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Thesis Introduction 

The largest part of the earth surface corresponds to Low Strain Rate regions (LSRr), deforming 

at a rate less than 1 mm/yr. Such regions can be characterized by both localized and distributed 

deformation, the second of which often host tectonic structures whose recent activities are not 

characterized by a well-defined morphological signature. Such “elusive” faults frequently share the 

tectonic loading between each other, implying that:  

a) slip rate can be similar or lower than the erosion rate, and thus, active faults could have no 

clear morphological signature;  

b) active structures can be blind; 

c) an imposing structural inheritance could hide their morphological signature; 

d) active faults can become dormant for long periods, and thus, their recurrence time could 

exceed the temporal resolution of historical and instrumental catalogues;  

e) a massive quake on one fault could load other remote faults, and thus, such regions could 

experience episodic and spatially migrating quakes;  

f) moreover, further complications may arise if LSRr are located partially offshore, like coastal 

areas and, thus, not considered offshore or partially offshore. Active faults in such areas can 

lead to an underestimation of the region’s seismic hazard. 

 

Fig. 1 – A) Picture of the epicentre of the 1968, Mw 6.4 Valle del Belice earthquake whose “elusive” seismogenic source 
is still debated; B) Types of “elusive” faults from Valensise, G. & Pantosti, D., (2001). Journal of Seismology. 
https://doi.org/10.1023/A:1011463223440  

Despite the low seismic moment release recorded, geodetic and seismological evidence 

highlights that in such areas, the tectonic forcing is stronger enough to trigger significant but infrequent 

earthquakes but not enough to overprint the climatic forcing signature. This peculiar feature makes 
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these regions perfect natural laboratories to analyse how the onshore and offshore landscape evolution 

(LE) relates to climate and tectonic forcings. 

One of the most valuable approaches that overcome these issues and identify active tectonic 

structures in such areas is to study their geomorphic signal and their LE. It is well known that 

topography and landscape are the results of two main forcings: a) the climatic and, b) the tectonic 

forcing. 

Considering this, many authors in the last decades tried to understand how the tectonic and 

climatic forcings drive the LE and how we could use such information to assess the climatic change 

and seismic related hazards. These authors focused on how: 

a) climate change influenced erosion and sedimentation rates, 

b) erosion and sedimentation rates link to the LE in active tectonic areas, and 

c) erosion and sedimentation products could allow understanding of how much tectonic and 

climatic forcing drive LE. 

The climatic forcing, unlike the tectonic one, is characterized by a significantly broad 

wavelength, to the point of being almost global and it is well known that the temperatures starting from 

the beginning of the Quaternary period was characterized on average by a significant decrease and by 

the establishment of high-frequency oscillations between glacial and interglacial periods. 
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Fig. 2 – A) 5-million-year climate change, modified from Lisiecki, L. E., & Raymo, M. E.(2005). Paleoceanography. 
https://doi.org/10.1029/2004PA001071; B) Global ocean average sediment accumulation rate versus crustal age from 
Olson, P., et al. (2016). Geochemistry, Geophysics, Geosystems. https://doi.org/10/f8vk65; C) Age of the ocean crust 
from Muller, R. D., et al. (2008b), Geochem. Geophys. Geosyst. https://doi.org/10.1029/2007GC001743; D) Present-
day global ocean sediment accumulation rate, from Archer, D. E. (1996b), Global Biogeochem. Cycles. 
https://doi.org/10.1029/96GB01521. 

Such glacial and interglacial cycles have systematically changed the relative sea-level forcing 

the migration of the base level of erosion, that is, the level upstream of which there are erosive 

processes and downstream of which occur mainly sedimentary processes. 

Recent research (see Fig. 2) prove that higher sedimentation rates are recorded in 

correspondence with the youngest oceanic sediments. Such an increase in sedimentation rates testifies 

the increase in sedimentary flow and, consequently, the exasperation of both sedimentary processes 

and erosive processes in onshore areas. Considering the existing relationship between the climate and 

tectonic forcing in shaping the earth landscape, it is possible to study the climate forcing through 

approaches independent to the study of the landscape and it is also possible to measure the morphology 

of the landscape with high accuracy and precision. Consequently, it is possible to isolate the tectonic 

forcing as the only unknown variable to study it (see Fig. 3).  

 

Fig. 3 – Main landscape evolution markers, the study of which allow the understanding of the variation of the main 
forcings responsible for the nowadays shape of the landscape. Image from Scheingross, J. S., et al., (2020). Nature 
Reviews Earth & Environment. https://doi.org/10.1038/s43017-020-0096-0. 

The presented PhD thesis aims to: 

1) develop a morphometric, structural and geophysics approach combining well-known 

methodologies from different branches of geologic knowledge into an original sequence. 
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3) tune this approach for LSRr and subsequently test it in areas with low and high deformation 

rates and offshore environments (Fig. 4). 

2) study landscape evolution and the recent fault activity and test it in regions previously studied 

with standard approaches. 
 

 

Fig. 4 – Workflow followed in the here presented PhD thesis. 

The thus developed morphometric, structural, and geodetic approach is described in the case 

studies presented in the thesis chapters. In the first chapter of the thesis, a first developed 

multidisciplinary approach is described, which includes: 1) a morphometric analysis, 2) the 

reconstruction of a structural geological model of the subsoil through the reconstruction of geological 

sections and the interpretation of seismic profiles of the subsoil, 3) the analysis of a GNSS velocity 

field used as an independent variable and 4) the numerical modelling of the deformation produced by 

the reconstructed structures, carried out to validate the results obtained within an LSRr in NW-Sicily 

used as a natural laboratory for the tuning of the proposed approach. The second chapter of the thesis 

presents the application of a widely known approach to the analysis of active deformation to validate 

the results obtained in the first thesis chapter. The third chapter of the thesis illustrates the test of the 

multidisciplinary approach proposed in central Calabria (Southern Italy), a high strain rate region 

characterized by elusive active faults in which the knowledge of the seismotectonic framework has 

numerous gaps recognized in the literature. The fourth and final chapter describes the application of 

the multidisciplinary approach proposed in the submarine environment.    
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Highlights 

● A land-to-sea approach for identifying active faults in low strain rate regions 

● Active faulting evidence along the northern Sicilian continental margin 

● New relative GNSS deformation field in the study area 

● 3D active fault geometric and kinematic parametrisation  

● Landscape morphotectonic evolution model  

Abstract 

Low Strain Rate regions (LSRrs), i.e., areas undergoing tectonic deformation at rates of 1 

mm/yr or less, often host important cities and highly vulnerable anthropogenic assets, and due to their 

subdued topography and relatively infrequent seismicity, are often considered low seismic hazard 

areas. Despite this, infrequent but high-magnitude earthquakes in such regions suggest that identifying 

active structures in the LSRr is one of the primary challenges for both the scientific community and 

modern societies. In such regions, one of the main issues in identifying active faults is the lack of 

valuable outcrop data due to erosional/sedimentary rates overwhelming the fault deformation one 

causing the hidden morphological signature of the tectonic structures.  

This work proposes a multidisciplinary approach designed to detect active geological structures 

and their related deformation in such difficult areas. Our approach consists of quantitative 

morphotectonic, offshore and onshore tectonostratigraphic and GNSS joint analyses. To test this 

approach, we selected as a natural laboratory the partially offshore northern Sicilian LSRr (southern 

Italy), in the coastal sector located between the two major cities of Palermo and Termini Imerese. This 

area includes the compressional structures of the northern sector of the Apennine-Maghrebian fold and 

thrust belt, presently accommodating the slow Africa-Europe plate convergence. 

The main results we achieved are: 1) new evidence of active tectonic deformation in this region; 

2) the 3D modelling of two NNW-trending active faults; 3) the slip rate of a segment of the 

westernmost of the two detected faults; 4) a newly recorded relative GNSS velocity field; 5) a new 

morphotectonic map and morphotectonic evolution model of the study area. Our multidisciplinary 

approach allowed to shed new light on the active tectonic framework of a slowly deforming area that 

cross the coastline physical limit. 
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1. Introduction 

The activation of previously unknown seismogenic faults in unexpected locations brought the 

scientific community to pay increasing attention to the seismotectonic of Low Strain Rate regions 

(LSRrs), i. e., regions deforming at a rate equal or less to 1 mm/yr, hosting previously undetected 

seismogenic sources and for that reason considered as seismically safe (Landgraf et al., 2017; Stein, 

2007). However, significant destructive earthquakes in highly populated LSRrs, such as it is today the 

New Madrid seismic zone in the Midwestern USA, hit during the 19th century by a sequence of Mw 

7 – 8 earthquakes (Newman et al., 1999; Tuttle et al., 2019), and Gujarat in north-western India, hit by 

the Mw 7.7, 2001 Bhuj earthquake, (Hough, 2002; McCalpin and Thakkar, 2003; Wesnousky et al., 

2001), highlighted that the lack of knowledge about active faults in LSRrs does not imply the absence 

of seismic hazard and related risks (Campbell et al., 2015). 

Active faults in LSRrs are usually elusive, and their inherent blind geometry hampers their 

identification due to their low deformation rates, frequently causing a subdued morphological 

signature, overprinted by faster climatic and anthropogenic processes. In a region with complex 

tectonic histories, they may be locally masked by the morphology of the inherited structures (e.g., 

Valensise and Pantosti, 2001), which, if reactivated, may be the sources of unexpected, destructive 

earthquakes. Further complications in identifying and mapping active faults may arise in LSRrs 

extending offshore caused by the necessity of available geophysical data to make up for the lack of 

directly observable evidence. Finally, the seismological characterisation of the active faults in LSRrs 

using historical data is not possible due to their long recurrence time that easily exceeds the temporal 

completeness of historical and instrumental seismic catalogues. An approach to overcome this issue 

would be using a paleoseismological approach after identifying the target faults (King et al., 2021). 

However, even in the absence of a detectable morphological signature of the active faults, the 

deformation related to movements on the fault planes propagate beyond fault tips forcing the landscape 

evolution (Burbank, D., Anderson, 2001; Wobus et al., 2006). As a consequence, quantitative 

morphometric analyses of topographic data allow the detection of actively deforming landscapes and, 

therefore, provide information on the parameters of the underlying controlling source, such as its 

geographical, geometrical, and stereological properties (Burrato et al., 2003; Goren et al., 2015; 

Vannoli et al., 2004). 

In this work, we test a multidisciplinary land-to-sea approach to identify and parameterise 

elusive active faults developing in LSRrs. This approach differs from those relating the stratigraphic 

and structural evidence to the active fault parameters at the outcrop or seismic section scale because 
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we use fault dislocation modelling to invert the deformation evidence and derive the active fault 

parameters (De Santis et al., 2021; Meschis et al., 2020; Robertson et al., 2020; Tondi et al., 2021). 

The deformation data are collected using a multidisciplinary approach integrating morphometric, 

geological, and geophysical analyses to identify morphotectonic anomalies generated in response to 

the ongoing tectonic deformation. Geological and geophysical data are also used to detect near-surface 

secondary tectonic structures formed in response to the current strain field that can provide further 

information about the primary deformation source.  

Although its conspicuous seismic release, due to the relatively low deformation rates, large 

portions of the Italian peninsula can be considered LSRrs located along the slowly converging African 

and European plate boundaries (Devoti et al., 2017, Fig. 1). A low seismic moment release 

characterises our study area along the northern coast of Sicily (southern Italy) in a partially offshore 

portion of the Sicilian Fold and Thrust Belt (SFTB), whose active shortening is about 1 mm/yr with 

respect to the foreland reference frame (Devoti et al., 2017; Ferranti et al., 2008; Mastrolembo Ventura 

et al., 2014). Although numerous authors documented the structural architecture and the recent 

deformation of this area (Avellone et al., 2011; Billi et al., 2010; Catalano et al., 2013; Del Ben and 

Guarnieri, 2000; Gasparo Morticelli et al., 2015; Guarnieri, 2004; Gugliotta et al., 2014; Henriquet et 

al., 2020; Pepe et al., 2005; Sulli et al., 2021; Totaro et al., 2017), the parametrisation of the geological 

structures accommodating the ongoing deformation still represents an open issue. Due to such 

uncertainties and its significative potential seismic-induced vulnerability (Cappadonia et al., 2021; 

Cappadonia and Cafiso, 2019), this area can be considered a natural laboratory for characterising 

elusive active faults through the inversion of the deformation evidence detected both onshore and 

offshore. 
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2. Study area overview 

 

Fig. 1 - Seismotectonic framework of the central Mediterranean region. White circles show historical seismicity 
of M≥5.5 (Rovida et al., 2020). Green circles show the 1985-2020 INGV instrumental seismicity (ISIDe Working 
Group, 2007); circles are colour coded according to their hypocentral depth. The size of the circles is scaled to 
the magnitude of the earthquakes. Focal mechanisms, numbered as in Table S1, are from the Global CMT 
Catalogue (https://www.globalcmt.org/; Dziewonski et al., 1981; Ekström et al., 2012). The horizontal GNSS 
velocities in the Eurasian-fixed frame are shown with black arrows (Devoti et al., 2017). Main faults (red lines) 
and the subduction plane contours (colour coded according to the depth) are modified from the Structural Model 
of Italy (Bigi et al., 1992), a compilation of recent papers and the DISS database (https://diss.ingv.it/, DISS 
Working Group, 2021). Key to symbols: AH, Alban Hills; CF, Campi Flegrei; V, Vesuvius; E, Mt. Etna; CSS, 
Calabrian Subduction System; Sicily Channel Rift; SFTB, Sicilian Fold and Thrust Belt; SMO, Sicilian-
Maghrebian Orogeny. Elevation data are from the EU-DEM (http://land.copernicus.eu/), the SRTM 
(OpenTopography, 2013) and EMODnet (http://www.emodnet-bathymetry.eu).  

2.1 Tectonic overview 

The study area falls within the central-western sector of the SFTB (Fig. 1) that is the result of 

two different geodynamic processes: 1) the retreat of the subduction hinge of the Ionian oceanic 

lithosphere and 2) the post-collisional convergence between Africa and Europe (R. Catalano et al., 

2013b; Di Stefano et al., 2015; Faccenna et al., 2004; Sulli et al., 2021). A 25 km thick sequence of 1) 
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Permian-Paleogene platform-to-pelagic pre-orogenic carbonates, 2) Miocene syn-orogenic deposits 

covered by 3) Plio-quaternary carbonate and clastic deposits constitute the primary units of the SFTB 

(Catalano et al., 2002; R. Catalano et al., 2013a), which developed as a collisional system since the 

early Miocene (Catalano et al., 2013; R. Catalano et al., 2013a; Gasparo Morticelli et al., 2015; 

Gugliotta et al., 2014; Nigro and Renda, 2001; Roure et al., 1990). The shortening occurred in two 

subsequent thrusting-model-deformation phases and involved Mesozoic silico-carbonate succession 

developed on the African passive continental margin: an initial thin-skinned deformation phase was 

followed by a thick-skinned one (Catalano et al., 2013; Gasparo Morticelli et al., 2015). Two 

superimposed tectonic events developed during the thin-skinned deformation phase involving different 

structural levels (Avellone et al., 2010; Gugliotta and Gasparo Morticelli, 2012). The most surficial 

comprises a stack of thrust sheets composed mainly of deep-water units (Catalano et al., 2013b and c) 

that overthrusted a thick layer of platform carbonates since the Tortonian. Such carbonate platform 

rocks constitute the deeper structural level involved in the deformation through deep-seated thrust 

ramps, re-deforming the pre-existent structural architecture and locally re-activating Mesozoic 

extensional structures (Avellone et al., 2010; Giunta et al., 2000; Parrino et al., 2019). During this 

second event, numerous large-wavelength anticlines enucleated while syn-orogenic Tortonian 

sediments were deposited in wedge top basins (Balestra et al., 2019; Gugliotta et al., 2014; Gugliotta 

and Gasparo Morticelli, 2012). An extensional phase occurred in the inner sector of the SFTB during 

the late Pliocene to early Pleistocene (Pepe et al., 2000; Randazzo et al., 2020), causing 1) the 

formation of E-W trending sin-tectonic sedimentary basin, 2) the thinning of this crustal sector, and 3) 

a regional uplift process that affected the northern Sicilian continental margin (Di Maggio et al., 2017; 

Pepe et al., 2004). From about 0.8 Ma ago (Calabrian age), a tectonic reorganisation of the convergent 

Nubia-Eurasia margin in the central Mediterranean drove a shortening process driven by the Africa-

Eurasia lithospheric collision (Billi et al., 2007; Goes et al., 2004; Sulli et al., 2019; Sulli et al., 2021; 

Zitellini et al., 2020). 

