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This study investigates the architecture and structural setting of the Sciacca Fault System (SFS), a key 
component of the Sciacca Geothermal Field in southwestern Sicily, through an integrated geological 
and geophysical approach. The analysis correlates the offshore SFS lineament with the onshore Mt. 
Kronio fault system to assess their role in regional deformation and geothermal connectivity. Seismic 
reflection data reveal a NE–SW oriented transpressive fault network characterized by thrusts and 
positive structures, with evidence of recent compressive deformation affecting both Upper Calabrian 
deposits onshore and Late Pleistocene–Holocene sequences offshore. High-resolution profiles show 
active fluid migration, suggesting a hydraulically connected onshore–offshore geothermal system. A 
3D reconstruction of the fault network defines the geometry and extent of the geothermal reservoir 
and supports a fluid migration model involving a northward and upward flow from a deep source in the 
offshore sector. Fluids are channelized within fault-bounded compartments sealed by low-permeability 
surfaces and capped by pelagic units, forming a partial structural trap. Vertical migration culminates 
where the carbonate substrate is exposed, as at Mt. Kronio, while offshore fluid ascent follows 
permeable faults and discontinuities within the sedimentary cover.
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In recent decades, the integration of onshore geological data and marine geophysical data has played a key 
role in studying onshore-offshore transitions, especially in tectonically active regions1, and references therein). 
In particular, understanding the three-dimensional architecture of geological structures extending from the 
continent to the marine sector is fundamental for reconstructing the tectonic evolution of complex areas and 
assessing associated geological hazards2–7 or their geothermal potential1,8. Most geothermal resources are 
associated with plate-margin settings, where crustal deformation, magmatism, and fault-controlled fluid flow 
interact dynamically (The Geysers, California; The Svartsengi, Iceland)9,10. Comparable integrated studies in 
plate-margin geothermal systems have demonstrated that correlating onshore and offshore fault systems is 
essential for constraining fluid pathways and heat flow distribution11,12. Building on insights from global plate-
margin geothermal systems, the southwestern Sicily region provides an ideal natural laboratory to study the 
coupling between onshore–offshore structures and deep fluid flow.

In the study area (Fig. 1) the compressive and transpressive structures characterizing the Sicilian-Maghrebide 
belt show potential continuity between the emerged and submerged domains, but their structural correlation 
often remains poorly defined.

Currently, while structures in Sciacca offshore area (Fig. 1) are well documented through seismic profiles 
and well data (Fig.  2)1,14,21–24, the connection with onshore outcropping structures, particularly in the Mt. 
Kronio sector, has not yet been thoroughly verified. This correlation gap compromises the ability to depict a 
coherent geometry and to correctly reconstruct the deformation kinematics. Furthermore, although extensive 
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Fig. 1.  Structural map of Sicily (from13–15), The inset maps show: (a) Schematic tectonic map of central-
western mediterranean area; (b) Interpreted structural-stratigraphic cross-section of the central sector of the 
CROP M23 seismic profile (from14,16–19) across the offshore of Sciacca; (c) Central segment of the crustal 
section across the central Mediterranean, from the Drepano Front to Pantelleria. The section illustrates a 
reconstruction of the deep structural framework of western Sicily (from18,20). Maps and cross-section were 
generated using Inkscape Software version 1.4 (​h​t​t​p​s​:​​/​/​i​n​k​s​​c​a​p​e​.​o​​r​g​/​r​e​l​​e​a​s​e​/​​i​n​k​s​c​a​​p​e​-​1​.​4​​.​2​/​w​i​n​​d​o​w​s​/​6​4​-​b​i​t​/​m​
s​i​/​d​l​/).
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deep fluid circulation systems are known offshore1,25–27, their relationship with tectonic structures and onshore 
surface manifestations28–31 remains unclear. To understand the active deformation processes and fluid–structure 
dynamics within the Sicilian orogenic system, it is necessary to systematically integrate onshore and offshore 
data.

Geological manifestations of endogenous origin are directly linked to active subsurface processes, with their 
source located vertically beneath the surface expression (i.e. Larderello, volcanic systems, Campi Flegrei)32–34. 
However, this is not always the case: the source of geological processes may be spatially displaced relative to the 
area of surface occurrence, with subsurface structural configurations controlling fluid circulation. Within this 
framework, reconstructing a detailed subsurface geological model becomes essential.

Fig. 2.  Trace of seismic lines and geological cross sections analyzed in this work. The white buffer highlights 
profiles shown in the pertinent Figures (C-529 and CSM-1 in Fig. 6; S-9 in Fig. 7). The plotted wells are: 
Menfi-1 (MF); Sciacca-1 (SC); Cianciana-1 (CN); Orione-1 (ON); Zagara-1 (ZG) Venere-1 (VR). The tectonic 
feature derived from19. Maps generated using QGis software version 3.34.11 ​(​​​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 Inkscape Software version 1.4 (​h​t​t​p​s​:​​/​/​i​n​k​s​​c​a​p​e​.​o​​r​g​/​r​e​l​​e​a​s​e​/​​i​n​k​s​c​a​​p​e​-​1​.​4​​.​2​/​w​i​n​​d​o​w​s​/​6​4​-​b​i​t​/​m​s​i​/​d​l​
/). Dem used in the maps is from TINITALY (https://tinitaly.pi.ingv.it/).
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The region has long been a focus of exploration activity, as evidenced by numerous research permits, extensive 
seismic surveys, and several exploratory wells reported in the public ViDEPI database ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​v​i​d​e​p​i​.​c​o​m​
/​v​i​d​e​p​i​/​v​i​d​e​p​i​.​a​s​p​​​​​)​, all highlighting the hydrocarbon potential of the Sciacca offshore and adjacent areas of the 
Sicilian Channel.

The coexistence of thermal anomalies, deep-seated faults, and fluid circulation patterns in this area suggests a 
complex interplay between tectonic, geothermal, and hydrocarbon systems along the continental margin.

To address these issues, we carried out a multidisciplinary analysis in the Mt. Kronio—Alto di Sciacca area, 
aiming to (1) verify the structural continuity between onshore and offshore domains, (2) define the architecture 
of the potential geothermal reservoir, (3) characterize the kinematics and its implications for crustal deformation, 
and (4) analyse the distribution and origin of deep fluids, relating them to active tectonic structures and surface 
evidence. We integrated field data, high-penetration and high-resolution seismic profiles, to build a 3D coherent 
geological and structural model across the coastal margin.

Geological setting
The geological evolution of the Sciacca region, located in southwestern Sicily and its adjacent offshore, has been 
shaped by the complex tectonic evolution resulting from the convergence between the African and European 
plates. This NNW–SSE-oriented convergence, active since the latest Oligocene-Early Miocene35–38, led to the 
closure of the Neo-Tethyan Ocean and initiated the progressive collision of the African continental margin with 
the European domain. This tectonic scenario drove the formation of the Sicilian Fold and Thrust Belt (SFTB), a 
key segment of the Central Mediterranean orogenic system (Fig. 1b,c)14,17,18,39–44.

The SFTB is composed predominantly of Mesozoic to Cenozoic carbonate platform and basinal successions 
originally deposited along the African continental margin, later incorporated into a > 10 km thick pile of NE–SW 
trending, SE-verging imbricate thrust sheets18,19,45. Compressional tectonics shaped the structural architecture 
of this belt from the Early Miocene to the Early (Middle?) Pleistocene, after which transpressional structures 
became dominant15,46–48.

