 3D Depth Conversion tool and Database method. Velocity values (Table 1) 
extrapolated from literature18,41,74 were used to depth-convert the reflection seismic profiles.

We realized a Moho surface in depth (km) with the same method used for the construction of the surface of 
the Moho in times (s/TWT). In addition, since the depth of the Moho is conditioned by the depth of the seafloor, 
to provide more information about the crustal structure we constructed the crustal thickness map. The thickness 
at each point was calculated using the bathymetry as the top and the Moho surface as the bottom.

Analysis of earthquakes
We considered seismic events from 2005 to 2023 extrapolated from the ISIDe77 database, which contains the 
parametric data of all seismic events localized by the INGV. To extend the dataset’s temporal range, we also 
included earthquakes from 1981 to 2018, extrapolated from the CLASS (Catalogo delle Localizzazioni ASSolute) 
catalog78, which contains earthquakes with optimized localizations. For this reason, we removed from the 
ISIDe catalog those earthquakes with the same ID as the events from 2005 to 2018 in the CLASS catalog (see 
Supplementary Fig. S6 online for more details regarding seismic events extrapolated from CLASS catalog and 
associated location errors).

Our research was conducted in the area between latitudes between 35.2° and 38.2° N and longitudes between 
11.5° and 13.6° E. The location of epicenters on a horizontal plane and vertical planes of this dataset that we 
created is shown in (Fig. 1a). The same figure also shows focal mechanisms of the major events, extrapolated 
from Time Domain Moment Tensor (TDMT) dataset53.

M23 M24 M25

MIN (m/s) AVE (m/s) MAX (m/s) MIN (m/s) AVE (m/s) MAX (m/s) MIN (m/s) AVE (m/s) MAX (m/s)

Water 1500 1500 1500 1500 1500 1500 1500 1500 1500

Seabed 1574 1659,57 1887 1615 1983,93 2718 1770 2032,14 1977

GTF 4036 4036 4036 4036 4036 4036 N.A. N.A. N.A.

Oligo-Miocene 1160 1851,33 2545 1657 2094,92 2859 1618 2104,93 3290

Meso-Cenozoic 5300 5600 5800 2030 2879,45 3966 1997 2975,91 3951

Upper crust 6000 6000 6000 6000 6000 6000 5788,94 6090,47 6392

Lower crust 6800 7100 7400 7000 7000 7000 7000 7000 7000

Crust/mantle discontinuity 7700 7922,67 8068 8000 8000 8000 8000 8000 8000

Table 1.  Velocity values obtained for each layer detected in the CROP seismic reflection profiles. Values derive 
from Sonic logs (Egeria and Palma) analysis, interval velocities tables of the seismic profile, and Vp velocities 
from Cassinis et al.55 and Agius et al.56.
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At first, we calculated the magnitude of completeness (Mc) of the dataset created using the MAXimum 
Curvature method (MAXC)79 implemented in the Tremors software-app80 and we captured STAI (Short-term 
aftershock incompleteness) periods using the same software-app to avoid overestimation of Mc.

We implemented a MATLAB code to organize the obtained database of earthquakes into 10-km depth ranges 
with a 50% overlap. We then analyzed these data through a statistical approach using the R statistical software81, 
a language and environment for statistical processing and graphics.

We implemented a code on R statistical software using a Kernel smoothed intensity function from a point 
pattern with 0.01 × 0.01-pixel grid to obtain a density plot of the seismicity for each of these depth ranges.

The intensity estimate has been computed with a Gaussian Kernel function and bandwidth chose with the 
rule of thumb by Scott82. The latter determines the width of the window within which the points affecting the 
calculation of the intensity estimate are located.

In addition, in the computation of density plots, we assigned weights to each seismic event based on 
magnitude. Specifically, since the energy of an earthquake increases exponentially as the magnitude increases, 
we assigned an exponentially increasing value for each increasing value of magnitude.

The functions employed here are found in the raster83 and spatsat84 packages of the R statistical software.
For each density plot calculated for each depth range, we obtained the density gradient. Finally, we 

extrapolated the isolines of the maximum values of the density gradient, interpolated them using the Delaunay 
triangulation method, and obtained two perpendicular pairs of vertical surfaces bordering two Lithospheric 
Seismogenic Volumes (LSVs).

Data availability
The dataset generated and or analyzed in this study are available from the corresponding author, S.B., upon 
reasonable request.
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