The currently ongoing shortening of the central Mediterranean Sea, which still relates to the 

Africa-Eurasia lithospheric collision, can be depicted through the current GNSS velocity field that 

suggests a roughly NNW-SSE oriented Africa-Eurasia convergence with a velocity ranging around 1 

mm/yr (Devoti et al., 2017; Ferranti et al., 2008; Mastrolembo Ventura et al., 2014, Fig. 1). Well 

breakouts, mapped active faults and seismological data confirm the kinematic framework depicted by 

the GNSS velocity field (Heidbach et al., 2018; Mariucci and Montone, 2020). Seismic catalogues 

show that the study area is a low to moderate seismicity sector with few Mw > 5.5 earthquakes. The 

most notable ones are the Mw 5.5 1726, the Mw 5.8 1823 and the Mw 5.9 2002 events (Rovida et al., 
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2020), all of which occurred offshore in the southern portion of the Tyrrhenian Sea an area where all 

the recent events were characterised by compressional and transpressional fault plane solutions 

(Anderson and Jackson, 1987; Pondrelli et al., 2020Fig. 1). 

The Neogene compressional events formed the prominent ridges outcropping (Fig. 2; Catalano 

et al., 2013c; Del Ben and Guarnieri, 2000) and caused the clockwise rotations (Channell et al., 1990; 

Speranza et al., 2018) accountable for the current orientation of the tectonic structure outcropping in 

the study area (Avellone et al., 2010; Oldow et al., 1990) through oblique thrusting and block rotation 

processes (Giunta et al., 2004; Guarnieri, 2004; Nigro and Renda, 2002). These ridges are surrounded 

by Neogene wedge-top sedimentary deposits that represent the youngest outcrop evidence of 

deformation available in the area (Gugliotta, et al., 2014; Nigro and Renda, 2001); hence, the only 

available geological information describing the ongoing tectonic activity are coastal erosional features 

providing information about a slow regional uplift (Fig. 3, Ferranti et al., 2006). 

The first order geological structures outcropping in the study area are those bordering the 

carbonate reliefs of the Panormide, Trapanese and Imerese units (PaU, TrU, IUa and IUb, see 

acronyms in Fig. 2) and are mainly NNE-SSW, W-E and NNW-SSE oriented. Such structures 

superimpose the older carbonate units upon the younger clayey deposits. 

The central-western portion of this area hosts mainly high-angle, NNE-SSW trending, reverse 

faults locally characterised by a left-lateral component of motion and deforming the carbonates of PaU. 

The EW-oriented structures in the southwestern portion of the study area consist of high-angle reverse 

faults locally characterised by a right-lateral component of motion. Conversely, the structures located 

in the south-eastern portion are primarily W-E and WNW-ESE -trending syncline structures bending 

deposits of the Trb and Ar-Gy (see acronyms in Fig. 2). NNW-SSE -oriented structures are located 

mainly in the central-eastern portion of the area (Fig. 2) and consist of high angle reverse faults, with 

a minor lateral component of motion, and anticlines. Anticline hinge zones outcrop both in the 

carbonate ridge (IUa and IUb) and the clayey hills (NF, see acronyms in Fig. 2). The trend of such 

structures changes from NNW-SSE to NW-SE moving toward the south. 
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Fig. 2 - A) Simplified geology of the study area (modified from Catalano et al., 2013a, and reference therein). 
Black and red stars indicate the maximum elevation reached by Trubi Fm. outcrops. White traces indicate the 
whole offshore marine geophysical dataset. One of the geological sections is shown in Figure 11c; all the others 
are in the Supplementary material. 
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Fig. 3 –Black squares indicate the GNSS location of the UniPa CORS network. Coloured circles indicate the 
uplift values along the Sicilian coastline from Ferranti et al. (2006). 

2.2 Geomorphic overview 

The geomorphological evolution of Sicily results from the interaction between uplift, acting to 

elevate the relief, and river incision/denudation processes, tending to remove the younger upper clastic 

deposits and exhume the older underlying rocks. A staircase of marine terraces, river terraces and low 

relief surfaces, and a network of V-shaped valleys and canyons are the result of this interaction. Crustal 

shortening, thickening and consequent isostatic compensation are the causes of the continuous uplift 

of Sicily, whose subaerial evolution began between the late Pliocene (post-Trb Fm. deposition, see 

Fig. 2) and the beginning of the early Pleistocene (Di Maggio et al., 2017). Its geomorphological and 

topographic settings are characterised by landforms and physical landscapes progressively older from 

south to north (Hugonie, 1981; Di Maggio et al., 2017).  

The study area is part of the central northern and northern zones of Sicily. The central northern 

zone shows a mountain landscape characterised by prominent landforms due to river downcutting, 

differential erosion, planation processes (Agnesi et al., 2000; Di Maggio, 2000), karst phenomena (Di 

Maggio et al., 2014, 2012) and coastal processes (e.g., Mauz et al., 1997). On a smaller scale, the 

mountain ranges broadly coincide with structural highs of the Mesozoic carbonate units, while the 

deep and large river valleys coincide with structural lows of the easily erodible Cenozoic deposits 

(Catalano et al., 2010a, 2010b). The northern coastal zone shows a landscape marked by significant 

and discontinuous topographic depressions consisting of a flat bottom (coastal plain) opened to the sea 
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and bounded to the inland by wide tectonically controlled coastal cliffs hundreds of meters tall. 

Middle-Upper Pleistocene marine terraces along the coastal plains are carved in the Calabrian (1.8 Ma 

to 0.78 Ma) coastal to neritic deposits and develop from sea level up to about 100-300 m a.s.l. (e.g., 

Catalano et al., 2010a, 2010c; Di Maggio, 2000). According to Hugonie (1981) and Di Maggio et al. 

(2017), the genesis of the cliffs can be traced back to an extensional 1.5–0.8 Ma old tectonic phase that 

triggered normal faulting as the peripheral consequence of the back-arc extension of the Tyrrhenian 

Sea. These faults resulted in the dismantling and collapse of the northern margin of the Sicilian 

Mountain belt under the Tyrrhenian Sea, allowing the deposition of the Calabrian deposits and the 

drowned faulted blocks. Since the Middle Pleistocene, these blocks gradually emerged, producing the 

present-day successions of marine terraces due to the interplay between coastal processes, uplift, and 

glacio-eustatic oscillations. 

3. Materials and methods  

This study is based on the integration of different geophysical, geomorphological, and 

geological analyses performed on the following datasets: (a) Global Navigation Satellite System 

(GNSS) data; (b) LIDAR Composite Digital Terrain Model (DTM), (c) single-channel, high-resolution 

(HR) seismic reflection data, (d) geomorphological, stratigraphic, and structural data from field survey 

and official maps. In addition, fault dislocation modelling was used to predict the tectonic-related 

deformation in the area between Palermo and Termini Imerese and its offshore prolongation. 

3.1 Morphotectonics and morphometry  

We performed field surveys, morphotectonic interpretation on Google Earth satellite imagery 

and morphometric analyses to recognise landforms directly produced or indirectly controlled by 

tectonics. Morphometric analysis was performed using a 2 m resolution DTM derived from a LIDAR 

acquired by the Regione Siciliana over the whole Sicilian territory (Regione Siciliana, 2010).  

After a hydrological correction of the DTM through filling and carving algorithms 

(Schwanghart and Scherler, 2014), we extracted the drainage network, trunk streams, and river 

catchment areas using the D8 algorithm (O’Callaghan and Mark, 1984) and a threshold area of 20000 

m2 for the minimum channelled outflow. 

To quantify the magnitude of the trunk stream lateral shift, we computed the transverse 

topographic symmetry factor (T-index) for each extracted drainage basin using an in-house developed 

semi-automated geospatial model following the workflow proposed by Cox, (1994). The T-index 

metric was computed using the following equation: 
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 𝑇 = 	
𝐷𝑎
𝐷𝑑 (1) 

where Da is the distance between the river trunk stream and the basin midline, and Dd is the 

distance between the midline and the catchment drainage divide. Shift magnitude values vary from 0 

and 1, with higher values indicating river asymmetry. 

To assess the degree of iso-orientation of the obtained shift-direction, we computed the 

dispersion constant K (Fisher k values, Allmendinger et al., 2011; Fisher, 1953) for each river 

catchment as follows: 

 𝐾 =	
𝑁 − 1
𝑁 − 𝑅 (2) 

where N is the number of poles, and R is the mean resultant vector’s length. 

We analysed the topography and the relief distribution by extracting swath profiles and 

calculating nested hypsometric integrals of drainage basins. A swath profile crossing the Eleuterio and 

Milicia trunk streams, roughly parallel to the coastline and perpendicular to the regional topographic 

gradient, was used to investigate the geometry of both rivers at roughly the same distance from their 

base level (i.e., sea level). To analyse the possible tectonic deformation in the area, a second swath 

profile was computed across the peninsula dividing the gulf of Palermo and Termini Imerese. Swath 

boxes have a width of 1.5 km, a length of 12 km, and an area of ~18 km2 and their sampling frequency 

was set equal to the geometric resolution of the DTM. 

The hypsographic curves were obtained by classifying values of elevation and area into 200 

bins, normalising elevations by the maximum value of their distributions, and plotting the cumulative 

distribution of elevation and area against each other. The hypsometric integrals were calculated using 

the trapezoidal rule, and summing the results as follows: 

 , 𝐻! ≈	/
(𝐻"#∆" − 𝐻")

2

%&&

"'&

(

&
 (3) 

where Δk is the bin width (0.5) and Hb is the hypsometric integral of drainage basins. 

Furthermore, we computed two other nested hypsographic curves and hypsometric integrals using the 

same equation but relative to elevation values of the drainage network and the trunk stream labelled 

Hn and Hr, respectively (sensu Demoulin, 2011). 

Two metrics labelled Ib and Ir, describing the morphological response of rivers and drainage 

basins after a perturbation on their base level, were used to compare the morphological evolution of 

trunk streams, drainage networks, and drainage basins. The following equations proposed by 

Demoulin, (2012) were used to calculate the metrics: 
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 𝐼! =	,𝐻! − 𝐻) (4) 

and 

 𝐼* =	,𝐻) − 𝐻* (5) 

Where Ib describes how much the river network has incised the catchment, while Ir describes 

how far erosion has affected the drainage network. 

We explored the dynamic state and the drainage-divide stability of the studied river basins 

analysing their current geometry through the computation of the χ-metric and the Divide Asymmetry 

Index (Scherler and Schwanghart, 2020; Willett et al., 2014). The χ-analysis is an integral approach 

for solving the stream power law in bedrock rivers (see Perron and Royden, 2013 for further details). 

The detection of different χ values in a planform view of the river network allows the analysis of the 

geometric equilibrium across all water divides and their stream piracy tendency. We computed the χ-

metrics as follows: 

 χ = 	, 5
𝐴&
𝐴(𝑥)8

+
)
𝑑𝑥

,

,!
 (6) 

where x and xb are the upstream distance at a generic point along with the river profile and at 

the base level, respectively, and A(x) and A0 are the drainages at a generic point along with the river 

profile and an arbitrary drainage area (which was set as equal to 1, so that slope into χ plot become 

coincident to the river concavity θ). 

Similarly, we used the DAI metric to quantify the relief asymmetry across stem drainage 

divides. Such metric was computed through the eq. proposed by Scherler and Schwanghart, (2020) as 

follows: 

 𝐷𝐴𝐼 = 	 9
∆𝐻𝑅
∑𝐻𝑅9 (7) 

where ΔHR represents the hillslope relief defined as the elevation difference between two 

points located on the drainage divide and the river, and ∑HR is the sum of the cross-divide differences 

in hillslope relief. Moreover, we computed the direction of divide migration tendency as perpendicular 

to the drainage divide and pointing toward the valley characterised by lower relief values. Finally, we 

analysed the possible relation between DAI and the bedding dip direction. We selected all DAI values 

within a 500 meters search radius starting from DIP locations and plotted both values into a 16-

direction class confusion matrix. 
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3.2 GNSS  

GNSS data were acquired through the Continuously Operating Reference Stations (CORS) 

located in western Sicily (UNIPA GNSS CORS, see Dardanelli et al., 2020). This network is included 

in the Topcon Netgeo GNSS network (http://www.netgeo.it/) and the Rete Dinamica Nazionale 2 

(RDN2) which provides the WGS84 datum for Italy in the European Permanent Network since 2013. 

CORS network consists of eight permanent stations located in Palermo, Termini Imerese, Agrigento, 

Caltanissetta, Campobello, Partinico, Prizzi and Trapani, equipped with a GNSS Topcon NET-G3 

receiver (Fig. 2b).  

The horizontal velocities related to the Noto station from CORS stations of Palermo, Termini 

Imerese, Partinico and Prizzi (PALE, TERM, PART and PRIZ) were recorded, from 2009 to 2011, in 

RINEX format with a time range of 30 s and a cut-off angle of 10°. Additional parameters include the 

Earth’s rotation, the sun and moon relative ephemerides, the precise ephemerides (sp3 format) and the 

antenna phase centre position retrieved from the International GNSS Service. 

Data processing includes ionospheric error correction using the model proposed by Klobuchar 

(1996) and tropospheric correction through the Saastamoinen and Niell mapping functions (Niell, 

1996; Saastamoinen, 1972). Ocean tidal parameters constraining the values to those of the ocean tide 

model of Schwiderski, (1980) were also calculated. After that, a single baseline with lengths of 202.76, 

213.60, 172.65 and 171.60 km was used to connect the UNIPA GNSS CORS network and the IGS 

CORS of Noto. At the same time, we estimated the CORS velocities (TERM, PART, PRIZ) stations 

with respect to the PALE station using a single baseline with lengths of 31.20, 22.14 and 42.54 km. 

Finally, the zenith troposphere estimation (affecting the baseline coordinates) was performed to 

process the baselines. 

We applied double-differenced observation data combining the wide-lane and ionospheric-free 

frequencies according to the multi-frequency strategy for a baseline larger than 10 km. The Least-

Squares Ambiguity Decorrelation Adjustment (LAMBDA) method was followed to fix the phase 

ambiguity (Teunissen et al., 1997). The solutions by the Wide-lane observation were determined to 

estimate the Wide-lane ambiguity and the ionospheric-free observations for estimating the remaining 

Narrow-lane uncertainty. The CORS coordinates were computed in the International GNSS Service 

epoch 2008.0 reference frame and in the European Terrestrial Reference Frame of epoch 2008.0 

(ETRF2000), using the Altamimi and Boucher equations (Boucher and Altamimi, 2011).  

We removed outliers and known discontinuities from the recorded time series and plotted the 

evolution of the scattered behaviour within the range ± 3σ (Barbarella et al., 2018; Gandolfi et al., 

2016). The behaviour of the CORS coordinates can be considered linear (sensu Gülal et al., 2013) and 
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its time series stationary. We computed the UNIPA GNSS CORS’s horizontal velocities using an in-

house produced MATLAB script using the non-linear least square algorithm (Roggero, 2015), such 

analyses were performed in the Frequency Analysis Mapping On Unusual Sampling software 

(Mignard, 2003). 

3.3 Marine geophysics 

The dataset consists of 500 km of high-resolution, reflection seismic profiles acquired in June 

2004 and May 2017 (Fig. 2), using a 1 kJ Geo-Source Sparker with a multi-tip Sparker array and a 

single-channel streamer with an active section of a 2.8 m acoustic source for seismic prospecting. The 

shooting interval was 750 ms with a 500 ms record length and 0.1 ms sampling interval. 

Data processing included true amplitude recovery using a T2 spherical divergence correction, 

band-pass (200–2000 Hz) “finite impulse response” filter using a filter length of 256 samples, swell-

filter, deconvolution, multiple attenuations, trace mixing of three traces for enhancing horizontal 

signal, time-variant gain to boost amplitudes of deeper arrivals and mutes (for the signal noise on the 

water column). The signal penetration exceeded 250 ms two-way time (t.w.t.), and the vertical 

resolution was up to 0.5 m in the near sub-seafloor. 