In the study area, the STFB consists of a Meso-Cenozoic carbonate platform succession overlain by Neogene-
Quaternary syn-tectonic deposits. In detail, the sedimentary record of the area extends from the Upper Triassic 
to the Quaternary and is well documented through both onshore outcrops and offshore borehole data19 and 
references therein. The oldest unit, the Sciacca Formation (Upper Triassic), is identified in well logs and marks 
the base of the sedimentary succession,it consists of shallow-water carbonate rocks. The overlying Early Jurassic 
carbonates record the development of a shallow-water carbonate platform, followed by drowning during the 
Early-Middle Jurassic, as evidenced by the transition to red nodular limestones. This evolution was succeeded 
by the deposition of Upper Jurassic to Eocene pelagic limestones with marl and clay intercalations, recording a 
prolonged phase of hemipelagic sedimentation. An angular unconformity marks the base of the overlying upper 
Oligocene calcarenites and glauconitic sandstones, indicating a shift to a more proximal marine setting. The 
Langhian-Tortonian interval is represented by siliciclastic deposits consisting of slightly sandy marls assigned 
to the San Cipirello Marls unit, which exhibits substantial lateral thickness variations. The lower Pliocene is 
marked by the Lower Pliocene (Zanclean) age Trubi unit, composed of marly limestones and pelagic marls, and 
is overlain by Piacenzian–Pleistocene clay-rich units.

A significant Late Pleistocene tectonic phase activated NE–SW and NNE–SSW oriented transpressional 
fault systems, characterized by left-lateral kinematics and commonly interpreted as a manifestation of ongoing 
regional deformation. Among these, the Sciacca Fault System (SFS), a prominent NNE–SSW trending fault array, 
represents a key neotectonic feature that deforms both the offshore domain and the adjacent mainland19,24,49,50. 
These fault systems form a regional lithospheric “transfer zone” affecting the crust and upper mantle to a depth 
of at least 70 km51.

A recent tectonostratigraphic reconstruction proposed by Sulli et al.19 identifies three distinct deformational 
phases affecting the Sciacca region. The first phase is recorded by contractional structures and angular 
unconformities within the Oligo-Miocene succession, suggesting regional uplift and subaerial exposure, which 
in turn inhibited evaporite deposition during the Messinian salinity crisis. The second major compressional 
phase, occurring during the Upper Pliocene–Pleistocene, linked to the forelandward migration of the orogenic 
wedge, led to the formation of subparallel thrusts defining the present-day structure of Mt. Kronio14. A third, 
younger extensional phase, overprints the earlier compressional fabric and affects the Pleistocene calcarenites 
and sands, with NNW–SSE trending faults interpreted as local reactivations of earlier compressional structures52.

Early structural interpretations of the Mt. Kronio53–57 highlighted the occurrence of SE-verging thrust 
systems affecting the Mt. Kronio units, interpreted as part of a broader imbricate thrust wedge.

Offshore, extensive seismic reflection data and deep exploration wells have enabled detailed reconstruction 
of both the stratigraphy and the structural architecture. The offshore area is characterized by a composite 
structure involving a deformed foreland overlain by an active fold-and-thrust system, the Gela Nappe, which 
represents an accretionary prism active since the Late Pliocene until at least 0.8 Ma58 that emplaced over foreland 
deposits21,23–26.

To the west of the Gela Nappe front lies the Alto di Sciacca, a N–S oriented structural high composed of 
Mesozoic carbonates. This tectonic feature has been variably interpreted as a transpressive belt21, a strike-slip 
system22, or as the frontal part of Thrust System, a wedge over 3 km thick active since the Late Pliocene23. The 
interpretation of the CROP-M23-seismic profile14 reveals that the external part of the Gela Nappe overlies a 
relatively shallow crystalline basement, with the crust–mantle boundary (Moho) located at about 9 s two-way 
travel time (TWT) beneath the Banco Avventura, and rising to 8.5 s TWT offshore of Sciacca (Fig. 1b). The 
crystalline basement itself lies at depths of approximately 10–15 km (5.5–6  s TWT)16 (Fig. 1b), indicating a 
markedly thinned continental crust beneath this sector of the Sicily Channel.
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The meso-cenozoic carbonate substrate underlying this sector of the chain has been described as affected by 
significant extensional fault systems that delineate a possible paleomargin with a NW–SE trend59. However, the 
structural configuration observed by other authors suggests that these pre-existing features may have played a 
more complex role during the subsequent phases of compressive and transpressive deformation linked to the 
construction of the Sicilian fold and thrust belt44,60.

Geothermal background
Sciacca Geothermal Field (SGF) is characterized by hot springs and vaporous manifestations that have been 
known for millennia and its thermal water has been used for curative purposes61–63. Regionally, the SGF is 
situated along a N-S corridor across western Sicily, where other geothermal fields are present to the North such 
as Montevago and Alcamo-Castellammare. He-isotope compositions dissolved in samples of SGF waters indicate 
mantle-derived fluid contribution into the thermal aquifer29,30. High thermal gradients, associated with active 
volcanic areas in the Sicily Channel, indicate that mantle dynamics are closely linked to deep-reaching fault 
systems64. This lithospheric thermal framework provides additional evidence supporting the mantle origin of 
the fluids feeding the Sciacca Geothermal Field (SGF) and the role of deep crustal discontinuities in channeling 
heat and magma toward the geothermal reservoir.

The existence of a crustal weakness zone is consistent with historical deep earthquakes which epicenter 
occurred within the same zone (i.e. Belice Valley earthquake;29,59). Magma intrusion into the continental crusts 
through lithospheric faults, and related upward fluid migration, could provide heat to the overlying sedimentary 
cover including the SGF. Submarine volcanoes have been mapped and described offshore of SGF, forming a 
field of volcanic cones and seamounts that extends along the Sicily Channel65. Activity ranges from the late 
Miocene to the Quaternary66–68. The morphology, orientation and distribution of these submarine volcanoes 
suggest a strong structural control by regional fault systems, with magmatism closely linked to extension and 
later reactivation during compressional tectonic phases in the Sicily Channel1,68.

In addition, in such offshore area, roughly N-S deep strike-slip faults run from the volcanic banks (e.g. 
Graham and Terrible banks) to the onshore orogen and they inferred to provide fluid and heat pathways to the 
offshore continuation of the SGF1.

Deep faults along such a crustal discontinuity are inferred to have allowed uprising of magma along with 
mantle-derived fluid which signature is recorded in the geochemical composition of the thermal waters29. 
Heat flow around the Sciacca area is approx. 60 mW/m2. The caves within the karst system of Mt. Kronio are 
characterized by warm air flows maintaining a constant temperature of about 37 °C. Water composition data of 
the SGF are available from several springs and wells. Water from hot springs (e.g. Selinuntine thermal springs, 
Fig. 3) and wells that tapped into the main Mesozoic aquifer shows temperature of about 55–60 °C28,29,69. Top of 
the thermal water table is approx. at 43 m above sea level69. The deepest well drilled in the deep thermal aquifer 
(Sciacca well, south-east of Mt. Kronio, Fig. 2) reached a depth of approx. 2600 m (below sea level) in the Upper 
Triassic shallow-water carbonate of the Sciacca Fm. with a bottom temperature of approx. 76 °C69. Temperature 
of the aquifer at 3000 m b.s.l. are estimated in the range of 90–120 °C70,71.

Overall, the available temperature data from wells and springs show a wide range of values with depth, 
reflecting significant variability in the thermal conditions of the system.

According to gravimetric data provided by ENI19, the Bouguer anomaly map displays values ranging from 
− 47 to 66 mGal (Fig. 11a). This dataset enables the identification and correlation of major structural alignments, 
both exposed and buried, particularly across the coastal transition zone where other geophysical information is 
sparse or unevenly distributed. A prominent positive anomaly (50–66 mGal, Fig. 11a) is observed in the western 
sector, trending NE–SW, and correlates onshore with the relief of Mt. Kronio. This anomaly highlights a physical 
continuity, albeit disrupted by tectonic discontinuities with the offshore carbonate structural high known as the 
“Alto di Sciacca”14, as inferred from seismic reflection profiles and well data.

Fluid pathway
Fluid circulation in structurally complex carbonate systems is widely recognized as being strongly controlled 
by fault architecture, fracture networks, and their temporal reactivation history. Previous studies have shown 
that fault zones may act either as conduits or barriers to fluid flow, depending on the internal organization 
of fault cores and damage zones, as well as on the degree of cementation and cataclasis developed during 
deformation73–76 and also for the current filed stress77. In carbonate settings, meteoric fluids typically infiltrate 
through fractured and karstified domains, while deep hydrothermal fluids migrate upward along major fault 
zones under the simultaneous influence of tectonic stress78,79. In the SGF, hydrogeological and geochemical 
investigations document a vertically organized circulation system involving both shallow meteoric waters 
and deep hydrothermal fluids hosted in Mesozoic carbonate reservoirs69,80. Waters discharged from the main 
Mesozoic and Paleogene aquifers are characterized by variable Cl–SO₄ and Na-Cl compositions. Isotopic 
relationships (δD vs.Cl⁻ and δ1⁸O vs Cl⁻) indicate that thermal waters from the deep reservoir result from an 
approximately 50:50 mixture of meteoric water and modified seawater, while shallower waters show a stronger 
meteoric signature, a pattern corroborated by Na-Cl ratios28). Both shallow and deep waters are enriched in 
CO₂ and N₂, and helium isotopic compositions measured in the Selinuntine thermal springs reveal a significant 
mantle-derived gas contribution, pointing to deep fluid inputs ascending along crustal-scale structures29,30. 
Meteoric recharge occurs both locally, through infiltration at Mt. Kronio (Fig. 3), and regionally via Mesozoic 
carbonate outcrops north of Sciacca (Fig. 3a), whereas deep circulation follows major structural pathways in the 
crust72.
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Reservoir properties
Carbonate geothermal reservoirs are generally characterized by low primary porosity and permeability, with 
fluid storage and circulation mainly controlled by secondary porosity generated by fracturing, faulting, and 
localized dissolution processes81,82. Comparable carbonate reservoirs have been described in the offshore 
Sicily Channel, including the Perla and Vega fields. These reservoirs are composed of partially dolomitized 
and fractured shallow-water limestones, such as oolitic limestones and algal pelsparites from open-shelf 
environments (Siracusa and Inici formations)83. Porosity in these units is both primary, including intergranular 
and biomoldic types, and secondary, mainly vuggy, with average values ranging from 12 to 16%. Such lithological 
and diagenetic characteristics provide effective storage capacity and potential permeability pathways, particularly 
where enhanced by fracturing and karstification.

Methods
In the study area has been developed of a three-dimensional geological subsurface model, aimed at delivering 
high-impact, application-oriented geological information. The 3D geological model was constructed in the 
depth domain by integrating available surface and subsurface data.

Field survey
Surface stratigraphic and structural data were collected during field surveys carried out for Sheet 628 (Sciacca) 
of the Geological Map of Italy (CARG project).

The deformational patterns associated with faulting were reconstructed through several structural 
measurement stations located on Mt. Kronio. The mesostructural analysis of fault planes was used to determine 

Fig. 3.  (a) N-S regional cross section showing main elements of the Sciacca Geothermal Field and the possible 
fluid circulation (from14,19,72). For the section trace and legend see Fig. 1; (b) N-S geological cross-section 
across Mt. Kronio showing main hydrological elements. Section trace is located in Fig. 4. Images realized with 
Inkscape Software version 1.4 (​h​t​t​p​s​:​​/​/​i​n​k​s​​c​a​p​e​.​o​​r​g​/​r​e​l​​e​a​s​e​/​​i​n​k​s​c​a​​p​e​-​1​.​4​​.​2​/​w​i​n​​d​o​w​s​/​6​4​-​b​i​t​/​m​s​i​/​d​l​/).

 

Scientific Reports |         (2026) 16:9901 6| https://doi.org/10.1038/s41598-026-39734-7

www.nature.com/scientificreports/

https://inkscape.org/release/inkscape-1.4.2/windows/64-bit/msi/dl/
http://www.nature.com/scientificreports


fault orientation, kinematics, and the stress-field directions. Structural data were synthesized using statistical 
methods, through stereographic projections obtained with Daisy3 software (version 5.38;84).

Seismic and well data
A set of geophysical data was used (Fig. 2), including multichannel seismic profiles forming part of the national 
C-zone profile grid as well as profiles acquired in the framework of oil exploration activities. The former were 
recorded using an Aquapulse source, with a sampling interval of 2 ms, a recording window of 5 s, 1200% fold 
coverage. The latter were acquired using an Airgun source with the same sampling interval. For the onshore 
profiles, the seismic source consisted of dynamite, with a sampling interval of 2 ms.

Seismic profiles were calibrated using wells provided by the ViDEPI public database (source ​h​t​t​p​s​:​/​/​w​w​w​
.​v​i​d​e​p​i​.​c​o​m​/​v​i​d​e​p​i​/​v​i​d​e​p​i​.​a​s​p​​​​​)​: Orione, Venere, and Zagara wells. Positioned close to the seismic lines, these 
wells allowed for effective calibration of the profiles. To perform a more detailed analysis of the Quaternary 
portion of the submerged succession, a single-channel seismic reflection survey was carried out in June 2024. 
During this campaign, seismic sections were acquired using a Geo-Spark 100 source and the Qinsy acquisition 
software (QPS). The acquired data underwent processing with the Geo-suite AllWorks software, following a 
workflow that included the following steps: Debias, Infinite Impulse Response (IIR) filtering, Mixing, Muting, 
Trace Equalization, and Swell Filtering.

Interpretation was carried out using dedicated software for seismic-stratigraphic analysis, identification of 
tectonic structures, and generation of maps depicting the geometry of key stratigraphic horizons. The dataset 
was interpreted through seismic-stratigraphic and structural analysis following evaluation of seismic patterns, 
such as reflector amplitude and frequency, continuity, lateral terminations, configuration and the external shape 
of reflector packages, as illustrated by85 to recognize seismic facies unit. This workflow led to the development of 
a 2.5D geological model using Move (Midland86) software.

Model reconstruction
The three-dimensional model reaches a maximum depth of − 6000  m below sea level and provides a good-
resolution representation of the geometry of the main geological bodies and structural discontinuities. The 3D 
model covers an area of approximately 22 × 18 km and was built with a grid resolution of 200 m in both the 
horizontal and vertical planes. The model was constructed using Move Petroleum Expert software and was 
calibrated using stratigraphic markers from three exploratory wells.

The 3D geological model was validated through the comparison between the modelled surfaces and the 
stratigraphic markers derived from the seismic and well data used during the model construction phase. In 
addition, an internal consistency analysis was carried out to verify the absence of stratigraphic inversions and the 
correct representation of the faults19. Stratigraphic and fault surfaces were generated by interpolating horizons 
belonging to the same lithostratigraphic units. To improve continuity of the surfaces and resolution, a structured 
grid of 51 intersecting geological sections (1.5 km spacing, NW–SE and NE–SW oriented) was constructed, 
mutually calibrated using a central reference section and refined to reduce artefacts caused by uneven data 
coverage. The refined surfaces were then used to generate three-dimensional volumes.