We based the reconstruction of the depositional architecture on seismo- and sequence-

stratigraphic analysis, coupled with spatial correlations between sedimentary units and tectonic 

structures inferred from seismic and outcropping data. The sediment thickness and apparent dip of 

faults were derived from the t.w.t. (ms) to depth (m) conversion using velocities of 1515 m/s, 1650 

m/s and 1800 m/s for the water column, post- and pre-Last Glacial Maximum (LGM) deposits, 

respectively. We derived these values from sound velocity profiles and sonic log data acquired in 

coeval deposits and similar offshore settings (Ferranti et al., 2019). 

We analysed the sedimentary sequences deposited along the fold flanks to discriminate 

between the periods of activity of the detected folds and used the axial surface orientations to 

discriminate growth deposits along the fold flanks (Laubach et al., 1999). Finally, we modelled the 

basal surface of the post-LGM deposits, sampling their bottom depth into the whole seismic datasets 

through an inverse weight distance approach. 

3.4 Subsurface geological model 

DIP data, faults traces, lithological thickness and contacts were derived from CARG sheets n. 

595 “Palermo” (Catalano et al., 2013b), n. 607 “Corleone” (Catalano et al., 2010b), n. 608 “Caccamo” 

(Catalano et al., 2010a) and n. 609-596 “Termini Imerese-Capo Plaia” (Catalano et al., 2011) of the 
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Geological Map of Italy at the 1:50,000 scale 

(https://www.isprambiente.gov.it/Media/carg/sicilia.html).  

The geological model was built by reinterpreting three geological cross-sections (from the 

CARG database) and creating two unpublished geological cross-sections. We reconstructed the 

geometry of the strata using bed DIP data through a π-diagram (Ramsay and Huber, 1987) and the 

Kink method (Suppe, 1983). Fault geometry was first derived from the obtained strata geometry using 

the constant heave method (White et al., 1986) and subsequently edited through the iterative approach 

proposed by Santoro et al. (2013, see the paper for further details). 

We assumed that a) the mechanical stratigraphy (sensu Laubach et al., 2009) of the carbonate 

layers is the same all over the study area, and b) all the layers were affected by the same loading 

history. Finally, we computed the pre deformation length of all the cross-section layers, but we 

assumed that only the volume of the carbonate units was maintained constant during the deformation. 

To identify which onshore recognised geologic structures could best connect with the structures 

detected through the marine seismic profiles, we looked for comparable geographic, geometric, and 

stereological characteristics and spatial correlations. 

3.5 Fault dislocation modelling 

The dislocation modelling technique was used following the iterative approach proposed by 

Santoro et al. (2013, see the paper for details) to predict the best-fit fault geometry and the distribution 

of expected vertical surficial deformation related to the modelled faults activity. To evaluate the 

reliability of the proposed model, we compared the deformation observed in the model with the 

elevation values derived from the DTM, the spatial distribution of the detected morphotectonic 

anomalies and the folded stratigraphic markers.  

Assuming the subsurface as a homogeneous isotropic elastic half-space with the upper limit 

affected by no shear stress (Okada, 1985), we used Hooke’s law to calculate the main stress 

components related deformation following the procedure proposed by Meade (2007). Furthermore, we 

assumed a unitary slip on the modelled faults and determined their slip direction compatible with the 

maximum horizontal stress derived from the GNSS velocity field.  

Plotting the vertical component of the computed total displacement, we identified the zero-

crossing contour line as the line connecting all the points of zero vertical deformation through the 

analysis of which we extracted the wavelength of the calculated deformation that we compared with 

the folded stratigraphic markers and the low pass filtered topography. The low pass topography filter 

threshold was set equal to the deformation wavelength. The degree of fitting between the expected 
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vertical deformations, the filtered topography and the morphometric anomalies was quantified in map 

view and in cross-section computing the absolute value of the difference between the deformation 

gradient and the river horizontal shifting direction. 

4. Results 

4.1 Morphotectonics and morphometry 

4.1.1 Morphotectonics of the study area 
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Fig. 4 – Morphotectonic map of the study area. Reddish contour lines represent the local depth of the 
unconformity at the bottom of the last depositional sequence. Dashed square in the Palermo gulf offshore 
highlights an abrupt slope change in the unconformity surface. 

Geomorphological surveys highlighted coastal, fluvial, hillslope and karst landforms often 

controlled by differential erosion and tectonics. A staircase of undated uplifted marine terraces, hosted 

in extensive polycyclic coastal platforms up to 150-180 m a.s.l., testifies for the long-term uplift in the 

coastal area (Catalano et al., 2010a; Ferranti et al., 2006). These coastal platforms are bordered by 

large abandoned coastal cliffs hundreds of meters tall (Fig. 4); geological (tectonic units lowered for 

hundreds of meters along the coastal plains – Catalano et al., 2007) and topographical analysis (their 

significant vertical development and the meaningful fitting between their directions and fault systems 

orientation, Di Maggio et al., 2017) suggest structural control as coastal cliffs derived from marine 

erosion of fault scarps. The marine terraces are carved in the Lower Pleistocene deposits of the cM 

unit or the Meso-Cenozoic rocks of the older units, suggesting that they formed during mid-late 

Pleistocene marine highstand stages (Di Maggio et al., 2017 and references therein). Unfortunately, 

no more detailed age constraints are available in the literature. 

A set of deep river valleys separated by ridges, frequently marked by a rounded top, 

characterise the hilly inland areas where mainly clayey rocks of the NF unit crop out. Generally, both 

tributaries and trunk stream segments near the catchment head run into V-shaped valleys produced by 

vertical incisions. The lowest sections of the trunk streams, characterised by a more significant 

discharge, show a narrow alluvial plain mainly affected by lateral bevelling and, to a lesser extent, by 

deposition, which gives rise to flat-bottomed valleys cutting the coastal terrace surfaces. Several 

coalescing coastal plains associated to the last Holocene sea level rise, formed at the river mouths. A 

larger width, up to 500 m, characterises the alluvial plains of the Eleuterio and San Leonardo rivers 

cut into the NF soft rocks. On the contrary, the rivers crossing the more resistant Marsala calcarenite 

rocks (cM in Fig. 2) form narrower alluvial plains (e.g., the downstream reaches of the Oreto, 

Eleuterio, and Milicia rivers, Figs. 4 and 5). Fluvio-karst canyons coincide with the harder rocks of 

the IUa and IUb (Eleuterio River near Marineo and San Leonardo River, Figs. 4 and 5). 
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4.1.2 Morphometric indexes 

 

Fig. 5 – Outcomes from the morphometric analyses. Colour coded arrows represents the T-index vectors, and 
the size of the arrows is proportional to the T-index magnitude. The transparent dark blue boxes represent the 
swath profile bounding boxes and the yellow lines inside them represent the swath baselines. The thick black 
lines represent the catchments while, black dashed line represents the basins midline, and the blue thick line 
represents the rivers trunk stream. 
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Fig. 6 - Outcomes from morphometric analyses, a – d) Stereographic plots related to the T-index arrows showed 
in Fig. 5, e – f) Swath profiles related to the swath profile bounds represented in Fig. 5g – j) Nested hypsographic 
curves related to the drainage basins plotted in Fig. 5. 

To characterise ground tilting related to active faulting, we computed 667 basin-asymmetry 

vectors among all the extracted river catchments (Fig. 5 and Fig. 6a - d, Tab. 1). The Oreto river 

asymmetry vectors are characterised by the highest K and lowest T-index values, while the vectors 

computed for the Milicia River are defined by a high K value and the highest T-index values (Tab. 1). 

The K value of the San Leonardo River asymmetry vectors is the lowest among all the computed ones 

indicating their random orientation. 

 T - Index Nested Hypsometry 
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Basin # K Min Max Mean Dev st Hb Hn Hr Ib Ir 
Oreto 110 3.4 0.00013 0.31389 0.09800 0.08131 0.643 0.525 0.205 0.118 0.320 

Eleuterio 190 3 0.00046 0.87267 0.35741 0.20552 0.677 0.429 0.188 0.248 0.242 
Milicia 99 3.3 0.00079 0.91642 0.52723 0.27914 0.636 0.487 0.203 0.150 0.283 

S. Leonardo 276 1.2 0.00140 0.68408 0.15894 0.12255 0.639 0.543 0.204 0.096 0.339 
 

Tab. 1 - T-index and Nested Hypsometry computation for each analysed river basin (see Fig. 5 and 6). 

Swath profile in Fig. 6e shows an asymmetrical distribution of the remnant of river terraces 

and erosional glacis outcropping mainly along the eastern side of the N-S valley of the Milicia trunk 

stream, while the opposite flank is characterised by high slope values as high as 40° (higher than the 

friction angle of the NF rocks). The swath profile also highlights that the trunk stream of the Milicia 

river flows at slightly higher altitudes than the second-order stem of the same river (Fig. 6). Moreover, 

it shows that Cozzo Mangiatorello hill reaches higher altitudes than the drainage divides, separating 

the Milicia catchment from the Eleuterio catchment. An asymmetric sigmoid shape characterises all 

the computed hypsographic curves (Fig. 6g - j). Almost all the trunk stream curves show a positive 

concavity, excluding the Milicia River, which approaches linearity. Significant knickpoints 

characterise the trunk stream profiles of both the Eleuterio and San Leonardo rivers (Fig. 6h and j), 

whereas the Milicia trunk stream longitudinal profile highlights the presence of smaller knickpoints 

and knickzones (Fig. 6i). The computed hypsometric integral values (Hb, Tab. 1) are quite similar, and 

suggest a landscape in its youthful stage.  
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Fig. 7 – a) χ space representation of the drainage network extracted in the study area, b) Drainage divide network 
coloured by DAI values, in black the bed dipping direction. In both figures, white arrows indicate the direction of the 
drainage divide migration tendency c) confusion matrix of the DIP direction Vs the DAI directions, both classified into 
16 classes of orientation. Each class covers an angle of 22.5 degrees. 

The χ-space representation (Fig. 7a) shows that starting from the San Leonardo catchment and 

moving from East to West, the river stems play the role of the aggressor (sensu Whipple et al., 2017) 

when lying on the eastern side of the divide. DAI computation revealed three main areas of anomalous 

across divide hillslope relief values; such areas are the western flank of Cozzo Mangiatorello, the west 

side of Monte Cane ridge and the peninsula dividing the two gulfs (Fig. 7b). In these areas, the 

anomalous drainage divide lies upon uniform lithologies, and the direction of the divide mobility 

(white arrows in Fig. 7b) is not influenced by the bedding dip directions. The confusion matrix Fig. 7c 

shows how the cluster of DAI data between classes 11 - 13 spans almost the entire DIP values 

suggesting an iso-orientation of the DAI data not correlated or anticorrelated to the DIP and STRIKE 

values (Congalton, 1991). 
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4.2 GNSS velocity field  

 

Fig. 8 – a) GNSS velocity field, b) GNSS relative velocity field. 

We summarised the CORS station's velocity values averaged for the 2009-2011 period in Tab. 

2. The average direction of the CORS velocity vectors is N 128 E (NNW - SSE) and the lowest values 

were obtained for the station TERM while we obtained the highest velocity values for the PAUN 

station (Tab. 2, Fig. 8a).  

CORS Easting 
(Lon) 

Northing 
(Lat) 

Elevation 
(m asl) 

Vel_2009 
(mm/yr) 

Vel_2010 
(mm/yr) 

Vel_2011 
(mm/yr) 

Average 
(mm/yr) 

Avg_dir 
 (N deg E) 

Sigma_
E 

(mm/yr) 

Sigma_N 
(mm/yr) 

PAUN 355202.001 4218813.312 113.562 4.157 2.792 7.162 4.74 115 1.51 1.48 
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PART 334129.939 4211985.772 247.505 3.033 1.998 4.371 3.13 119 0.88 0.89 

PRIZ 362237.034 4175785.685 961.896 3.097 2.716 4.17 3.33 141 0.95 1.13 

TERM 386025.285 4204751.839 55.289 2.474 1.781 2.226 2.16 136 0.79 0.86 
 

Tab. 2 Horizontal velocities of the UNIPA GNSS CORS computed in the Noto reference frame. Coordinates are in 
UTM WGS 84 33N reference system (see fig 2). 

The differential velocities of the TERM, PART and PRIZ stations are estimated concerning the 

PAUN station are minimal but still reliable. Indeed, due to the very short baselines, it was possible to 

obtain a calculated error of an order of magnitude smaller than the estimated velocities; we summarised 

such values in Tab. 3 and Fig.8b. Such computed GNSS CORS data and their differentials suggest an 

active shortening occurring between the PAUN station and the TERM station that move towards each 

other with a relative velocity of 0.4 mm/yr. 

CORS Easting 
(Lon) 

Northing 
(Lat) 

Elevation 
(m asl) 

Average 
(mm/yr) 

Differential 
(mm) Sigma_D D_dir 

(N deg E) 
PAUN 355202.001 4218813.312 113.562 4.74 -- -- -- 

PART 334129.939 4211985.772 247.505 3.13 0.4 0,06 270 

PRIZ 362237.034 4175785.685 961.896 3.33 0.5 0,08 306 

TERM 386025.285 4204751.839 55.289 2.16 0.4 0,05 319 
 

Tab. 3 Differential displacements velocities computed in the Noto reference frame. Those velocities refer to the PART, 
PRIZ and TERM stations relative to the PAUN station. Coordinates are in UTM WGS 84 33N reference system (see 
Fig. 5). 
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4.3 Marine geophysical lines 
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Fig. 9 – a) Locations of the seismic profile shown, black dots indicate borehole locations from Incarbona et al. 
2016, b) Seismic stratigraphic units (U3, U2 and U1) and their boundaries (ER2 and ER1) recognised on seismic 
profiles, c - g) Depth‐converted seismic Lines 1-5, and their interpretations. TR1 and An indicate anticlines; 
HB1 indicates a structural high. L1-5 are the intersections with seismic lines. Abbreviations: CS, cold seep; ES, 
erosional surface at the top of the structural high HB1; FA, fluid ascent; GS, growth strata; sbm, seabed multiple, 
h) Part of the depth-converted seismic Line 6 that shows seafloor undulations, i) Zoom of the seismic Line 2 
displaying a normal fault that affects upper Quaternary deposits, i) evidence of fault activity younger of 20 ky, 
l) transpressive faults in the northern offshore the Bagheria area sealed by the U2 deposits. 

4.3.1 Seismic stratigraphy 

Three seismic stratigraphic units labelled from younger to older as U1, U2 and U3 were 

recognised basing on their bounding discontinuities, strata architecture and seismic characteristics 

(e.g., amplitude, lateral continuity, external shape, and frequency of internal reflectors, Fig. 9b). These 

units were partly calibrated by the outcropping Quaternary sedimentary succession or cores drilled on 

land close to the study area (Incarbona et al., 2016, drill location in Fig. 9a). 

Unit U1 exhibits well-defined, slightly seaward dipping, low- to medium amplitude and 

laterally continuous reflections with parallel geometry. The upper and lower boundaries of this unit 

are the seafloor and the basal surface of the last transgression (ER1), respectively (Lo Iacono et al., 

2011). The ER1 corresponds to a regional unconformity (sensu Pepe et al. 2003 and reference therein), 

extending along the whole shelf area, carved during the LGM at ~18–23 kyr when the sea level was 

~120–130 m the present one (Lambeck et al., 2011). The geometry of such a surface is characterised 

by anomalous slope break, in the Palermo Gulf (Fig. 4). Considering the age of such surface, we relate 

the unit U1 with the Upper Pleistocene-Holocene deposits formed during the transgressive and high-

stand stages of the last sea level rise. The thickness of unit U1 varies from ~ 30 m to less than 2 meters 

in the internal and distal sectors of the shelf, respectively and reaches the maximum value of ~40 m in 

the Capo Zafferano offshore (Fig. 9b and c).  

A succession of well-stratified, laterally continuous, high-frequency, medium- to high-

amplitude reflections represents the unit U2 (Fig. 9b). Unit U2 exhibits oblique-tangential to parallel 

reflectors, moving towards the distal part of the shoreline (Fig. 9d and e). We identified the base of 

this unit with an erosional surface (ER2 in Fig. 9b) that formed in correspondence with structural highs 

(HB1 in Fig. 9d, blue line in Fig. 9f). Because of the stratigraphic position and seismic signature, we 

correlate unit U2 with the marine Quaternary deposits overlaying the NF unit drilled in the historical 

centre of Palermo (Incarbona et al., 2016). Based on their internal geometry we subdivided unit U2 in 

the Palermo Gulf into two subunits named U2a and U2b. Subunit U2a is characterised by divergent 
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geometry (Fig. 9f), whereas subunit U2b shows parallel (the distal portion) to oblique-tangential 

reflectors in the proximal part (Fig. 9f). 