Fault geometry reconstruction
The accurate geometric representation of fault surfaces is essential for understanding tectonic evolution and for 
performing reliable structural analyses, especially in geologically complex settings. In this context, 3D geometric 
modeling of faults not only enables a better understanding of deformation mechanisms but is also fundamental 
for numerical simulations, structural balancing, and seismic hazard assessments87. The strategies used to 
draw surfaces vary depending on the type of geological surface being created and the structural complexity 
involved. In some cases, surfaces can be considered cylindrical and may be generated from a polyline and an 
expansion vector88. The use of Delaunay triangulation, although effective for initial surface generation, often 
results in suboptimal mesh quality due to the uneven distribution of input data, a common issue in geological 
datasets collected under heterogeneous conditions. To improve mesh quality and the subsequent geometric 
continuity between surfaces, smoothing and resampling algorithms were applied to obtain a more homogeneous 
discretization suitable for advanced modeling. This approach was used to reconstruct fault surfaces in the 
onshore area, particularly for the Meso-Cenozoic normal fault system of Mt. Kronio.

In the offshore sector, 2D interpretation of seismic lines required a spatial interpolation process to coherently 
connect fault segments. Here too, fault surfaces were generated using the Delaunay triangulation method. All 
surfaces were then resampled using a cell resolution of 200 m.

For the physical onshore-offshore correlation of corresponding fault segments, the “Ordinary Kriging” 
triangulation method was adopted. In this regard, the use of this method allowed for a continuous and 
quantitatively controlled estimation of fault geometry, enhancing the value of available spatial data and providing 
a reliable basis for large-scale structural analyses.

Fault analysis
We mapped 20 fault segments in the three-dimensional study area, each of which was subjected to fault analysis.

The analysis of the Leakage Factor (LF) and Slip Tendency (ST) was performed to model the propensity of 
faults to reactivate and transmit fluids, using the Stress Analysis module in Move software (Midland86). The 
previously constructed 3D fault surface models were analyzed to assess, respectively, their likelihood of slip (ST) 
and fluid migration potential (LF).

Slip Tendency was calculated as the ratio of shear stress (τ) to effective normal stress (σn′), following the 
formulation of Morris et al.89, and reflects the likelihood that a fault will slip under the present stress conditions:
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	 ST = τ/σn′

Similarly, the Leakage Factor was determined according to the methodology proposed by Mattos et al.77, and is 
defined as the ratio between fluid pressure (Pf) and the difference between effective normal stress and the tensile 
strength of the fault zone (σn′ − T), based on the formulations of Midland Valley86 and Zoback90:

	 LF = Pf/(σn′ − T)

The stress parameters used in the calculations were obtained from the World Stress Map91,92. Specifically, values 
of σn′ = 60 N/m2 and τ = 5 N/m2 were considered (data from https://www.world-stress-map.org/), while fluid 
pressure (Pf) was derived from well-log data at Orione well.

The results were normalized (τ/τmax and LF/LFmax) to allow a color scaled 3D visualization of the fault 
surfaces, highlighting zones most susceptible to slip and fluid leakage.

Results
Field data
Integrated investigation of field and geophysical data suggest the Mt. Kronio tectonic unit forms a ramp-related 
anticline whose axial plane dips toward the northwest (Figs. 3b and 4a,b).

This unit exhibits an internal structure that allows it to be subdivided into two distinct elements: a northern 
sector, corresponding to the prominent relief of Mt. Kronio, and a southern sector, which lacks significant 
morphological expression but crops out near Contrada Mendolito and to the west of the Carabollace river 
(Fig. 4a,b,g).

The front of the northernmost tectonic unit is recognizable along the southern scarp that borders the 
Mt. Kronio relief. It trends NE–SW (Fig. 4c,h), dips to the northwest, and juxtaposes the light grey to white 
limestones of the Early Jurassic unit against the calcilutites and marly limestones of the Eocene deposit. The latter 
are only partially exposed, as they are overlain by marine terrace deposits (Fig. 4g).

Moving northeastward along the thrust fault trace, white marly limestones of the Lower Pliocene unit are 
observed beneath the main thrust plane. The southern portion of the unit, located downslope from Mt. Kronio, 
is bounded by a thrust fault synthetic to the first, which branches into several “splay faults” trending NE–SW and 
ENE–WSW (Figs. 3 and 4h). This geometry defines a second-order reverse fault system.

These splay faults juxtapose the calcarenites and calcirudites of the Cretaceous-Eocene unit against the 
deformed Plio-Pleistocene deposits, that in turn have been deformed (Figs. 3b and 4).

Compressional tectonic deformations have been recognizable since the Oligocene and define the main tectonic 
phase in the area. In the Mt. Kronio region, two distinct deformational events related to this contractional phase 
can be identified: an earlier one, characterized by uplift and the formation of unconformity surfaces, and a later 
one responsible for the current structural configuration of Mt. Kronio.

The earliest unconformity, obserbved in the eastern sector of Mt. Kronio, juxtaposes Jurassic limestones 
of Inici formation with upper Oligocene deposits in contact with Jurassic limestones. An outer more recent 
unconformity surface, of Messinian age, is marked by the unconformable overlying of Lower Pliocene pelagic 
deposits (Trubi formation) over an Meso-Cenozoic substrate, where Messinian evaporites are absent.

A general NE–SW alignment of the main thrust is observed (Fig. 4d,e,h), bounding the Mt. Kronio block 
and the southern block that crops-out in Contrada Mendolito (Fig. 4). These structures lasted or was reactivated 
during the Plio-Pleistocene, as evidenced by the involvement of the Gelasian clays, which crop out along the 
coastal area east of Sciacca.

The present-day structural setting of the Mt. Kronio tectonic unit is characterized by NE-SW and NW–SE 
jurassic extensional faults (Fig.  4h). These extensional faults are recognizable both west of Mt. Kronio, near 
Contrada Carrozza, and to the southeast along the old railway line.

Overall, the described structural setting depicted a tectonic system, which extends for approximately 
20 km from the proximal areas of Mt. Kronio to the immediate offshore of Sciacca, allows the reconstruction 
of a structural setting culminating in the double-verging structural high of Mt. Kronio tectonic unit, whose 
prevailing kinematics are dominated by left-lateral transpression (Fig. 4f). The activity of this structure suggests 
that the system developed during the most recent deformational phase in the area. Its orientation, together 
with instrumental seismicity93,94 and satellite geodesy data95,96, confirms that the system is compatible with the 
present-day stress field.

Seismo-stratigraphyc analysis
Seismo-stratigraphic analysis of multichannel reflection seismic data led to the identification of six seismic facies 
units, labeled from A to F (from oldest to youngest) (Fig. 5), each defined by distinct discontinuity surfaces and 
seismic patterns. The units were calibrated using reinterpreted well data from the ViDEPI project (Orion and 
Venere wells were used to calibrate the structural high and the foredeep sector respectively), with depth-to-time 
conversion based on interval velocities available in the literature. This integrated approach allowed for a detailed 
reconstruction of the stratigraphic framework in the offshore sector.

•	 Unit A is characterized by high-amplitude, low-frequency reflectors with limited lateral continuity. Its thick-
ness exceeds 1 s/TWT. Based on correlation with the Orione borehole, this unit is interpreted as correspond-
ing to the Upper Triassic unit (Sciacca Formation).