Unit U3 is characterised by a reflection-free seismic signature (Fig. 9f) and limited upwards by 

an erosional truncation (ER2 in Fig. 9b, d, and f). Based on the stratigraphic position, seismic signature 

and calibration with well-logs (Incarbona et al., 2016), we correlate Unit U3 with the clayey pelites 

and siltstones of the NF unit. Seismic feature CS displays a mound-shaped feature characterised by 

transparent to chaotic reflectors and anomalous seismic amplitude (Fig. 9f). 

4.3.2 Structural patterns 

 

Fig. 10 – Land to sea structural chart of the study area. 
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We interpreted the Late Quaternary tectonic history of the offshore study area through the 

analysis of the geometry of the syntectonic strata and the dip of fold axial surfaces. 

The U2a subunit shows a thickness variation compatible with a NNW-SSE striking fold west 

of Capo Zafferano that is spatially correlated with the slope break of the unconformity that we 

interpreted to be folded, proving the recent activity of this fold (Figs. 4, 9f and 10). The U2 subunit 

thickness range from ~100 m and reduces to a ~35 m in the fold hinge zone displaying a growth strata 

geometry (GS in Fig. 9f). The fold hinge orientation is N170E, and its axial surface inferred from the 

growth strata geometry dips toward the crest of the anticline (lower part of the blue line in Fig. 9f), 

indicating the syn-tectonic nature of the U2a deposits. West and east-dipping high-angle normal faults 

affect the flanks of the anticline with displacements up to a few meters (Fig. 9f). Unit U2b overlays 

the anticline with a variable thickness, and the axial surface within it slightly dips towards the anticline 

crest (Fig. 9e), indicating the post-tectonic deposition of these sediments. High-angle normal and 

reverse faults offset reflectors of unit U2b and older deposits in the distal sector of the gulf (Fig. 9g 

and 10). 

Seismic lines 1 and 2 shows that the Termini Imerese Gulf experienced compressive and 

transpressional deformations during the U3 and U2 deposition time interval (Fig. 9c and d). The growth 

geometries of U3 along the flanks of the structural-high HB1 suggest that it formed during Late 

Oligocene – Early Miocene (Fig. 9d). Shortening persisted during the Quaternary period, as suggested 

by the folding of U2 deposits that formed anticlines and synclines (e.g., TR1 anticline in Figs. 9c and 

d). The hinge lines of the anticlines strike from ~ N 20° to ~ N 56°. Transtensional faults downthrow 

the crests (around shot points 3000 and 7500 in Fig. 9d) and limbs (shot points 3500 and 7000 in Fig. 

9d) of the anticline (Fig. 10). These structures are characterised by small displacements, lower than 

the uplift of the hosting anticline, and typically converge at depth into vertical faults. 

The seafloor is affected by undulations due to contractional structures with a hundred-meter 

wavelength (Fig. 9h). Also, one normal fault dipping ∼74° to the West and located in the south-eastern 

sector of the gulf (around shot point 9500 in Fig. 9d) offsets the ER1 of	 about	 1 m (Fig. 9i), 

demonstrating the tectonic activity during the last 20ka. 

We also identified several fluid ascents (FA in Figs. 9e, f and red triangles in Fig. 10), 

interpreted as gas escapes from cold seeps (CS in Fig. 9f), the latter identified based on their external 

shape and position along axial tensional faults. 

Finally, even the sector between the two analysed gulfs experienced contractional and strike‐

slip movements recorded by two roughly N-S oriented, transpressional structures detected in the 

offshore north of the Capo Zafferano area, sealed by the U2 sediments (Fig. 9l and 10). 
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4.4 Geological model 
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Fig. 11 – a) Reconstructed 3D fault model of the study area showing the geometry of the Cozzo Mangiatorello (CMf) 
and Monte Cane (MCf) thrusts, b) Simplified geologic map of the study area and π-diagram of bedding poles (1% area 
contouring, Allmendinger et al., 2011 and reference therein c) Geologic cross-section (see the dashed red line in inset 
b). 

Considering the bedding data, the offshore structural pattern and literature data, the 3D 

geometry of two thrust faults was reconstructed (Fig. 11a). Analysis of beds attitude data highlighted 

the presence of a first-order fold structure characterised by an axial plane 265/ 80° and an axis 355/ 

03°. 

A wavelength of about 5 km and a similar direction characterises both the fold in the Termini 

Imerese gulf and in the Monte Cane ridge (Fig. 11b). Such similar stereological and geometrical 

properties, together with the computed T-index metrics, the anomalous relief distribution and drainage 

divide mobility (Figs. 4, 5 and 6), suggest a possible connection of these structures from land to sea 

(see Figs. 9a and b). Such stereological and geometrical similarities were not detected across the Gulf 

of Palermo shoreline. For this reason, to identify the possible geometry of the first-order structure in 

this area, we used three pieces of evidence from different locations, datasets, and analyses. For the 

onshore portion, we considered the morphometric anomalies in correspondence with Cozzo 

Mangiatorello and the stereological analysis of bed attitudinal data in a part of the territory just north 

of the Mangiatorello hill (Figs. 5, 6, 7 and 11b). For the offshore portion, we have considered the slope 

anomaly in the unconformity (Fig. 4) spatially correlated with the active fold identified in the Gulf of 

Palermo (Fig. 9f). The first order detected structures highlight a compressive tectonic regime with 

faults and folds that develop roughly in the NW-SE direction compatible with the recorded GNSS 

velocity field (Figs. 8, 10 and 11). 

The resulting geological model is characterised by two first-order compressive structures (Fig. 

11a, b and c). The eastern one coincides with the ridge of Monte Cane (Monte Cane fault, MCf in Fig. 

11c), while the western one is a blind structure located below the low relief of Cozzo Mangiatorello 

(CMf in Fig. 11c) that lie within a large area characterised by outcropping Numidian Flysh (Fig. 11b). 

The main parameters of these faults are resumed in Tab. 4. A décollement depth of about 3-5 km within 

the Mufara Formation characterises both modelled structures (Balestra et al., 2019; Gasparo Morticelli 

et al., 2015). 

Label Mean Direction 
(degree) 

Depth 
(m) 

Average dip angle 
(degree) 

Length 
(m) 

Modelled slip 
(m) 

Max expected 
uplift (m) 

CMf N347E -2877 55 27713 1 0.46 
MCf N359E -4349 60 25322 1 0.57 

 

Tab. 4 – Main parameters of modelled faults. The expected vertical deformation is shown in Figure 12. 
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The shortening computable from the geologic cross-sections (Fig. 11c and supplementary 

materials) is about 1.7 km. Considering the minor but still present strike-slip component of movement, 

the significant clockwise rotation that occurred in this area (Speranza et al., 2018), and the capacity to 

preserve volumes during deformation, for the shortening computation, we took into account the 

carbonate layers only. 

4.5 Modelled vertical deformation 
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Fig. 12 – a) Colour coded contour line of the modelled vertical deformation, dashed green line represents the zero-
crossing line. Reddish lines show the unconformity depth. Red arrows indicate the direction of the computed 
differential GNSS velocity. Black squares are the locations of CORS GNSS stations. Dashed thick black lines are the 
cross-sections trace shown in insets c and d. CMf and MCf are the two modelled reverse faults. b) Zoom of the dashed 
square represented in the inset a showing the abrupt slope change in the eastern part of the Palermo Gulf, in yellow 
the canyon headscarps from Lo Iacono et al. (2011). c and d) cross-sections showing in thick black the low pass filtered 
topography and in thin red the modelled vertical component of the deformation. e) cross-sections showing in thick blue 
the bathymetry, in thin blue the unconformity surface depth and thin red the modelled vertical deformation component. 
The thin dotted lines in the unconformity surface represent low quality interpolation due to the poor data coverage. 
The abrupt break in the thin dotted blue line is due to the two different interpolations of the unconformity surface 
forced by the low density of data in that portion of the study area. 

Results of dislocation modelling, consisting of the deformation recorded by a horizontal plane 

located at sea level, ranges from about 0.6 m of uplift to about -0.3 m of subsidence. The contours of 

the expected deformation vertical component were superimposed on the digital elevation model of the 

area (Fig. 12a). The location of maximum uplift values fits the topographic maximums in the analysed 

area with a reasonable degree of approximation. 

The zero-crossing line of the vertical deformation (dashed dark green line in Fig. 12 a) is 

located at the eastern termination of the city of Palermo and immediately west of the city of Termini 

Imerese. The wavelength of the modelled deformation (about 3 and 5 km for the CMf and MCf, 

respectively) is compatible with the wavelength of the deformation observed both in offshore and 

onshore environments. The modelled CMf deformation is characterized by an excellent spatial 

correlation with the shape and wavelength of the abrupt slope break in the Palermo Gulf unconformity. 

Although this slope-break lies closer to the Eleuterio canyon headscarps as mapped by Lo Iacono et 

al. (2011) using a high-resolution bathymetric dataset, such a portion of the unconformity surface is 

not influenced by it (Fig. 12b). The uplift computed in the central portion of the study area matches 

well with the evidence of relative uplift identified at Cozzo Mangiatorello. Such relative uplift was 

detected through the hypsographic curves (Fig. 7i), the horizontal shift of the river trunk stream (Fig. 

5), the asymmetry of the valleys, high slopes of the valley flanks, and the Milicia trunk stream altitude 

values (see paragraphs 4.1 and Figs. 5, 6, 12a and c). The vertical deformation computed to the south 

of Capo Zafferano is characterised by two peaks located at about 2500 and 6000 meters from the origin 

of the section represented in Fig. 12d. The asymmetric slope of the promontory flanks matches the 

evidence of differential elevation obtained by calculating the relief distribution, slope distribution, and 

the asymmetry of the drainage divides (Figs. 2, 6f and 7b). The computed peak at 2500 meters appears 

slightly W-shifted from the topographic one; this apparent shift is due to the Eleuterio valley. 

Differences between curves are approximately 10% of the wavelength used for filtering the topography 

and, therefore, entirely within the study's resolution. At about 2000 and 6300 meters from the origin 

of the section in Fig.12c, two peaks characterise the unconformity surface. The westernmost one aligns 
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with a bathymetric spike and a peak in the modelled deformation. At the same time, the easternmost 

one is about 500 meters shifted towards E concerning the peak of the modelled deformation and does 

not align with any noteworthy bathymetric peak. 

5. Discussions 

5.1 Morphotectonic evolution model 

 

Fig. 13 – Morphotectonic evolution model of the Cozzo Mangiatorello hill area. Cartoons in a – d) represent in 
cross-section the proposed landscape evolution of the Milicia River network forced by the growth of the modelled 
structures. Cartoon e) shows a 3D view of the the Cozzo Mangiatorello hill (shaded relief using a 2m DEM); the 
thick black line represents the actual topographic profile crossing the area (reproducing part of the trace x-x’ 
in Fig. 12a), under which it is represented by a cartoon the subsurface geology. 
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Morphometric analyses allowed us to identify morphotectonic anomalies used to quantify the 

deformation field and its modelling to return the fault geometry and kinematics, being the anomalies 

driven by the differential tectonic surface uplift.  

The area of the Cozzo Mangiatorello, along with the Milicia River trunk stream, hosts the most 

significant number of morphotectonic anomalies such as valley asymmetry with the highest horizontal 

shift values (T-index), rectilinear river longitudinal profile, slope values exceeding the lithology 

friction angle, drainage divide migration tendency and others (see paragraph 4.1, Figs. 5, 6 and 7). In 

this area, the erosion glacis and strath terraces analysis show the long-term incision history and a trend 

to migrate laterally westwards (trunk stream of the Milicia River) or eastwards and westward (2nd order 

streams in hydrographic right – Fig. 13). In particular, the abandoned valleys (highlighted in Fig. 4 at 

the head of the streams affected by reversal drainage) together with the river terrace surfaces along the 

slopes of Cozzo Mangiatorello suggest that the “original” trunk stream of the Milicia River flowed 

further East than the current path of its main channel (along the basin midline, Figs. 5, 6e). These relict 

river landforms were abandoned due to the triggering of prevalent vertical incision, as demonstrated 

by the staircase of river terraces and the occurrence of V-shaped valleys (Fig. 6e). The asymmetric 

river terrace distribution and the steep left valleys flank point out that the fluvial down-cutting did not 

maintain its course according to a vertical superimposition pattern, but it has undergone a westward 

and eastward/westward shift over time in the trunk stream and 2nd order streams, respectively (Keller 

and Pinter, 1996). The differential uplift induced undercutting processes that triggered the retreat of 

the slopes or the preservation of river terraces, according to the valley flank relative position with 

respect to the underlying growing structures (see dashed lines in Fig. 13b - d). The recognition of 

erosion glacis and strath terrace surfaces highlights that the morphogenetic phases of lateral fluvial 

beveling alternated with the vertical incision phases. Such migration occurs through river 

diversion/piracy and drainage inversion processes, highlighting the sudden relative growth or the 

incision power of one river stem (Bull, 2009). We relate this relative growth in incision power to a 

drainage reorganisation triggered by the differential uplift processes induced by faulting on the blind 

Cozzo Mangiatorello fault (Burrato et al., 2003b; Jaiswara et al., 2019). In this scenario, the 

geomorphological data suggest that the study area was affected by numerous phases of relative 

lowering of the river base level, typical of uplifting regions. This indication was also validated by 

morphotectonic, and geological analyses proposed in the literature (Antonioli et al., 2006; Burbank 

and Anderson, 2011; Di Maggio et al., 2017; Ferranti et al., 2006, and references therein). 

According to the superimposition pattern, a generalised and uniform uplift in a lithologically 

uniform area would lead the river network to keep its course through the different eroded lithologies 
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and the tectonic structures that cross as it erodes downward its bedrock (Bull, 2009, 2008; Burbank, 

D., Anderson, 2001; Keller and Pinter, 1996). The morphometric and morphotectonic analyses showed 

both first-order streams flowing on syncline depressions and watersheds set on anticline mountains, 

suggesting that these fluvial processes relate to the growth of anticlines forcedly drove the rivers to 

their present-day position (Figs. 4, 13). 

We produced a morphotectonic evolution model describing the tectonically forced landscape 

evolution of the study area to explore the cause of these anomalies considering the GNSS velocity 

directions and the structural style previously identified (as per Tab. 3, Figs. 5, 11 and 12a, b). The 

cartoons in Fig. 13 (a – e) describe a possible temporal evolution from an initial phase up to the present 

day. This evolution, started after 0,8 Ma (post cM emersion; see paragraph 5.3), could correlate with 

the phases of marine abrasion and sea level relative lowering that formed the coastal terraces from 

middle Pleistocene to Holocene (Di Maggio et al., 2017). In the initial phase, an ancient Milicia River 

trunk stream flowed along the current midline of the basin, as testified by the abandoned valleys and 

the first-order river terrace surfaces (Figs. 4, 6e, 13a). The location of the trunk stream along the basin 

midline indicates that at that period, either the studied area was affected by a uniform regional uplift, 

or the vertical incision power was much higher than the tectonic activity of local structures producing 

any potential differential uplift. In the following phases (Fig. 13b - c), downwards and lateral stream 

migration, suggested by river terrace distribution and slope asymmetry, is due either to the inception 

of the growth of the Cozzo Mangiatorello anticline or to the decrease of the ratio between regional and 

local uplift. In the second hypothesis, the Cozzo Mangiatorello anticline was deforming for a long time 

before. The decreasing vertical erosion power could connect to a lesser local relief produced over time. 