•	 Unit B shows very high-amplitude, low-frequency reflectors at the top, with good lateral continuity and a 
thickness of approximately 1  s/TWT. It has been correlated with the Orione and Venere boreholes and is 
associated with the Lower Jurassic unit.
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Fig. 4.  Panoramic view of the southern (a) and western (b) slope of Mt. Kronio. where a Meso-Cenozoic 
structures was recognized. (c) Geometry of folds and faults affecting the marly calcilutites of Cretaceous unit; 
(d) Transpressive fault along the western limb of Mt. Kronio; (e) Detail of a fault plane showing kinematic 
indicators such as slickensides and striations; (f) Kinematic indicators and sinistral transpressive structures 
observed in the lithotypes exposed along the Carabollace River. (g) geological map of Mt. Kronio area 
displaying the sites of the mesostructural measurements and related stereoplots (h), and the site from where 
the panoramic picture shown in (a) and (b) has been shot. Map realized with Inkscape Software version 1.4 (​
h​t​t​p​s​:​​/​/​i​n​k​s​​c​a​p​e​.​o​​r​g​/​r​e​l​​e​a​s​e​/​​i​n​k​s​c​a​​p​e​-​1​.​4​​.​2​/​w​i​n​​d​o​w​s​/​6​4​-​b​i​t​/​m​s​i​/​d​l​/). Dem used in the geological map is from 
TINITALY (https://tinitaly.pi.ingv.it/).
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•	 Unit C is composed of medium-amplitude, high-frequency reflectors with poor lateral continuity and, in 
some cases, a transparent seismic facies. Its maximum thickness is around 0.5 s/TWT. This unit is attributed 
to the Buccheri Formation and, at places, also to the overlying Cretaceous-Eocene unit.

•	 Unit D presents high-amplitude reflectors, moderate frequency, and good lateral continuity, with an average 
thickness ranging between 0.2 and 0.3 s/TWT. The top of this unit is marked by an unconformity surface 
which displays a regional occurrence. It is interpreted as corresponding to the Upper Oligocene limestone 
and the Langhian-Tortonian marls unit.

•	 Unit E is defined by weak-amplitude reflectors onlapping the top of Unit D with limited lateral continuity 
and a thickness of about 0.1 s/TWT. Based on correlation with the Venere borehole, it is interpreted as corre-
sponding to the Lower Pliocene unit (Trubi formation).

•	 Unit F is the thickest unit identified in the study area, with thicknesses up to 2 s/TWT. It is characterized by 
low-amplitude, high-frequency reflectors with good lateral continuity. Correlation with the Orione and Ve-
nere boreholes suggests that this unit includes deposits from the Plio-Pleistocene unit.

Seismo-stratigraphic interpretation of high-resolution seismic profiles in the offshore Sciacca area revealed the 
presence of two Plio-Quaternary seismic units, labelled from the oldest to the youngest as PQ1 to PQ2, and 
two additional unit M1 and M2. These units are bounded by prominent erosional unconformities and were 
interpreted based on seismic facies geometry, amplitude, frequency, and lateral continuity.

•	 Unit PQ1 is composed of subparallel reflectors with medium frequency, variable amplitude, and good lateral 
continuity. The reflectors are truncated at the top by a pronounced erosional surface, marking a significant 
sequence boundary.

•	 Unit PQ2 consists of alternating continuous reflectors of medium to high frequency and variable amplitude. 
Diverging reflectors within this unit suggest thickening seaward. Terminations against the overlying unit 
indicate another clear erosional surface.

•	 Unit M1 consists of chaotic facies associated with conic external geometry.
•	 Unit M2 consists of disrupted and semi-transparent to chaotic reflectors.

These units are crosscut and bounded by regionally traceable unconformities, including a major surface 
interpreted as the Last Glacial Maximum (LGM) erosional boundary (Fig. 7).

High-penetration seismic lines
Seismic data acquired along profiles C-529 and CSM-1 (Fig. 6) provide a comprehensive view of the structural 
architecture of the Sciacca offshore, revealing the presence of distinct tectonic domains and their mutual 
relationships. One of the most prominent structures imaged is the "Alto di Sciacca," a positive tectonic feature 
bounded by a set of faults. In the western sector of profile C-529, displaced reflectors associated with the Lower 
Jurassic unit are observed, with deformation extending upward to involve the overlying sedimentary succession 
up to the top of the Miocene. The structure "Alto di Sciacca" is defined by several faults that bound the uplifted 
block to the southeast and northwest, while in the central sector the faults exhibit a sub-vertical geometry. 
The measured offset across these structures reaches up to 0.3 s two-way travel time (TWT), corresponding to 
approximately 500 m assuming an average seismic velocity of 3800 m/s.

The structure extends for about 9  km within the study area. Its left-lateral transpressive kinematics is 
supported by both seismic evidence and onshore field data, where structural continuity with the offshore domain 
suggests a shared tectonic framework.

East of the Alto di Sciacca, a compressive structure forming a pop-up geometry is identified, involving 
deposits from the Lower Jurassic to the Pliocene. This structure is intersected by the Venere well (Fig. 5b), whose 
stratigraphic log enabled correlation with seismic reflectors and allowed the identification of key stratigraphic 
boundaries across the profile.

Fig. 5.  Stratigraphic succession of the Orione well-log (a) and Venere well-log (b) used to calibrate seismic 
facies units A-F in the seismic profiles. Next to the units are shown the seismic velocities values used for 
conversion from m to s (TWT) of the main stratigraphic levels. Images realized with Inkscape Software version 
1.4 (​h​t​t​p​s​:​​/​/​i​n​k​s​​c​a​p​e​.​o​​r​g​/​r​e​l​​e​a​s​e​/​​i​n​k​s​c​a​​p​e​-​1​.​4​​.​2​/​w​i​n​​d​o​w​s​/​6​4​-​b​i​t​/​m​s​i​/​d​l​/).
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Fig. 6.  Geo-seismic line drawingsof the of the C-529 (a,b) and Capo San Marco (CSM-1) (c) seismic reflection 
profile in time (TWT) (location in Fig. 2) showing the deep structural framework of the offshore and onshore 
study area. The labels whitin the cross section refer to: A = Alto di Sciacca; B = Gela Foredeep; C = Gela Nappe; 
D = Capo San Marco unit; E = Mt. Kronio unit. Images realized with Inkscape Software version 1.4 (​h​t​t​p​s​:​​/​/​i​n​k​s​​
c​a​p​e​.​o​​r​g​/​r​e​l​​e​a​s​e​/​​i​n​k​s​c​a​​p​e​-​1​.​4​​.​2​/​w​i​n​​d​o​w​s​/​6​4​-​b​i​t​/​m​s​i​/​d​l​/).
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Further to the east, profile C-529 also reveals the presence of an accretionary prism corresponding to the 
Gela Nappe, characterized by thrust-imbricated packets of strata organized in a duplex geometry. This structure 
affects both Miocene and Plio-Pleistocene deposits, with the most recent tectonic event within this system dated 
to approximately 0.8 Ma58. Between the front of the Gela Nappe and the Alto di Sciacca, a foredeep basin is 
recognized, representing the westernmost sector of the Gela Foredeep.

The continuity of compressional structures toward the inland is evidenced in profile CSM-1, which shows 
the tectonic structure of Capo San Marco and, partially, that of the Mt. Kronio unit, with the first tectonically 
overthrusting the second, both of which are detached along a basal detachment surface located at approximately 
3 s/TWT. Within the Lower Jurassic carbonate sequence, several extensional basins bounded by normal faults 
are detected. In the central portion of the profile, a thrust sequence affects the Tortonian and Messinian deposits, 
displaying a divergent geometry indicative of foreland-verging propagation of compressive structures.

The reflectors corresponding to the top of the Trubi Formation, at the base of the Calabrian, as well as those 
immediately above, appear deformed by compressional structures involving both tectonic units. The youngest 
deformed sediments are dated to the Upper Calabrian (Sicilian), suggesting the compressive structures acted 
also during the Quaternary period. The southeast-ward prolongation of the Mt. Kronio structure is disrupted 
by a backthrust that offsets its structural trend, breaking the geometric continuity in that direction. Integration 
of field observations with seismic interpretation of the top of the Lower Jurassic limestones highlights a vertical 
displacement of approximately 300 m.

High resolution seismic lines (sparker)
In the central part of the western offshore sector, the most prominent morphological feature is a submerged 
structural high that trends NNE–SSW from the Capo San Marco coastline, where several shoals rise to depths of 
just -10 m. This feature is interpreted as a tectonically uplifted structure associated with NE–SW trending faults. 
It consists of exposed carbonate bedrock, locally covered by Posidonia oceanica meadows and, at greater depths 
(down to -42 m), by platform coralligenous buildups19.

Seismic sections image the sedimentary succession beneath the seafloor down to about 100  ms TWT, 
corresponding to approximately 60–70  m depth, assuming an average acoustic velocity of 1700–1900  m/s 
through the Plio-Quaternary sediments.

This seismic line S9 (Fig. 7) is approximately 5.4 km long and displays a NW–SE orientation, located about 
1.5  km offshore from Capo San Marco (Fig.  2). The underlying unit PQ1 is characterized by sub-parallel 
reflectors generally dipping toward the southeast. In the northwestern portion of the profile, this unit is gently 
folded into a broad anticline, forming a structural high. The reflectors of the lower unit are truncated at their top 
by a prominent erosional unconformity beneath the overlying sequence (Fig. 7).

The overlying unit PQ2 is well imaged in the eastern sector of the profile and exhibits a divergent reflector 
pattern, with a consistent south eastward dip. In the western portion, the line shows a wedge-shaped geometry 
with undulating reflectors and is bounded by angular unconformities with adjacent units.

Along the entire seismic section, fluid escape features are imaged in the water column as hydroacoustic 
seepage. Their presence indicates pervasive fluid circulation within the near-surface sedimentary succession. 
Two distinct types of mounds can be identified on the seafloor. One, located in the central portion of the profile, 

Fig. 7.  Seismic interpretation of the portion of S9 high-resolution seismic profiles (location in Fig. 2). The blue 
line marks an erosional truncation surface separating units PQ1 and PQ2 (LGM). Solid black lines indicate the 
main reflectors within unit PQ1, while dashed black lines represent tectonic lineaments. In the northwestern 
portion, lenticular-shaped seabed deposits are identified, interpreted as contourite deposits formed by bottom 
current activity (moat and drift morphology).
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has an almost flat top and is approximately 280 m wide. The remaining mounds exhibit conical to biconical 
morphologies and are associated with seismic facies indicative of active fluid expulsion (M1). These features rest 
on both units PQ1 and PQ2 and generate zones of acoustic blanking. These blanking zones may be related to the 
presence of underlying faults facilitating vertical fluid migration.

3D model
The subsurface data interpretation allowed us to build a 3D geological model in the time domain, which was 
depth-converted using the velocity model shown in Fig. 5. The model includes 20 faults (Fig. 8), of which 11 are 
compressive, with an average NNE-SSW orientation and an average length ranging between 15 and 25 km, while 
9 are normal faults with main orientations of NE–SW and NW–SE.

These fault segments were grouped into three fault systems, based on their spatial position and main 
kinematics. The SFS comprises eight fault segments located in the offshore sector of Sciacca, including the main 
back-thrust of Mt. Kronio, whose onshore continuation extends southeast of Capo San Marco. The Kronio Fault 
System (KFS) includes nine exposed and buried fault segments within the Mt. Kronio area, including the faults 
cropping out in the Contrada Mendolito and Contrada Carrozza (see structural map and 3D model in Figs. 8, 
9, 10).

In the northwestern portion of the study area, as revealed by seismic reflection data, the Capo San Marco 
Fault System (CSMFS) has been identified, consisting of three fault segments (Figs. 8 and 9).

The 3D model also includes six horizons (Fig. 8) from the Upper Triassic to the Pleistocene, namely: top 
of the Upper Triassic dolomit unit (Sciacca Formation), top of Lower Jurassic limestone unit, top Cretaceous-
Eocene calcilutites unit, top of Upper Oligocene calcarenites unit, top of the Langhian-Tortonian marls unit, top 
of the Lower Pliocene marls unit.

Based on the data extracted from the 3D geological model, contour map was created for the top of the 
carbonate succession. This map was used to represent the 3D geometry of the main geological unit recognizable 
at the regional scale70 and references therein).

The Mt. Kronio—Alto di Sciacca structural high represents the dominant morphostructural feature, 
controlled by a system of reverse faults that deform all modelled surfaces up to the top of the Trubi Formation.

The contour map in Fig. 11 shows the top of Upper Oligocene calcarenites unit, which represents the upper 
boundary of a predominantly carbonate succession assigned to the Saccense Domain. This surface is affected by 
significant tectonic deformation and is shaped by the main active fault systems in the Mt. Kronio–Alto di Sciacca 
area. The geometry of surface reflects a structurally complex setting, dominated by compressional tectonics. It 
serves as a key stratigraphic marker for correlating onshore and offshore structures across the foreland fold-and-
thrust belt.

The elevation of the surface ranges from approximately 800 m above sea level in the northeastern sector, 
reaching about 200  m in correspondence with Mt. Kronio, where the formation crops out. Toward the 
southwestern offshore domain, within the Gela Nappe system, the surface deepens to more than 3000 m below 
sea level. The top is segmented into multiple tectonic blocks by the Mt. Kronio-Alto di Sciacca fault system, 
which accommodates both vertical and horizontal displacements.

Dip direction and inclination data reveal a differentiated structural pattern across the mapped area. The 
northeastern block dips southwestward (280°) with an average dip angle of approximately 7.5°, whereas the 
central high is characterized by southeastward-dipping surfaces (average dip direction 140°) with inclinations 

Fig. 8.  View of the 3D Geological model. Image generated using Move Software version 2024.1 ​(​​​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​/​​​​​)​.​​​​
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ranging from 8° to 13°. These variations in dip attitude and elevation highlight the tectonic segmentation of the 
surface and its strong structural control by transpressive faulting.

The model shows that the top of the Langhian-Tortonian and Lower Pliocene marls unit are truncated 
or absent at the structural high, while they thicken laterally (Fig. 8). This pattern suggests the presence of a 
structural high associated with the development of an anticline structure already active during that interval, as 
also confirmed by field data.

Reservoir model
The modelled reservoir (Fig.  9) defines a subsurface volume with an ellipsoidal geometry, elongated along 
a NE–SW axis, which corresponds to the orientation of fault systems reconstructed in this sector. The body 
extends approximately 24 km in length and 6 km in maximum width, with an average vertical thickness of about 
4 km. The areal extent of the reservoir’s surface projection is roughly 95 km2, while its total estimated volume 
reaches approximately 240 km3. The modelled volume specifically corresponds to the Meso-Cenozoic carbonate 
succession, ranging in age from the Upper Triassic to the Upper Oligocene. This stratigraphic range includes 
massive platform carbonates and intensely fractured pelagic facies, known to represent effective geothermal 
reservoirs in the region due to their primary porosity and secondary permeability developed along fractures 
and karstified horizons83. The upper part of the modelled body is located a few hundred meters above sea level, 
corresponding to the outcrop of the Mt. Kronio relief, while the base reaches depths of approximately 4000 m 
below sea level. The geometry suggests a relatively uniform thickening along the longitudinal axis, consistent 
with the structural controls imposed by fault system.

Fault characterization
Statistical analysis of data structural orientation—SCAT
To investigate the orientation and distribution of fault surfaces, the Statistical Curvature Analysis Technique 
(SCAT) was applied to the 20 reconstructed fault planes. The analysis was conducted using dip and azimuth 
values extracted from the modelled geological surfaces.

The results are summarized through stereographic projections, where fault orientations are represented as 
poles to planes. Thrust faults exhibit a bimodal distribution of poles, indicating two dominant families striking 
approximately NE–SW (130°–140°) and NW–SE (310°–320°), with dip angles generally ranging between 40° 
and 80°. The symmetrical arrangement of pole clusters suggests the presence of conjugate thrusts with opposite 
vergence, consistent with a compressive regime along a NE–SW structural grain.