In these phases, vertical erosion is mainly caused by the uplift of the anticline while its widening 

triggers the westward (stream in hydrographic left) and eastward (stream in hydrographic right) lateral 

bevelling (Fig. 13). In the later phases (Figs. 13d - e), the constant growth of the anticline also explains 

well both the processes of drainage inversion, and the process of fluvial diversion occurred in the river 

network, as indicated by fluvial elbows, abandoned valleys, wind gaps, horizontal shifting, and 

asymmetric valley (Figs. 4, 5 and 6e). The development of a growing topographic obstacle has forced 

the river network to reorganise and adapt to the new geomorphological setting. These changes 

produced both the truncation of the old trunk stream of the Milicia River and its deviation at the edges 

of the anticline mountain, along the topographic depressions set on syncline structures. Moreover, the 

westward migration of the Cozzo Mangiatorello anticline or an eastward tilting of the sector caused 

the higher altitudes of the Milicia trunk stream than those of its second-order stem (Cox, 1994; Garrote 

et al., 2008, 2006; Keller and Pinter, 1996). Vertical incision and lateral bevelling to the West (Milicia 
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River) and the East (Eleuterio River) are also responsible for dismantling the watershed between these 

two main rivers and its current occurrence at a lower elevation (Fig. 13e). In our model, the growth of 

the Cozzo Mangiatorello anticline was caused by the activity of the deep blind thrust. 

5.2 Research design in LSRr 

The proposed approach aims at overcoming the complexities typical of the coastal LSRrs by 

using integrated land-to-sea analyses. We used quantitative morphotectonic and high-resolution 

marine geophysics to detect the evidence of ongoing tectonic deformation, i.e., the geomorphic and 

sedimentary effects of the cumulated uplift and subsidence accrued in the footwall and hangingwall 

fault blocks. Instead of looking for the direct surface expression of the first order active faults, the 

tectonically driven surface deformation analysis allows exploiting some of the peculiar characteristics 

of the investigated environments (geomorphic markers, anomalies and syntectonic growth strata), 

which can be used as information about first-order faults. Indeed, being the geographical and 

geometrical distribution of the surface deformation linked to the geometry and kinematics of the active 

faults, the quantification of its pattern can be used to infer the fault parameters via inverse fault 

modelling. 

Our study area was previously investigated through traditional methods of outcropping geology 

analysis (Catalano et al., 2013, 2010a; Guarnieri, 2004; Nigro and Renda, 2001) and using a land-to-

sea analysis aimed at detecting stratigraphic and structural evidence of primary faulting (Del Ben and 

Guarnieri, 2000). Both approaches have not detected any evidence of ongoing tectonic activity, 

concluding that this sector of the SFTB does not host any active fault. Given the non-conservative 

nature of most of the outcropping lithologies in the onshore portion of the area (Fig. 2), only the less 

erodible carbonate rocks can preserve stratigraphic and structural evidence of faulting. In addition, due 

to the age of such carbonate rocks, their analysis can provide information only for the Mio-Pliocene 

compressional events responsible for setting up the region's current structural architecture (Catalano 

et al., 2013, 2010a; Gugliotta et al., 2014). Indeed, in this area, the low tectonic strain rates and the 

substantial rooting depth and blind geometry of the active structures imply little or no primary surficial 

expression of active faulting, which is also typical of other LSRrs and is a characteristic shared with 

other Italian areas where the inherited morphological and structural grain hide the active faults 

morphological signature (Valensise and Pantosti, 2001). 

In the offshore, such lack of evidence of recent primary faulting relates to the fact that: a) in 

LSRrs, the deformation rates are generally lower than the sedimentary ones, and b) a more ductile 

behaviour characterises the youngest layers of the stratigraphic sequence. Indeed, several authors 
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documented a strong correlation between the fault propagation to slip ratio with vertical lithological 

changes, for which the accumulation of slip on the fault plane instead of the vertical propagation of 

fault tip is enhanced by less competent lithologies (Allmendinger and Shaw, 2000; Livio et al., 2020; 

Thebian et al., 2018). This implies that the propagation of fault tips hardly reaches the most recent 

sedimentary levels. Thus, these layers are most likely affected by second-order geological structures 

accommodating the slow strain caused by more deeply rooted, elusive primary structures (Corradino 

et al., 2021). 

To sum up, the inversion of the deformation field obtained through both the onshore and 

offshore analyses allow the parameterisation of the active faults responsible for the deformation (Figs. 

8 and 9). Moreover, the multidisciplinary approach proposed here is little or not affected by scale-

related problems that can lead to an incorrect hierarchisation of the detected geologic structures, a 

significant misinterpretation of the wavelength of the structures and, thus, to an unreliable overall fault 

pattern architecture. 

5.3 Active fault pattern and slip rate 

Through our morphotectonic evolution model, we propose a blind reverse fault causing the 

growth of Cozzo Mangiatorello and, at the same time, the westward horizontal shift of the Milicia 

River trunk stream (Fig. 13). We parametrise such structure in the 3D fault model (Tab. 4), proposing 

a geometrically possible and geologically plausible NNW-SSE, E-dipping, blind reverse fault 

extending from the Mangiatorello area to the Palermo gulf offshore (Fig. 11a - c). Such reconstruction 

considers the morphometric anomalies located near Cozzo Mangiatorello, the analysis of bedding and 

the ongoing folding evidence in the Palermo Gulf (Figs. 5, 6, 9f, 11b, 12a and b). Similarly, we propose 

a more internal structure linking deformation evidence collected offshore, near the coast and the Mt. 

Cane ridge (Figs. 5, 6f, 9c – e and h). Indeed, the geographic, geometric, and stereological 

characteristics of folds in the Gulf of Termini are like the structures in the Monte Cane ridge, such as 

a wavelength of about 5 km and an NNW-SSE strike direction (Figs. 9c – d, 10, 11b). Together with 

the detected drainage divide anomalies and fault modelling result (Figs. 5, 6, 7, 12a and c) such 

similarities suggest the prosecution of this structure from land to sea (Figs. 11b). 

Moreover, the different altitudes of marine pelagic deposits of the Trubi formation (Lower 

Pliocene) outcropping both in the front and in the back of the Mt. Cane anticline (stars in Fig. 2) 

suggest that the described morphotectonic evolution must frame in a time ranging from late Pliocene 

(after 3.6 Ma) to the Present-day. According to Di Maggio et al., (2017), numerous slopes of north-

western Sicily are wide fault scarps formed during the Calabrian stage (about 1.5 Ma), following faults 



Nicolò Parrino – PhD thesis 

Morphometry of quaternary faulting and landscape evolution in southern Italy 

 

 48 

lowering large blocks of the northern Sicilian chain below the Tyrrhenian Sea. In this case, our 

morphotectonic evolution would begin more recently (after 1.5 Ma), partially reactivating favourable 

oriented, previously formed structures when the ongoing shortening phase began (roughly 0.8 My ago, 

Sulli et al., 2021). Based on the evidence of post 20 kyr activity of such fault patterns, as shown in Fig. 

9 (g - i) and fault dislocation modelling results in Fig. 12b, and, considering that the stress field in this 

area has not changed during such a period, it is possible to assume that outermost folding is still in 

progress. 

The reconstructed structural architecture in the geological model proposed in Fig. 11a is 

compatible with the compressive to transpressional thrusting and block rotation processes proposed 

by Catalano et al., (2013, 2010a), Guarnieri, (2004), Nigro and Renda, (2001). However, outcomes 

proving the activities of such faults are in contrast with the low seismic moment release of the studied 

area (e.g., Rovida et al., 2020), suggesting that a possible fault creeping process occurring in the 

inferred geological structures could currently cause the slow deformation recorded by GNSS. The 

presence of hydrated phyllosilicates in the mineralogic content of both the Numidian Flysch and the 

Mufara Fm. (that host the reconstructed décollement surfaces), which may facilitate the creeping 

processes, support such a hypothesis (Avellone et al., 2010; Balestra et al., 2019; Dongarra and Ferla, 

1982; Harris, 2017). In any case, the shallow depth of the décollement of these faults points to a little 

seismic potential in terms of the maximum magnitude of these active structures. 

We used the fold deformation of the late-Pleistocene unconformity mapped in the Gulf of 

Palermo (Fig. 12e) and fault dislocation model results, to constrain the slip rate of the CMf. We 

computed a slip rate of 0.84 ± 0.03 mm/yr, considering that: 1) the unconformity is 18 - 23 kyr old, 2) 

the fold relative uplift is 11.5 m ± 1.0 and 3) our model predicts, for a 55° dipping fault, 0.67 m of 

relative uplift for every meter of slip on the fault plane. This value implies a horizontal shortening rate 

of 0.48 ± 0.02 mm/yr that is in agreement with our GNSS results. 

Conclusions 

Our multidisciplinary land-to-sea approach allowed detecting and parametrising two partially 

offshore active faults within an area previously considered not actively deforming. The Monte Cane 

fault is a NNW-SSE, N60E dipping, about 25 km long, reverse fault detaching at about 4 km of depth, 

while the Cozzo Mangiatorello fault is a NNW-SSE, N55E dipping, about 28 km long reverse fault 

detaching at about 3 km of depth. For the Cozzo Mangiatorello fault, we computed a late Pleistocene 

slip rate of 0.84 ± 0.03 mm/yr. Our approach also allowed us to obtain a GNSS deformation field and 
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a new morphotectonic evolution model of the landscape of the study area from the mid-late Calabrian 

age to the recent. 

Two open questions still to solve are the seismic or aseismic nature of the detected active faults 

and the possibility that the deformation observed on these faults is triggered by the activity of more 

deeply rooted structures. In fact, Sulli et al. (2021) proposes a deep, high-wavelength, folding process 

that would be responsible for the ongoing deformation of the whole north-western Sicilian continental 

margin, and the existing relationships between the shallow and deep structures are currently still 

unknown. We believe that an offshore paleoseismological approach and further morphometric 

analyses on the flight of quaternary marine terraces in a broader coastal area could provide critical 

information for answering such open questions and giving better constraints to the kinematics of the 

shallow faults. 
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the Professional version of NDA software developed by Galileian Plus Ltd., in collaboration with the 

Polytechnic of Milano and the Italian Space Agency (ASI) and given to the Polytechnic School of 

Palermo in the evaluation version. This research was developed in the frame of the LEMON project 

(INQUA – AIQUA framework).  
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Abstract: 

Broad polycyclic surfaces or staircase distributions of paleoshorelines are the outcomes of the 

interplay of climate and tectonic forcings on the coastal landscape evolution both at the regional or 

local scale. These forcings drive coastal landscape evolution globally through vertical differential 

movements and eustatic sea-level variations, resulting in relative land uplift or subsidence at variable 

rates. As a result, paleoshorelines are often encoded in the topography of coastal areas as a staircase 

sequence of several orders of marine terraces or as few and large polycyclic coastal platforms resulting 

from the reoccupation of old terrace surfaces where a relatively stable sea level or a slow uplifting rate 

occurred. These landforms can be used as geomorphologic markers to provide a critical dataset for 

quantifying tectonic and climatic forcings; therefore, understanding their topographical signatures is 

crucial for decoding the Late Quaternary evolution of coastal landscapes. 

The coastal sector of the northern Sicilian continental margin alternates mountains and plains 

in its western and central portions and ridges with steep slopes in its eastern termination. This sector 

is a puzzling region resulting from the interaction of two different geodynamic processes. The western 

and central parts of the margin are characterized by the Africa-Europa collision, in which African 

thinned continental crust subducted beneath the European Sardinian and Kabylian-Calabrian units. 

Differently, its rapidly uplifting eastern portion results from the subduction of the Ionian oceanic 

lithosphere beneath the European Calabrian Arc. 

Several studies investigated the differential vertical movements in the eastern sector of the 

margin, analyzing Quaternary marine terrace staircases, drainage networks, offshore 

morphobatimetric setting and the sedimentary architecture; conversely, there are still few attempts to 

investigate the uplift history in the central-western sector of this margin. This sector hosts considerable 

outcrop evidence of the Neogene shortening processes that affected the northern Sicilian continental 

margin, such as prominent ridges (structural highs) formed during the two late Serravallian - early 

Tortonian compressional events. These now exhumed ridges are surrounded by syn-orogenic ductile 

lithologies that cannot record any outcrop-scale evidence of recent deformation. The youngest yet 

described outcrop evidence of the ongoing tectonic activity consists of coastal erosional features 

suggesting a slow regional uplift. 

This paper aims to contribute to the knowledge about the ongoing deformation and landscape 

evolution in the central-western sector of the northern Sicilian continental margin. In pursuing such an 

aim, we performed quantitative morphometric and field analysis of a flight of Quaternary marine 

terraces, including a wide polycyclic surface, along the Palermo and Termini Imerese coastal sector 
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(NW-Sicily, southern Italy). The achieved outcomes summarized in a geomorphological map can 

improve the knowledge about the framework of active processes along the Africa-Europe plate 

boundary and its seismotectonic setting. 

1. Introduction 

The evolution of the coastal landscape is driven by the constant interaction between tectonics 

and climate. These two forcings shape the present-day landscape through the tectonically induced 

differential vertical movements and the glacio-eustatically induced migration of the base level of the 

erosion. Considering the above, the landscape topography can be assumed as the envelope of the 

tectonics and climate signals and, thus, an archive hosting information about the variation of these two 

drivers through time.  

Some of the primary markers resulting from the interaction of these two signals are 

paleoshorelines, marine terrace sequences and the Unconformity-Bounded Stratigraphic Units 

(UBSUs, sensu CHANG, 1975). The joint analyses of these markers allow the reconstruction of the 

landscape evolution and, in case, the quantification of the differential vertical movements providing 

valuable data for tectonic dynamics and seismic hazard assessment (e.g., Ferranti et al., 2021; Sulli et 

al., 2013). 

The partially offshore sector of the western Northern Sicilian Continental Margin (NSCM) is 

a low strain rate region located along the plate boundary of the slowly converging African and 

European plates. This sector is characterized by a low seismic moment release, an active shortening of 

about 1 mm/yr and by elusive active faults whose behavioural parameters are still not fully constrained 

yet (Basili et al., 2021; Devoti et al., 2017; Parrino et al., 2022; Rovida et al., 2021; Sulli et al., 2021). 

Such sector shows a landscape marked by wide and discontinuous low relief coastal plains interspersed 

with mountain ranges matching with Mesozoic carbonate structural highs (Di Maggio et al., 2017). 

Such low relief coastal plains host Plio-Quaternary marine and continental deposits in which broad 

polycyclic marine terrace surfaces, extending from sea level up to about 100-300 m a.s.l., are carved 

(Agate et al., 2017; Catalano, Avellone, Basilone, Gasparo Morticelli, et al., 2010; Catalano, Avellone, 

Basilone, & Sulli, 2010; Di Maggio, 2000). 

Despite the significant number of studies in the area, the age of most of the surfaces and 

Quaternary deposits and, thus, its recent landscape evolution is still a matter of debate (Agate et al., 

2017; Antonioli et al., 2006, 2018, 2018; Catalano et al., 2013, 2011; Catalano, Avellone, Basilone, 

Gasparo Morticelli, et al., 2010; Catalano, Avellone, Basilone, & Sulli, 2010; D'Angelo et al., 2006; 

Di Maggio et al., 2008; Ferranti et al., 2006). To fill this knowledge gap, we present a review of the 
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most up to date literature together with a new morphometric dataset extracted from the study area's 

digital elevation model. The proposed dataset could represent a valuable tool for new studies on 

seismic hazard assessment and landscape evolution forecasting scenarios. 

2. Geological overview 

2.1 Stratigraphy 

 

Fig. 1 – The polygons whit different patterns represent the nowadays extent of the Palermo and Termini plains. 

The lithologic successions of the Palermo and Termini plain characterize two significant 

different Upper Neogene to Quaternary basins in the studied area (Fig. 1, Agate et al., 2017; Contino 

et al., 2006; Di Maggio et al., 2008; Dominici et al., 2020; Incarbona et al., 2016; Lo Iacono et al., 

2014; Martorana et al., 2018; Milia et al., 2021).  
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Fig. 2 – a) Stratigraphic log of the Palermo plain from Incarbona et al., 2016; b) Stratigraphic log of the Termini 
plain from Dominici et al., 2020. 

The Palermo plain comprises a Quaternary succession extending partially offshore and 

consisting of deposits discordantly overlaying the Triassic to Miocene substrate. The lithologies at the 

base of the succession are members d and e of the Marsala synthem, the Ficarazzi Clays, and the 

Palermo Calcarenites (Calabrian, 1.5 – 0.8 Ma), respectively (see Fig. 2 for details). The Ficarazzi 

clays consist of 40-50 meters of bluish clay with sandy-silty horizons/layers with a conglomerate level 

at the base. Differently, the Palermo Calcarenites are roughly 20 m of yellowish calcarenites and sands 

with interbedded microconglomerates. The succession continues upwards with about 4 m of middle-

late Pleistocene coastal and marine deposits of carbonate, sandy and silty conglomerates 

unconformably overlaying the previously described units of the Barcarello synthem. The top of the 

succession is constituted by Holocene continental deposits up to 20 meters thick reddish quartz silty 

sands with siliceous and carbonate lenses of the Capo Plaia synthem (Martorana et al., 2018). 