Normal faults show two principal orientation sets, with strike directions roughly aligned along NNE–SSW 
(20°–40°) and NW–SE (300°–320°). The corresponding dip angles are predominantly steep, typically between 
50° and 85°, confirming the high-angle nature of these extensional structures. The spatial distribution of these 
poles reflects the presence of two main fault systems accommodating extensional deformation across the Mt. 
Kronio area.

Leakage factor
The analysis of the leakage factor, conducted on the 3D reconstructed fault surfaces using Move Software, 
returns a heterogeneous spatial distribution of normalized values (L/Lmax), ranging from 0 to 1. These results 
has highlighted the presence of potential connections between certain structural compartments, despite the 
presence of tectonic discontinuities that typically define their compartmentalization.

Fig. 9.  Reconstructed volumes of the geothermal reservoir: views from the SW (a) and plan view (b). Image 
generated using Move Software version 2024.1 (https://www.petex.com/pe-geology/move-suite/move/).

 

Scientific Reports |         (2026) 16:9901 14| https://doi.org/10.1038/s41598-026-39734-7

www.nature.com/scientificreports/

https://www.petex.com/pe-geology/move-suite/move/
http://www.nature.com/scientificreports


As shown in Fig. 10, lower leakage values, indicative of a low predisposition to fluid loss across the fault 
surfaces, are represented by cool colours (blue and cyan). These zones dominate the northeastern sector of the 
model, where the fault surfaces appear mechanically stable and hydraulically sealing.

In contrast, localized anomalies with higher leakage values, shown in green, yellow, and red, are concentrated 
in the central and southwestern parts of the fault network. Segments with leakage values exceeding 0.57 and 
reaching peak values near 1.00 (highlighted in magenta and fuchsia), correspond to geometrically complex 
zones, such as linkage areas. These areas, interpreted as zones of relatively higher permeability, act as preferential 
pathways for fluid migration, indicating structurally favourable sectors for the upward movement of deep fluids.

Slip tendency
Slip Tendency (TS) analysis reveals that fault surfaces with the highest potential instability (TS > 0.85) are 
predominantly concentrated in the southwestern and central sectors of the analyzed structure. These areas are 
characterized by geometric configurations that are likely favourably oriented with respect to the current stress 
field, indicating a higher propensity for slip under conditions of increased pore pressure or changes in the stress 
regime.

In contrast, the northern and eastern sectors exhibit significantly lower TS values (TS < 0.3), suggesting a 
reduced susceptibility to tectonic reactivation of discontinuity surfaces in these portions of the structure. This 
heterogeneous distribution of Slip Tendency values highlights a degree of mechanical segmentation within the 

Fig. 10.  (a) Leakage Factor model for faults in the study are considering present-day stress data from Heidbach 
et al., 2016. The colour scale shows normalised Leakage Factor L/Lmax. Leakage factors for the study area 
range from 0 to 1. (b) Normalised Slip Tendency (Ts/Tmax) model for the same faults, using the same stress 
dataset. (c) Zoom of the LF of the Mt. Kronio faults. Images generated using Move Software version 2024.1 
(https://www.petex.com/pe-geology/move-suite/move/) and Inkscape Software version 1.4 (​h​t​t​p​s​:​​/​/​i​n​k​s​​c​a​p​e​.​o​​r​
g​/​r​e​l​​e​a​s​e​/​​i​n​k​s​c​a​​p​e​-​1​.​4​​.​2​/​w​i​n​​d​o​w​s​/​6​4​-​b​i​t​/​m​s​i​/​d​l​/).
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system, which may also influence its hydraulic behaviour, particularly in terms of fluid transmissivity variability 
along fault surfaces.

As shown in Fig.  10, the highest TS values are primarily localized in the central sector, coinciding with 
structural portions that also exhibit elevated Leakage Factor values. This spatial overlap between zones of higher 

Fig. 11.  Map of the top of the carbonate succession corresponding to Oligocene rocks of Irminio formation 
obtained from 3D model. The map shows in red stars the fault segments characterized by the highest leakage 
factor, and in blue stars the locations of warm fluid emissions at Mt. Kronio. The red dashed arrows indicate 
the inferred fluid flow path from south to north, toward the area of surface discharge. The main structural 
features visible in the map include the NNE–SSW alignment of the SFS and its onshore continuation beneath 
Mt. Kronio. (a) Bouguer anomaly map (from19) showing a prominent position anomaly along the Mt. Kronio 
relief and its offshore extension. Values are expressed in mGal. (b) Statistical analysis of the orientation of 
SFS in the 3D model. Equal area projection lower hemisphere. Contours represent dip direction densities for 
mapped Sciacca faults; black line is the mean plane. Image generated using Move Software version 2024.1. (c) 
Interpreted fault segments of the Capo Granitola and Sciacca Faults (from50), shown only in the offshore sector. 
The red rectangle corresponds to the area shown in (d). Maps generated using Move Software version 2024.1. 
and Inkscape Software version 1.4 (​h​t​t​p​s​:​​​/​​/​i​n​k​s​c​a​p​​e​.​o​r​​g​/​r​e​​l​e​a​​s​e​​/​i​n​k​s​c​​a​​p​​e​-​​​1​​.​4​.​2​​/​w​i​n​​d​o​​w​s​/​6​​4​-​b​​i​t​/​m​s​i​/​d​l​/).
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mechanical instability and segments of increased permeability suggests a potential correlation between a fault’s 
reactivation propensity and its role as a conduit for fluid migration.

Fluid-related features
The analysis of high-resolution sparker seismic profiles revealed the presence of vertical seismic anomalies such 
as “gas chimneys” (sensu97) as well as horizontal acoustic anomalies and seafloor depressions associated with 
them. These features are commonly linked to fluid migration98,99.

The identified acoustic anomalies exhibit two distinct seismic signal characteristics:
The first type is characterized by chaotic seismic facies with an external mound-shaped geometry. These 

features often display signal blanking beneath the mound, typically forming a conical or biconical shape (with 
two cones joined at the base). In some cases, a “Christmas Tree” facies is observed, which reflects different 
phases of sediment expulsion. These features match the seismic signatures associated with mud volcanoes. 
Formed either in continental or submerged environments, mud volcanoes result from the periodic extrusion 
of a mixture of liquid and gaseous hydrocarbons, water, and clay-rich mud from deeper layers onto the surface. 
These structures are often accompanied by anomalies in the overlying water column, interpreted as gas seepage, 
indications of gas escaping from the seafloor.

The second type presents a blanked seismic facies that interrupts the continuity of reflectors, with the 
overlying reflectors bent upward. In the upper part of the anomaly, reflectors with high-amplitude signals 
are often observed. These are typically linked to sudden changes in the elastic properties of the sedimentary 
sequence, caused by the presence of gas. Such features are interpreted as chimneys, vertical conduits for fluid 
migration and are frequently found near faults or other structural discontinuities.

Discussion
A new, reliable, high-resolution 3D reconstruction of the Sciacca geothermal reservoir. To establish a correlation 
between the NNE–SSW-trending tectonic lineaments forming the SFS in the offshore sector50 and the 
investigated structure of Mt. Kronio on land, a wide dataset has been analyzed, including field observations, 
reflection seismic profiles, and geophysical data.

Previous studies (see Ch. 3.2) have mainly focused on the submerged segments of the SFS. Currently, focal 
mechanisms recorded in the offshore Sciacca area reveal a pure left-lateral strike-slip regime along NE–SW sub-
vertical planes100. Accordingly, GPS data95,101,102 indicate a maximum horizontal stress trending NW–SE. This 
pattern is consistent with an active left-lateral transpressional movement along the SFS. Moreover, the offshore 
portion of the SFS has been well constrained through numerical and analogue modelling approaches50,103,104. 
It has been suggested49,50 that this fault zone, together with the Capo Granitola Fault (CGF; Fig. 8), constitutes 
an active lithospheric-scale shear zone extending from the Sicily Channel Rift Zone to the southern Tyrrhenian 
margin across western Sicily. According to some interpretations, the SFS developed along a reactivated weakness 
zone associated with an ancient platform-to-basin transition within the Mesozoic palaeogeographic setting of 
the northern African margin, recently recognized in western Sicily59,60,83,105.

In spite of this, the real nature of the connection between the submerged and outcropping segments of this 
crustal tectonic feature has remained poorly constrained until now. However, field data presented in this work 
support the landward extension of this structure towards the Mt. Kronio area. Reflection and high-resolution 
seismic data indicate that the Mt. Kronio–Alto di Sciacca anticline, NE–SW oriented and deforming Upper 
Calabrian sediments, represents the northern, emerged portion of a 17  km-long fold known as the Sciacca 
Anticline North, associated with faults of the SFS1 that continues southward toward Linosa reaching a total 
length of at least 200 km49. Gravimetric data confirm the presence of a NE–SW-trending structural high and 
highlight the physical continuity of Mt. Kronio with the offshore carbonate structural high of the “Alto di Sciacca”. 
Numerous cross-cutting and abutting relationships between this system and other major tectonic elements 
in the area provide relative chronological constraints on deformation events, suggesting that these structures 
developed during the most recent active tectonic phase. Their spatial distribution, together with instrumental 
seismicity and geodetic data, confirms their compatibility with the present-day stress field.

The three-dimensional reconstruction of the onshore–offshore structure has allowed the definition of the 
main features and volumetric extent of the geothermal reservoir. The combined analysis of Leakage Factor and 
Slip Tendency reveals that the hydraulic behavior of the fault network is highly heterogeneous. Some faults, 
particularly the NW–SE master fault bounding the Mt. Kronio structure to the northwest, display consistently 
low leakage values, indicative of a sealing mechanical behavior. These sealing faults act as lateral barriers to 
fluid migration, isolating adjacent structural compartments. Within this configuration, the alternation of 
sealing zones and more permeable zones determines the development of confined flow pathways. The result 
is a structural setting comparable to a “carrier bed” system, where fluids migrate efficiently along preferential 
horizons and permeable fault zones, while being laterally bounded by sealing structures. This configuration 
provides a plausible explanation for the observed concentration of geothermal manifestations in the Mt. Kronio-
Sciacca area and supports the interpretation of a hydraulically connected, but compartmentalized, geothermal 
reservoir extending from offshore to onshore domains.

In this context, the Mt. Kronio fault system likely connects to the surface a deeper and more complex network 
of discontinuities affecting the entire hydrothermal basin. Notably, the most significant thermal springs, such as 
the ancient Terme Selinuntine, occur in proximity to or directly along these structural lineaments. The NNW–
SSE faults, attributed to this Pleistocene extensional phase, are oriented roughly orthogonal to the main NE–
SW-trending thrusts and can be interpreted as secondary structures within the same regional stress regime. This 
structural arrangement supports the coexistence of compressive and extensional deformation styles, consistent 
with the tectonic evolution model proposed for the Sicily Channel Rift Zone52.
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The area shows clear evidence of fluid upwelling, as confirmed by high-resolution seismic profiles offshore 
Capo San Marco (see Fig. 7). The structures detected on the seafloor suggest fluid migration facilitated by faulting 
or fracturing within clay-rich sediments. Similar features, interpreted as mud volcanoes, have been documented 
in adjacent zones25,26, indicating persistent fluid activity since the Early Pleistocene. Available evidence suggests 
that the offshore area is part of a wider geothermal system including the Sciacca thermal area, fed by a hot 
and saline aquifer hosted within Triassic carbonate rocks. This activity appears to be controlled by magmatic 
upwelling along active tectonic structures such as the SFS, which acts as a preferential fluid pathway1.

Assuming the presence of a fluid source located south of the study area1,16,50, a plausible migration model 
would involve a northward and upward flow direction, exploiting high-permeability fault segments. In this 
scenario, fluids would be progressively channeled into structural compartments laterally confined by low-
permeability surfaces and overlain by pelagic units of the sedimentary cover. These geological and structural 
conditions would result in a partial structural trap configuration, where the forced vertical migration of fluids 
culminates at the surface in areas where the sedimentary cover above the carbonate substrate is absent, such as 
at Mt. Kronio, where surface manifestations are observed. Offshore, fluid ascent is facilitated by the combination 
of permeable tectonic structures and discontinuities in the impermeable cover, forming a potential preferential 
pathway for the escape of hydrothermal fluids, as evidenced by the numerous morpho-bathymetric features on 
the seafloor.

Conclusion
The stratigraphic-structural analysis of the study area of southwestern Sicily and adjacent offshore has allowed 
for the reconstruction of the structural setting, tectonic evolution, current kinematics, 3D model of the onshore-
offshore Mt. Kronio-Alto di Sciacca structure, including the interpretation of potential flow paths for deep 
hydrothermal fluids ascending along tectonic lineaments.

The main conclusions of this study can be summarized as follows:

	1.	 The integrated analysis of geological, geophysical and seismic data has, for the first time, enabled the physical 
reconstruction and correlation of the onshore Mt. Kronio structure with its offshore counterpart, which has 
been extensively documented in the literature. This correlation allowed for the delineation of a coherent 
three-dimensional structural framework, highlighting the continuity of the tectonic structures across the 
emerged and submerged sectors. Importantly, reconstructing the architecture of the geothermal reservoir 
in relation to the full extent of the Meso-Cenozoic carbonate body provides a volumetric and spatial basis 
that is fundamental for future assessments of the geothermal potential of the area. This structural coherence 
strengthens the interpretation of the SGF as a single geothermal domain extending across the land–sea inter-
face, with significant implications for sustainable geothermal resource exploration and management.

	2.	 The latest deformational event appears to involve the most recent deposits, dated to the Sicilian (Late Cal-
abrian), in the Capo San Marco area and the most recent offshore depositional sequences. In the offshore 
sector, also, clear evidence of active deformation is observed on the seafloor, both immediately offshore of 
Capo San Marco. These data indicate that the structure is potentially and currently active.

	3.	 The results highlight the Sciacca Fault as an active tectonic structure, with evidence of recent deformation 
both in onshore and offshore sectors. The integration of data has allowed for a more detailed definition of 
its geometry, kinematics, and relationships with surrounding structures, suggesting a key role in the current 
deformational framework of the Sicilian chain. The presence of active faults and potentially seismogenic seg-
ments near densely populated areas underscores the need for further investigations aimed at characterizing 
the expected seismicity.

	4.	 Slip Tendency and Leakage Factor analyses suggest that the Mt. Kronio-Alto di Sciacca structure, segmented 
and bounded by the investigated tectonic discontinuities, may represent an effective direct pathway connect-
ing deep fluid sources in the Sicily Channel with surface expressions in both onshore and offshore environ-
ments. Variable stress conditions acting on the faults at depth promote the migration of fluids from deeper 
and more southern zones toward the surface and emerged areas, leading to the formation of structural com-
partments capable of channeling fluids beneath the impermeable Plio-Pleistocene cover in the offshore, and 
allowing fluid ascent where the fractured Meso-Cenozoic substrate is exposed inland.

Overall, the recognition of active tectonic and hydrothermal structures not only refines the understanding of the 
current deformation pattern in southwestern Sicily but also highlights the significant geothermal potential of the 
Mt. Kronio- Alto di Sciacca system, which represents a promising target for future exploration and sustainable 
energy development.

Data availability
The datasets generated and/or analyzed during the study are available from the corresponding author, G.F.R. 
upon reasonable request.
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