The sea-level fluctuations had significantly driven the depositional history of the Palermo 

plain, made up of discontinuous and repeated episodes of marine proximal shelf sedimentation 

delimited by unconformities. During the Holocene high-stand (7.0 and 8.0 ka), the basins recorded 

continental and transitional sedimentation that persisted until historical times (Incarbona et al., 2016 

and reference therein). 

The Termini plain is an NNW-SSE partially offshore Plio-Quaternary basin adjacent to the 

eastern termination of the Palermo plain basin. Sediments in this basin are arranged in two 80 meters 

thick, large-scale units of alluvial conglomerates, deltaic sandstones, deltaic-pebbly sandstones, and 

inner-shelf mudstones eluvium-colluvium continental deposits pertaining to the Sabbie di Altavilla 

recognized as a member of the Marnoso Arenacea del Belice Fm. The lower part of the succession 

shows a deepening upward arrangement from alluvial fans to delta front to open shelf 

paleoenvironment. Evidence of subaerial flood-dominated fluvio-deltaic deposition suggests high 

slope values of sediment source areas similar to the modern topography. Thin mudstone intervals 

coarse-grained sediments of the proximal delta, paleosoils, and alluvial fan deposits in the upper part 

of the succession highlight an initial sediment bypass to deeper marine settings followed by an 

accommodation space decrease (Dominici et al., 2020). The syn-depositional tectonic activity in this 

basin is supported by significant unconformities and the difference in dip values between the lower 

and upper parts of the succession, N345E and N10E, respectively. The latter also highlights the 

tectonic forcing on the fluvial drainage geometry through which a fluvial system, flowing towards the 
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NW during Pliocene times, deflected NE during early Pleistocene times. The top of the succession is 

unconformably covered by a few meters of coastal and marine deposits of the Benincasa synthem. 

2.2 Tectonics 

The study area falls within the central-western sector of the NSCM (Fig. 1) in which two 

different geodynamic processes such as the Ionian oceanic crust subduction hinge retreat and Africa - 

Europe convergence (Catalano et al., 2013c; Di Stefano et al., 2015; Faccenna et al., 2004; Sulli et al., 

2021). The collisional system developed since the early Miocene through two subsequent thin and 

thick-skinned thrusting phases involved the Mesozoic silico-carbonate succession developed on the 

African passive continental margin re-deforming the pre-existent structural architecture and locally re-

activating Mesozoic extensional structures (Avellone et al., 2010; Catalano, Valenti, et al., 2013; 

Gasparo Morticelli et al., 2015; Gugliotta et al., 2014; Gugliotta & Gasparo Morticelli, 2012; Parrino 

et al., 2019). Fault controlled structural highs, resulting from such late Miocene–early Pliocene 

shortening phases, bounded a series of intraslope basins formed in response to the progressive 

retreating of the Ionian slab toward the SE, starting from the early Pliocene (Kastens et al., 1988; Lo 

Iacono et al., 2014). Starting from about 0.8 Ma ago (Calabrian age), a tectonic reorganization of the 

convergent Nubia-Eurasia margin occurred in the central Mediterranean. These reorganizations 

triggered the ongoing shortening process and the regional uplift driven by the Africa-Eurasia 

lithospheric collision (Di Maggio et al., 2017; Goes et al., 2004; Sulli et al., 2021; Zitellini et al., 2020). 

The computed GNSS velocity fields together whit coastal erosional features provide information 

highlight a slow NNW-SSE oriented convergence with a velocity ranging around 1 mm/yr and a slow 

regional uplift of about 0 to 24 mm/kyr in the area (Devoti et al., 2017; Ferranti et al., 2006). 

2.3 Geomorphology 

The study area shows a landscape marked by significant and discontinuous topographic 

depressions consisting of a flat bottom (coastal plain) opened to the sea and bounded inland by vast 

tectonically controlled coastal cliffs hundreds of meters tall. The present-day topography results from 

the interaction between differential uplift, river incision and eustatic processes. Such processes 

influenced by the previously formed structural and lithological architectures driven the landscape 

evolution of this area (Di Maggio et al., 2017). The result of such evolution consists of a staircase of 

marine terraces alternated with broad polycyclic marine surfaces near the coast and mountain ranges 

to the inland (Di Maggio et al., 2017; Hugonie, 1981; Mauz et al., 1997). The landforms in the inland 

portion highlight that river downcutting, karst phenomena, differential erosion and planation processes 
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characterizes the active processes in this mountain landscape (Agnesi et al., 2000; Di Maggio, 2000; 

Di Maggio et al., 2012, 2014). Middle-Upper Pleistocene marine terraces, whose raiser develop 

parallel to the modern coastline, outcrop along the coastal plains due to coastal processes, differential 

uplift and glacio-eustatic oscillations. Such surfaces are carved in the Gelasian (2.6 to 1.8 Ma) and 

Calabrian (1.8 Ma to 0.78 Ma) coastal to neritic deposits and develop from sea level up to about 100-

300 m a.s.l. (e.g., Catalano et al., 2010a, 2010c; Di Maggio, 2000). 

3. Methods 

The here presented cartography is the result of the review of recent literature (Agate et al., 

2017; Catalano, Avellone, et al., 2013; Catalano, Avellone, Basilone, Gasparo Morticelli, et al., 2010; 

Catalano et al., 2011; Di Maggio et al., 2008; Dominici et al., 2020 and reference therein), field survey 

and morphometric analyses performed on a LiDAR-derived digital elevation model provided by the 

Regione Siciliana over the whole Sicilian territory (Regione Siciliana, 2010).  

Morphometric analyses were performed following the TerraceM approach (Jara-Muñoz et al., 

2019) to detect the shoreline angles location into 53 swath profiles oriented roughly perpendicular to 

the coastline covering almost the entire study area.  

The obtained dataset was integrated and validated by investigating the altitude and slope 

variations along topographic profiles oriented towards the maximum slope direction. Furthermore, an 

additional dataset validation was performed comparing the extracted shoreline angle locations and 

elevations with the lithological boundaries of the Plio-Quaternary succession outcropping in the study 

area, such as the upper limits of the Marsala Formation, Sabbie di Altavilla, Benincasa and Barcarello 

synthems. 

We analyzed the elevation of the validated shoreline angle dataset into a distance VS elevation 

chart to check the data reliability and exclude remaining outliers through an in-house developed semi-

automatic geospatial model. To minimize the perspective distortion in the resulting chart, we projected 

each point along the coastline through the minimum distance connection between each point and the 

coastline. Then we computed the distance between each projected point and the coastline starting point.  

In the distance VS elevation chart, we checked the reliability of shoreline elevation outlier 

values through satellite imagery interpretation (Google Earth imagery, freely accessible at: 

https://earth.google.com/web/).  

Detailed field reliefs were performed using published base maps (1:10,000 scale map of the 

Carta Tecnica Regionale, CTR, provided by the Regione Siciliana and accessible at:  

https://www.sitr.regione.sicilia.it/cartografia/carta-tecnica-regionale/) aiming at the validation of the 
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shoreline elevation orders collecting both lithological and geomorphic evidence of paleo-sea levels 

into critical sectors of the study area. Moreover, field survey allowed the discrimination of paleo-sea 

levels orders in sectors that are not characterized by easily recognizable morphometric signatures of 

relatively uplifted shoreline angles. 

4. Results 

The computed dataset consists of 210 recognized shoreline angles elevation and location 

extracted from an initial dataset of 334 values. Among the eight recognized levels, only six are 

characterized by a reliable continuity along the investigated area (see Fig. 3). 

 

Fig. 3 – Map view of the detected shoreline angles orders in the study area. The yellow bordered numbers represent the 
distance along the coastline (km). 

Statistical parameters of the detected shoreline angles elevation orders are summarized in Tab. 

1. 

Level 
(#) 

Num 
(#) 

Min  
(m asl) 

Max 
(m asl) 

St. Dev. 
(#) Linear regression eq. Correlation 

coeff. (#) 
Regression line 

slope (°) 
1.0 57 5.0 23.0 4.6 y = 0.0301x + 7.929 0.0579 1.7 
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2.0 30 14.0 35.8 7.8 y = 0.2119x + 10.201 0.8548 12.0 
3.0 26 23.0 53.7 8.6 y = 0.2232x + 24.92 0.907 12.6 
4.0 41 50.0 86.5 12.3 y = 0.3208x + 42.654 0.8326 17.8 
5.0 40 80.0 116.0 10.0 y = 0.4027x + 62.969 0.8039 21.9 
6.0 16 108.5 133.9 7.5 y = 0.5719x + 64.913 0.9195 29.8 

 

Tab. 1 – Statistical parameters of the shoreline angles elevation dataset. 

In the Palermo plain, the shoreline angles elevation points of the 4th and 5th order roughly 

corresponds to the upper limit of the Marsala calcarenites (the highest mapped limit of Quaternary 

deposits, 1.8 Ma). Differently, in the Termini plain, shorelines angle points of the 5th and 6th order 

are located in the surrounding of the Benincasa synthem upper limit, which is often interested by two 

or three orders of shoreline angles elevation (Fig. 3). Points of the 1st order lie near the Barcarello 

synthem upper limit along the coast of the whole study area (Fig. 3). 
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Fig. 3 – a) Computed swath profile boxes in the Palermo plain; b) Computed swath profile boxes in the Termini plain; 
c) The thick yellow dashed line represents some of the extracted topographic profiles oriented toward the maximum 
slope direction. Thin dashed lines represent the upper boundaries of Plio-Pleistocene deposits. Coloured circles are 
the location of the shoreline angles detected evidence, while the coloured lines represent the envelope of the different 
orders of shorelines. 

Field surveys allowed the detection of 29 evidence of paleo-sea level from 7 different locations 

in a rocky coast sector of Termini plain whose morphologies do not show enough constraints to be 

interpreted solely by morphometric techniques. Such evidence that consists of tidal notches, marine 
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sedimentary bodies, marine fossils, and marine fossil traces (see Fig. 4) allowed us to validate the first 

5 of the 6 shoreline angles orders morphometrically recognized in the whole study area. 
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Fig. 4 – a) Fragmented marine fossils; b) Evidence of Lithophaga holes; c) The black arrows point traces of Clione 
Vastifera orange sponges, which are also interested by Lithophaga holes. The white dashed line highlights the 
morphology of the studied smoothed tidal notch (sensu Antonioli et al., 2018); d) Panoramic view of the 2° up to the 
5° of shoreline angles orders; e) The stars represent the map view of surveyed sites. Colour code highlights the five 
shoreline angle orders in the inset e and d. 

The slope of the shoreline angles elevation data regression lines highlights that almost all the 

detected orders recorded higher uplift rates in the Termini plain than those recorded in the Palermo 

one (Fig. 5). 

 

Fig. 5 – Shoreline angles orders elevation VS distance along the coastline (see Fig. 3 for the map view of these data). 

5. Discussion and conclusions 

The analysis of the obtained results allows us to state that, despite being geographically 

contiguous, the plain of Palermo and the plain of Termini have been characterized by significantly 

different evolutions of their coastal landscape. These evolutions can be reconstructed from the upper 

Pliocene to the late Quaternary and are summarized in Tab. 2. They are reflected both in the 

stratigraphic logs of the two plains and in the number and elevations of the identified shoreline angles 

orders. 

Period Palermo plain Termini plain 

Upp. Pleistocene – Present Partially submerged  
(different uplift rate from shoreline orders) 

Mid. Pleistocene – Calabrian (1.5 – 0.8 Ma) Submerged Emerged 

Low. Pleistocene – Gelasian (2.5 – 1.8 Ma) ?  
(emerged / eroded) Submerged 

Upp. Pliocene (3.6 – 2.5 Ma) ?  
(emerged / eroded) Submerged 

Tab. 2 – Summary of the coastal evolution of the Palermo and Termini plains. 
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The horizontal distance between the shorelines in the Palermo plain is, on average, more 

significant than the same distance in the Termini plain. This characteristic, which is recognizable in 

all the elevation orders but is particularly evident for the shorelines of the first three orders, could be 

due to different pre-existing paleo-morphologies. Based on the interpretation of the shape of these 

shorelines and to its known structural pattern, the paleo-morphology of the Palermo plain can be 

interpreted as a partially submerged flat area whose filling could be associated with the filling 

processes of the thrust top basins as documented in surrounding area. In a completely different way, 

both the interpretation of the geometry of the paleoshorelines and its sedimentary record highlight that 

the paleo-morphology of the Termini plain had to be characterized by significant paleo slopes as in 

the present days. Such high slope values could probably be related to the fact that this coast was incised 

upon an area characterized by a more significant regional uplift partially re-activating previously 

enucleated structures, whose structuring over time has forced the evolution of this coastal landscape. 

Such an interpretation fits the landscape evolution proposed by Parrino et al. (2022) and provides new 

clues about the recent tectonic activity of this coastal sector. 

Numerous authors in the literature identify the Marine Isotope Stage (MIS) 5e (roughly 125 

ka) in correspondence to the first order of the shoreline elevation detected. The evidence of such MIS 

described in the literature has been detected in the vicinity of the localities of Gallo cape and Zafferano 

cape (see Fig. 3) and do not provide any data on the Termini plain area. Assuming that the first order 

of shorelines elevation was recorded during MIS 5e, the uplift rates for the Palermo plain are 

approximately 0.01 mm/yr. Such rate agrees with those proposed in the literature for the Palermo plain, 

which vary from -0.03 mm/yr to 0. 01 mm/yr (Antonioli et al., 2006b, 2018; Ferranti et al., 2006). 

Similarly, the uplift rates for the Termini plain, which are four times larger than those calculated for 

the Palermo plain (0.04 mm/yr), well fit with the regional increase in uplift rates recorded from W to 

E along the coast of the NSCM. 

Considering the above, the two areas of the analyzed NSCM coastal sector were characterized 

by different paleo morphologies and, also, by different uplift rates, which, together with the Quaternary 

eustatic oscillations, drove two significatively different landscape evolutions in adjacent sectors. The 

presented dataset and uplift rates are consistent with the previous studies in the Palermo plain area and 

provide new information regarding the Termini plain area. Moreover, the overall vision allowed by 

the review work carried out made it possible to reconstruct for the first time the coastal landscape 

evolution of this coastal sector of the NSCM. The results obtained are helpful information that fills the 

knowledge gap about the recent landscape evolution and tectonic forcings and represents a critical tool 

for parametrising active geological structures in the area. 
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Software 

QGIS 3.22.1-Białowieża, MATLAB, TopoToolbox (Schwanghart & Scherler, 2014) and 

TerraceM-2 were used for the morphometric analyses, while Adobe Illustrator was used for the vector-

based production of the Map.  
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Abstract 

In this work, we investigate the landscape response to the recent activity of the faults of the 

Catanzaro Trough, a seismically active structural basin that developed transversally to the Calabrian 

Arc (Southern Italy) during the Neogene-Quaternary. We mapped Quaternary faults and performed a 

geomorphological and morphometric study of the drainage networks and basins intercepted by the 

faults. Results indicate that the fault systems located to the north of the Catanzaro Trough are still 

active: a WNW-ESE oriented, strike-slip fault system (here named South Sila Piccola Fault System) 

accommodates the different SE-ward advancement of the upper crustal sectors of the orogen; a south-

dipping WNW-ESE oriented fault system (the Lamezia Catanzaro Fault System), which has a more 

evident normal component of movement, accommodates the transition from the strike-slip regime at 

north to the extensional one at south. Inside the Catanzaro Trough, we detected for the first time a 

NNE-SSW trending, WNW dipping fault system, named Caraffa Fault System. This system represents 

the northern prolongation of the Serre Fault, a large extensional structure extending longitudinally to 

the Calabrian Arc. The recent activity of the Caraffa Fault System is testified by the differential uplift 

and tilting of discrete areas inside the basin, as revealed by the morphometric indexes and by published 

geodetic and seismological data. Given its location, geometry and kinematics, the Caraffa Fault System 

could be responsible for the occurrence of large historical earthquakes.  

1. Introduction 

Starting from Pliocene times, an extensional and strike-slip tectonics phase, whose deformation 

was superimposed on the pre-existing contractional framework, affected the Calabrian Arc (southern 

Italy, Fig. 1A, Monaco et al., 1996). Such a tectonics phase triggered the formation of basins oriented 

longitudinally and transversally to the orogenic arc (Ghisetti and Vezzani, 1982). The Catanzaro 

Trough is a transversally elongated basin located between the longitudinal Crati Basin in the western 

sector of the Sila Massifs, to the north and the longitudinal Mesima Basin, west of the Serre Mts., to 

the south (Tortorici et al., 1995; Monaco and Tortorici, 2000; Tansi et al., 2005; 2007) (Fig. 1A). 

The definition of the current tectonic setting of the sector of the Calabrian Arc hosting the 

Catanzaro Trough represents a challenging task hampered by its inherited structural complexity. 

Despite the geological studies carried out in the Catanzaro Trough and surrounding areas (Tortorici et 

al., 1995; Monaco and Tortorici, 2000; Van Dijk et al., 2000; Tansi et al., 2007; Brutto et al., 2016; 

Pirrotta et al., 2021; Punzo et al., 2021), the landscape response to tectonics is not consistently 

constrained yet. Particularly, the role and the recent activity of the WNW-ESE fault systems bordering 
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to the north and south the Catanzaro Trough (Brutto et al., 2016; Moretti, 2000; Tansi et al., 2007) and 

the extensional processes in it (Gullà et al. 2005, Pirrotta at al., 2021) are still poorly defined or matter 

of debate.  

 

Fig. 1: A) Simplified map showing the main structural elements of the Calabrian Arc (from Pirrotta et al., 2021 modified); 
TFS, Tindari Fault System; inset shows the Eurasia-Africa convergence and the central Mediterranean orogen. B) 
Geological map of the Catanzaro Trough and surrounding area showing the Quaternary faults from literature (see Fig. 
1A for location); circles are the historical and instrumental epicentres of earthquakes with magnitude higher than 4.8 
(CPTI, Rovida et al., 2021); red balls represent the seismic sequence of October 2019; rectangles are modelled 
seismogenic sources: 1, ITCS068; 2, ITCS110 (both proposed by the DISS Working Group, 2021); 3, ITES002 (modelled 
by Akinci et al., 2017). 

During historical times, several destructive earthquakes, with Mw up to 7.5 and maximum 

intensity of 11, occurred in the Catanzaro Trough (Rovida et al., 2021) (Fig. 1B), such as the 1626 

event (Io IX and Mw = 6.07, Rovida et al., 2021) and the March 28, 1783 event (Io XI and Mw = 7.03, 

Rovida et al., 2021), the latter the last of a seismic sequence that destroyed the southern Calabria. 

Notwithstanding the several seismogenic sources parametrized in the central Calabrian Arc (see DISS 

Working Group, 2021), only the NNE-SSW exploratory source modelled by Akinci et al. (2017) 

(ITES002; see Fig. 1b) might be suitable for these events. However, at the state, it remains a working 

hypothesis based on regional geological data and geodynamic considerations not constrained by 

structural field evidence or by a clear morphometric signature. 

Morphometric analysis has proved to be particularly efficient in detecting the tectonic forcing 

on the landscape evolution, highlighting the activity of blind or elusive faults located where the intense 

erosion rapidly erases their morphological signature (Cox, 1994; Burrato et al., 2003; Hare and 

Gardner, 1985; Valensise and Pantosti 2001; Snyder et al., 2000). Numerous authors successfully 

applied morphometric approaches, based on the drainage network hierarchy evaluation, the 

computation of catchment and drainage pattern metrics, the relief distribution and the river longitudinal 
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profiles analyses, to highlight recent differential vertical movements (Snyder al., 2000; Whipple, 2004; 

Guarnieri and Pirrotta, 2008; Pedrera et al., 2009; Figueroa and Knott, 2010; Demoulin, 2011; 

Camafort et al., 2020; Pirrotta and Barbano, 2020), even in the northern and southern sectors of the 

Calabrian Arc (Molin et al., 2004; Pirrotta et al., 2016; Roda-Boluda and Whittaker, 2017). 

In this work, we decipher recent fault activity and define potential seismogenic sources, in the 

Catanzaro Trough, through: i) a morphostructural study to define fault patterns; ii) qualitative 

geomorphological and quantitative morphometric investigations of the drainage network and related 

basins; iii) computation of hierarchical parameters and geomorphic indices (e.g., hypsometric integrals 

and normalized stream-length gradient); iv) critical review and new interpretation of the most up to 

date published geodetic and seismological dataset. 

2. Geological setting 

2.1. Geodynamic framework 

The geodynamic evolution of the Calabrian Arc and its adjacent offshore sectors (Fig. 1) is 

controlled by the north-westward subduction of the oceanic Ionian lithosphere that, confined between 

two continental sectors (the Apulian block, to the north and the Pelagian block, to the south), has led 

the bowing of this sector of the Apennine-Maghrebian Chain and the development of a complex 

Neogene-Quaternary backarc/forearc/trench system in the central Mediterranean (Carminati et al., 

1998; Faccenna, 2005; Carminati and Doglioni, 2005; Guarnieri, 2006; Pepe et al., 2010; Tiberti et al., 

2017; Corradino et al., 2020; Corradino et al., 2021). Currently, the subduction of the Ionian 

lithosphere continues only in a small internal segment of the arc between the Tindari Fault System 

(TFS in Fig. 1A) and the Catanzaro Trough (Orecchio et al., 2014; Maesano et al., 2017; Scarfì et al., 

2018; Barreca et al., 2019). North of the Catanzaro Trough, the subduction interface ends on a lateral 

ramp that acts as a gradual transition from subduction in the Calabrian Arc to collision in the Southern 

Apennines (Wortel and Spakman, 2000; Guarnieri, 2006; Maesano et al., 2017; Scarfì et al., 2018; De 

Ritiis et al., 2019).  

Pliocene-Quaternary post-orogenic extension, perpendicular to the arc, and coeval regional 

uplift, likely due to asthenosphere flow or wedging (Westaway, 1993; Wortel and Spakman, 2000; 

Doglioni et al., 2001), caused the development of several systems of normal faults (Ghisetti and 

Vezzani, 1982; Miyauchi et al., 1994; Monaco et al., 1996; Monaco and Tortorici, 2000; Pepe et al., 

2014; Brutto et al., 2016; Monaco et al., 2017). Such a tectonics phase triggered the formation of basins 

oriented longitudinally to the orogenic trend, e.g., Crati, Mesima, Gioia Tauro and Messina Strait, 
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interrupted by transversal basins, e.g., Sibari, Reggio Calabria and the Catanzaro Trough (Ghisetti and 

Vezzani, 1982) (Fig. 1A). The Catanzaro Trough is a WNW-ESE trending, Late Neogene to 

Quaternary structural basin that separates the northern and southern parts of the Calabrian Arc (Van 

Dijk et al., 2000; Tansi et al., 2005; 2007). Recently, the Catanzaro Trough has been interpreted as a 

semigraben structured by the polyphase activity of the Lamezia Catanzaro Fault System that bounds 

the basin to the north and represents the surface expression of the deep tear-fault (Guarnieri, 2006; 

Pirrotta et al., 2021), delimiting the transition from the subduction domain to the collisional one.  

2.2. Geological, geomorphological, and structural features of the Catanzaro Trough 

The Neogene to Quaternary deposits of the Catanzaro Trough unconformably lie on the 

structural units of the Calabrian Arc (Fig. 1B), made up of metamorphic and magmatic rocks of the 

Hercynian basement, Mesozoic calcareous platform, and Cenozoic terrigenous units (Amodio-Morelli 

et al., 1976; Gullà et al., 2005). From the bottom, the sedimentary succession is composed of a Middle-

Upper Miocene transgressive sequence (Colella et al., 1995), including thin and discontinuous 

limestone–gypsum strata of the Messinian sequence, delimited at the top by a Pliocene conglomerate 

and marly deposits (Roda, 1964; Ferrini and Testa, 1997; Zecchin et al., 2015). The sedimentary 

sequence continues upwards with cross‐stratified sand and sandstones, up to 60 m thick (Chiarella et 

al., 2012; Longhitano et al., 2014). In areas where the clayey predominates, instability phenomena are 

widely present, such as generalized degradation for widespread erosion or large size landslides (Gullà 

et al., 2005). The top of the sedimentary succession includes five orders of Middle-Upper Pleistocene 

marine terraces made of siliciclastic sands and sandstones (Gullà et al., 2005; Brutto et al., 2016, Fig. 

2B). Due to the activity of the bordering faults to the north and south of the basin, the terraced deposits 

lie at increasing altitudes. An extensive system of coalescent fans covers the terraced deposits in the 

north-western sector of the Catanzaro Trough (Fig. 2B).  
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Fig. 2: A) DTM hillshade and fault pattern of the Catanzaro Trough area: SSPFS, South Sila Piccola Fault System; LCFS, 
Lamezia Catanzaro Fault System; MF, Maida, Fault; SF, Stalettì Fault; Cfa, Cfb and Cfc are the segments of the Caraffa 
Fault System. B) DTM hillshade (see Fig. 2A for location) showing alluvial fans, faults (dashed where inferred) and colour 
coded upper Middle-Upper Pleistocene terraces (modified from Gullà et al., 2005 and Brutto et al., 2016); stars are the 
location of Fig. 2D and 2E. C) Push-up ridge between Fe and Ff at the Serrastretta locality (see Fig. 2A for location). D) 
Dislocated alluvial fan. E) Trapezoidal facets created by Fa north of Pianopoli. F) Schematic geological profile showing 
the III order terrace warped and tilted by the Caraffa Fault System; G) Schematic geological profile showing the Cfb scarp 
and the asymmetric valley. 

The Lamezia Catanzaro Fault System borders the Catanzaro Trough to the north and separates 

the Calabrian Arc units from the Neogene-Quaternary sequences (Fig. 2). It is roughly 50 km long and 

constituted by minor 10-15 Km long WNW-ESE and WSW-ENE strike/oblique-slip faults locally 

arranged in a left-stepping en-echelon pattern (Gullà et al., 2005; Brutto et al., 2016). Pirrotta et al. 
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(2021) observed a left-lateral component of motion along the WNW-ESE striking fault planes and a 

prevalent normal motion, slightly right-lateral, along the WSW-ENE oriented planes. According to 

these authors, the system is characterized by long-term left-lateral transtension, even though 

morphological evidence highlights a prevalence of normal faulting during the late Pleistocene. Inside 

the Catanzaro Trough, N-S to NNE-SSW normal faults, with a weak right-lateral component of motion 

and limited displacement at the surface, offset Tortonian to Pliocene and Pleistocene deposits (Gullà 

et al., 2005). Minor north dipping normal faults, about 9-10 km long and WNW-ESE oriented, 

characterize the southern margin of the trough, the most developed of which are the Maida Fault and 

the Stalettì Fault (Fig. 2A). North of the Catanzaro Trough, a strike-slip fault system affects the 

southern sector of the Sila Piccola Massif. It belongs to a Middle Miocene-Middle Pleistocene left-

lateral strike-slip shear zone (Sellia-Decollatura fault zone of Van Dijk et al., 2000; Amantea-

Gimigliano fault of Tansi et al., 2007). 

In the northern and central Catanzaro Trough areas, the fault activity is testified by clusters of 

earthquakes and by geodetic data indicating left lateral motion along of the Lamezia Catanzaro Fault 

System and extension inside the trough (Pirrotta et al., 2021). In particular, these data support the 

presence of an inferred NNE-SSW oriented extensional fault that should belong to the alignment of 

the Serre Fault (Fig. 2A), a major structure that accommodates the extension orthogonal to the 

Calabrian Arc (Pirrotta et al., 2021). 

3. Methods and analysis 

Our research involved the following methods: 1) joint interpretation of aerial photos and 

Digital Terrain Models (DTM) to detect morphological imprints of active faults; 2) geomorphological 

and morphometric investigations of the drainage networks and hydrographic basins to analyse the 

landscape response to the tectonic forcing of active faults; 3) a combined review of the seismicity 

catalogues and the GNSS velocity field to validate the activity of the mapped faults. 

In order to review the active faults previously mapped in literature (Gullà et al., 2005; Tansi et 

al., 2007; Brutto et al., 2016; Pirrotta et al., 2021) and to check the accuracy of their position, we 

analysed the 5 m geometrical resolution LIDAR-derived DTM (Digital Terrain Model) provided by 

the Regione Calabria (http://geoportale.regione.calabria.it/, projected in WGS 1984 UTM Zone 33N) 

and the aerial stereopairs provided by the Italian Military Geographical Institute (1:33.000 scale, 

https://www.igmi.org/it/descrizione-prodotti/aerial-photography/black-and-white-or-colour-aerial-

photographs).  
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The qualitative geomorphological analysis was focused on the geomorphological markers 

indicating landscape response to tectonic forcing, such as offset, tilted and warped terraces, 

morphological scarps and fluvial deflections and piracies in correspondence of faults (Ouchi, 1985; 

Molin et al., 2004; Guarnieri and Pirrotta, 2008; Pirrotta and Barbano, 2020). We analysed these 

markers both in map view and on landscape profiles. In detail, we extracted two profiles along 

alignments of drainage divide tracts: one orthogonal to the Catanzaro Trough and parallel to the 

Calabrian Arc (A-A’ in Figs. 3A and 4A) and the other longitudinal to the trough (B-B’ in Figs. 3A 

and 4B). The main advantage of the investigation of the drainage divide is that along its track the 

landscape is less influenced by erosional processes and the effects of tectonic perturbation are more 

evident. Also, we reconstructed a 6 km width, 35 km length, W-E trending swath profile extending 

from the Tyrrhenian coast towards the Ionian coast (C-C’ in Figs. 3A and 4C). Additionally, we 

extracted the path profile of minor river channels, for evaluations at more local scale (R1-R5 in Figs. 

3C and 5A-E). These profiles were smoothed by applying a first-order polynomial loess filter with the 

nearest neighbour's bandwidth method and a 0.1 sampling proportion. 
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Fig. 3: A) Hillshade visualisation of the Digital Elevation Model (DEM) of the Central Calabria. The green dashed line 
A-A’ indicates the trace of the drainage divide transversal with respect to the Catanzaro Trough (the profile is plotted in 
Fig.4A); the cyan dashed line B-B’ is the trace of the regional drainage divide crossing out the Catanzaro Trough (the 
profile is plotted in Fig.4B). The yellow dashed line C-C’ and the semi-transparent white polygon represent, respectively, 
the baseline and the area sampled by the topographic swath profile plotted in Fig.4C. Numbers indicate the along trace 
distance expressed in km. B) Map view of the main reaches of the Amato River crossed out or deflected by the Caraffa 
Fault System; the profiles of the reaches R1 – R5 are plotted in Figs. 5A-E. C) Map view of a significant wind gap along 
the trace B-B’ (see also Fig.4B). 

The quantitative morphometric analysis focuses on 17 sub-basins extracted from six main 

basins flowing into the Catanzaro Trough, selecting as outlets each intersection between rivers stems 

and the 50 m a.s.l. contour line (Figs.6A and B). The digital network of the drainage was obtained 

using the D8 approach (O’Callaghan and Mark, 1984) and a minimum mappable outflow of 20.000 

square meters. For the extracted sub-basins we computed some landscape parameters, such as slope 

degree and local relief, by using a square moving window of 500 m per side (Figs. 6C and 6D) and 

some geomorphic indexes such as the normalized steepness index, Ksn and the transverse topographic 
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basin asymmetry index T-factor (Figs. 6B and 6E; see Table 1 for the description). To compare with 

literature data, we computed the sub-basin averaged Ksn values using a reference concavity of 0.45. 

The T-factor was extracted following the Cox’s (1994) methodology through an in-house developed 

geospatial model, sampling the basin midlines every 100 m.  
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Fig 4: A) Topographic profile along the A-A’ trace. B) Topographic profile along the B-B’ trace. The map view of both 
profiles is reported in Fig. 3A. C) Swath profile across the Catanzaro Trough (see Fig. 3A for the trace).  

We applied a further quantitative investigation to three sub-basins: the Am4 and the C2, in the 

northern boundary of the trough (Figs 6F, 7 and 8), and the A1, in the southern boundary of the trough 

(Figs. 6F and 10). For this analysis, Am4 and C2 were extracted selecting as outlets the slope break of 

the South Sila Piccola massif. We calculated the hierarchical drainage parameters (Strahler order; 

Bifurcation ratio; Direct bifurcation ratio; Bifurcation index, R and Anomaly parameter, An) and 

geomorphic indexes (Asymmetry factor, AF; Basin Elongation Ratio, Re; Sinuosity index, S; 

Hypsometric integral curve; see Table 1 for the descriptions) and extracted the path profile of the main 

river trunk. 

 

Fig 5: A-E) longitudinal profiles (blue lines) of the R1 - R5 channels of the Amato River and catchment area (grey lines) 
(see Fig. 3B for the traces). 

Fault activity and movement were validated through a roughly E to W velocity profile, by using 

the GNSS dataset of the Istituto Geografico Militare Italiano (IGM) (https://www.igmi.org/it/Home, 
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accessed on September 1, 2021), previously elaborated by Pirrotta et al. (2021). The profile highlights 

differences in the movements of crustal blocks composing the trough (Fig. 11 and 12A). Finally, we 

plotted both in section and in map view the 1985 – 2022 instrumental seismicity from the seismic 

database provided by the Istituto Nazionale di Geofisica e Vulcanologia (INGV, 

http://terremoti.ingv.it/, ISIDE Working Group, 2007) (Fig. 12B). 

Table 1. Hierarchical parameters and geomorphic indexes. 

Parameters Description References 

Strahler 

order 

It indicates the phase of maturity of the hydrographic network. 

The fluvial drainage is subdivided into several segments going from a flow 

junction to the successive one. An order, indicated by a roman number, is 

associated with each segment of the hydrographic network. The headwater 

tributaries have the first (I) order. Then, when two segments of the same 

order meet, the successive fluvial segment reaches a higher order than the 

previous. Thus, two I order channels produce a II order segment; two II 

orders provide a III order, and so on. The hierarchical number is the highest 

order of the stream network. 

Horton, 1945; 

Strahler, 1952 

Bifurcation 

ratio 

It describes the degree of branching of the hydrographic network and 

highlights possible hierarchical anomalies. 

Rb(u − u+1) = Nu/Nu+1 

Nu is the number of fluvial segments of a given order; Nu+1 is the number of 

fluvial segments of the immediately higher order. It considers how many 

segments of a given order are, concerning the highest order. 

Horton, 1945; 

Avena et al., 1967; 

Strahler, 1952 

Direct 

bifurcation 

ratio 

It describes the degree of branching of the hydrographic network and 

highlights possible hierarchical anomalies. 

Rbd = Ndu/Nu+1 

Ndu represents the number of fluvial segments of a given order that flow 

into higher order segments; Nu+1 is the number of segments of the next 

higher order. 

It considers how many segments of a given order flow into the highest order. 

Bifurcation 

index (R) 

It describes the degree of branching of the hydrographic network and 

highlights possible hierarchical anomalies. 

R = Rb – Rdb 

Rb encompasses all the segments of a given order, including the anomalous 

drainage, while Rbd considers only the not anomalous segments. 
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For a well-organized basin, (Rb ≈ Rbd) R must approach zero; on the 

contrary, high R values indicate that the fluvial network does not have an 

excellent hierarchical organization. 

Anomaly 

parameter 

It indicates the fluvial anomalies. 

An 

i.e., a river segment of a given order u flowing into a segment of order u+2. 

It is calculated for each u order. 

Avena et al., 1967 

Geomorphic 

indexes 
Description Reference 

Asymmetry 

factor 

It allows evaluating the asymmetry of the basin that can be due to broad 

lateral tilting or uplift and subsidence of discrete blocks. 

AF= 100(Ar/At) 

where Ar is the basin area on the hydrographic right, to the main river trunk 

segment; At is the area of the entire drainage basin. 

AF value greater than 50 indicates shifting towards the hydrographic left, 

whereas a value lower than 50 indicates rightwards shifting. 

Cox, 1994; 

Hare and Gardner, 

1985; 

Molin et al., 2004; 

Pinter, 2005 

Transverse 

Topographic 

Symmetry 

factor 

It allows evaluating the asymmetry of the basin that can be due to broad 

lateral tilting or uplift and subsidence of discrete blocks. 

T= Da/Dd 

where Da is the distance from the main river trunk to the basin midline; Dd 

is the distance from the basin watershed to the basin midline. 

This metric was computed by automating the methodology proposed by 

Cox, (1994), through in-house developed scripts and geospatial models 

The basin must be divided into constant intervals. Stability is indicated by 

low T values (Da approaches zero); on the contrary, T values approaching 

one indicate basin asymmetry and, thus, tilting. 

Cox, 1994; 

Basin 

elongation 

Ratio (Re) 

It describes the planimetric shape of the basin and its phase of maturity; a 

mature basin, draining on a stable area, has a shape similar to a circle, 

whereas a basin draining on an area characterized by a rapid uplift shows an 

elongated narrow shape. 

Re = (2√A:√Π)/Lb 

Where A is the basin area, Lb is the length of the basin parallel to the main 

drainage line. 

The basin area is considered a circle, and its hypothetic diameter is 

compared to the basin length. High values indicate a shape approaching a 

circle; on the contrary, low values indicate elongated basins whose shape 

depends on the tectonic control. 

Bull and 

McFadden, 1977; 

Molin et al., 2004 
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Sinuosity 

index 

It indicates the response of a fluvial channel to slope steepening with a 

meandering sinuosity increase. 

Sinuosity is the ratio of channel length over valley length. 

S = L / Sl_Dist 

Sl_Dist is the straight-line distance from the catchment startpoint to the 

endpoint and L is the total length of the line segments. 

The sinuosity of a straight line is 1. If the line is closed (startpoint equals 

endpoint), the sinuosity is 0. As the line gets curvier, the sinuosity increases. 

Woolderink et al., 

2021 and reference 

therein 

Hypsometric 

integral 

It quantifies the areal distribution of the relief elevation in the basin, 

describing the stage of the drainage basin or part of it, if youthful, mature, or 

old. This parameter highlights possible local or more widely areal 

rejuvenation due to regional uplift or fault dip movement. 

Hypsometric integral is measured for an interval of elevation. The relative 

area (a/A ratio, with A total area and the basin area above a given elevation 

h, and the relative elevation (h/H ratio, with H maximum basin elevation 

and h topographic elevation), are represented in the Cartesian graph as a 

curve. 

The curve shape indicates the evolution stage of the basin: an upward 

convex curve indicates a juvenile stage, a sigmoidal curve a mature stage 

and finally an upward concave curve a senile stage. 

Strahler, 1952 

Normalized 

steepness 

index (Ksn) 

It represents a measure of the river channel slope normalized to the drainage 

area directly proportional to the uplift rates. 

𝒌𝒔𝒏 =	
𝑺

𝑨$𝜽𝒓𝒆𝒇
 

S represent the slope, A the drainage area and 𝜽𝒓𝒆𝒇 represent the normalized 

channel concavity set equal to 0.45 following the Kirby and Whipple, (2012) 

approach. 

The normalized steepness index (Ksn) allows the comparison of stream 

profiles characterized by wildly varying drainage areas. Higher values 

indicate higher uplift rate values. 

Duvall et al., 2004; 

Lague and Davy, 

2003; 

Kirby and Whipple, 

2012; 

Snyder et al., 2000; 

Wobus et al., 2006 

4. Geomorphological and morphometric evidence of fault activity 

4.1. Structural pattern 

The mapped fault systems are the following: 1) the WNW-ESE to ESE-WNW trending, south-

dipping, Lamezia Catanzaro fault system (LCFS: Fa, Fb and Fc in Fig. 2A) and the WNW-ESE striking 

South Sila Piccola Fault System (SSPFS: Fd, Fe, Ff and Fg in Fig. 2A), both running along the northern 

bound of the Catanzaro Trough; 2) the WNW-ESE trending, north-dipping, Maida Fault (MF in Fig. 
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2 A) and Stalettì Fault (SF in Fig. 2A), both bordering the basin to the south; 3) a newly detected NNE-

SSW trending, WNW dipping, fault system in the central portion of the basin, here named Caraffa 

Fault System (Fig. 2A). This system extends south with a segmented pattern (Cfa, Cfb and Cfc in Fig. 

2A) and a total length of about 17 km. The southern segment shows a N-S direction, parallel to the 

major Serre Fault (Figs. 2A, B). 

4.2. The South Sila Piccola and Lamezia Catanzaro fault systems 

The SSPFS shows evidence of recent left-lateral transtensional activity at the Serrastretta 

locality where, during the middle-late Pleistocene, two over-stepping en-echelon fault segments (Fe 

and Ff in Fig. 2C) gave rise to a NNE-SSW-trending restraining sector (push-up structure), obstructing 

the drainage network and causing the formation of the Decollatura paleo-lake, characterized by 

middle-late Pleistocene lacustrine deposits.  

In the north-western sector of the study area, the LCFS is characterized by a set of fault steps 

that offsets both upper Pleistocene marine terraces and alluvial fans (Figs. 2B and D). Triangular and 

trapezoidal facets characterize the escarpment of Fa (Fig. 2E) north-east of Pianopoli town (Fig. 2B), 

suggesting a recent normal reactivation of this WNW-ESE trending segment of the LCFS. The A-A’ 

topographic profile (Figs. 3A and 4A) shows the landscape imprint of the LCFS characterized by 

morphological scarp and rejuvenation of the slope between the fault traces. 

The activity of the SSPFS and the LCFS is testified by the morphometric analysis of the sub-

basins flowing in the northern sector of the trough (i.e., B1-3, Am 1-4 and C1) (Figs. 6A and 6F) that 

show the most significative among the multiple river flow deflections that characterize the drainage 

network of the Catanzaro Trough (roughly 180° in the North Amato sub-basin, Fig. 7A). These sub-

basins are characterized by medium to high values of Ksn (Fig. 6B) and by increases in the values of 

slope and local relief at the footwall of the LCFS and, moderately, of the SSPFS (Figs. 6C and D), 

testifying the recent normal dip-slip activity of these faults. 
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Fig. 6: A) Hillshade visualisation of the Digital Elevation Model (DEM) of the analysed river basins considered for the 
analysis; B) Sub-basins: B1-3, sub-basins of the Bagni River; Am1-4 sub-basins of the Amato River; C1-6, subbasins of 
the Corace River; T1-2, sub-basins of the Turrina River; A1, subbasins of the Alessi River); Ksn values measured for each 
sub-basins. C) Slope analysis; values are in degree. D) Local relief trend. E) T-factor represented by coloured bars; yellow 
arrows indicate the direction of migration of the main river trunk. F) Sub-basins further analysed through a morphometric 
approach: Am4, C2 and A1. 

As it concerns the analysis of the Am4 and C2 sub-basins, the values of the AF index (Table 2) 

and T-factor (Fig. 6E) highlight a strong asymmetry and an anomalous shifting and convergence 
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between the two main river trunks, in the sector where the drainage is intercepted by the LCFS and the 

SSPFS, indicating differential movements and tilting of discrete blocks in this area. The values of the 

Re index of the Am4 and C2 sub-basins (Table 2) indicate an anomalously elongated shape suggesting, 

along with the high values of the S index (Table 2), a tectonic control and fast local uplift of the LCFS 

and SSPFS footwall area.  

The computed hierarchical parameters characterizing the Am4 and C2 sub-basins, such as the 

Rb, Rbd, R and An value (Tab. 2), suggest a scant organization of the fluvial network, typical of recently 

rejuvenated drainage patterns. The Hypsometric curve of these sub-basins confirms such rejuvenation 

at the footwall of the SSPFS and of the LCFS (Figs. 7B and 8B). Additionally, the shape of the path 

profiles of these two rivers shows an increase of the slope in correspondence of the LCFS and a flat 

shape in the upper reach where the main river trunks flow parallel to the Fe and Fd belonging to the 

SSPFS (Figs. 7 C and 8C). Such evidence confirms the prevalent normal motion of the LCFS and the 

transcurrent kinematics of the SSPFS. 
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Table 2: Hierarchical parameters and geomorphic indexes of the three major river drainage networks. 

Am4 number Rb Rbd R=(Rb-Rbd) An  AF Re S 
ord 1 742 5,7 3,7 1,9 255 

58,40 0,184 1,62 
ord 2 131 4,0 2,8 1,2 39 
ord 3 33 3,7 2,6 1,1 10 
ord 4 9 4,5 3,5 1,0 2 
ord 5 2 2,0 2,0 0,0 0 
ord 6 1        

         
         

C2 number Rb Rbd R=(Rb-Rbd) An  AF Re S 
ord 1 1117 5,6 3,6 2,0 395 

25,82 0,171 1,58 
ord 2 199 4,6 3,0 1,6 68 
ord 3 43 8,6 6,8 1,8 9 
ord 4 5 5,0 5,0 0,0 0 
ord 5 1     

         
         

A1 number Rb Rbd R=(Rb-Rbd) An  AF Re S 
ord 1 609 6,6 3,9 2,7 247 

52,97 0,308 1,47 

ord 2 92 5,4 3,9 1,5 26 
ord 3 17 4,3 3,0 1,3 5 
ord 4 4 2,0 2,0 0,0 0 
ord 5 2 2,0 2,0 0,0 0 
ord 6 1     



Nicolò Parrino – PhD thesis 

Morphometry of quaternary faulting and landscape evolution in southern Italy 

 

 93 

 

Fig. 7: A) DTM hillshade showing the Am4 sub-basin and faults crossing the area. B) Hypsographic curve of the Am4 sub-
basin. C) Path profile of the main river trunk of the Am4 sub-basin and faults. 
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Fig. 8: A) DTM hillshade showing the C2 sub-basin and faults crossing the area. B) Hypsometric curve of the C2 sub-
basin. C) Path profile of the C2 sub-basin and faults. 

The recent activity of the SSPFS and the LCFS is also testified by a double fluvial capture of 

the fluvial network of the Am4 sub-basin at the expense of two old tributaries of the C2 sub-basin (Fig. 

9). The first capture occurred where the Am4 is crossed by the Fc and should be related to the relative 

uplift of the Fa and Fc footwall, triggering a faster head retreat of the young Am4 drainage, up to 

intercept the old sector of the C2 (Figs. 9A and 9B). This piracy event is testified by wind gaps / 

suspended valleys, representative of the abandoned drainage reaches of the C2 (see Figs. 9C and 9D). 

The second capture event happened in response to the footwall uplift of the SSPFS causing the 
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progressive northward erosion of the Am4 fluvial network, intercepting the old C2 fluvial network and 

causing the Decollatura paleo-lake empty (Fig. 9E and 9F). Such fluvial captures produced the 

clockwise deflection of the Am4 sub-basin (about 180 degrees). 

 

 

Fig. 9: Reconstruction of the evolution of the fluvial network of Am4 sub-basin (blue polygon is the watershed, the pink 
line is the main river course) and fluvial network of C2 sub-basin (cyan polygon is the watershed, the yellow line is the 
main river course). A) Ancient Am4 fluvial network (blue polygon), initially formed by minor drainage and ancient C2 
fluvial network (cyan polygon); the zone of the fluvial catchment is indicated by the green ellipse. B) fluvial network 
configuration after the first capture of the minor drainage (old Am4 fluvial network) at the expense of the old C2 fluvial 
network. C) Detail of the fluvial capture of the old C2 fluvial network (see Fig. 9B for location); blue dashed line is the 
track of the suspended valley. D) profile of the watershed (see trace 1-1’ in Fig. 1C) showing the suspended valley and the 
track of Fc. E) Second capture of the old C2 fluvial network and present-day configuration of the two rivers; green ellipse 
is the area of push-up and obstruction of the old C2 fluvial network; cyan polygon represents the Decollatura paleo-lake. 
F) Detail of the northern capture, the cyan line is the old, abandoned C2 drainage (see Fig. 9E for location). 
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4.3. The Maida and Stalettì faults 

In the southern side of the Catanzaro Trough, the Maida and Stalettì faults show intensely 

eroded, low steep scarps, displacing Pliocene-Middle Pleistocene deposits and discouraging any 

interpretation of the recent activity of those faults. The Maida and Stalettì faults cross out the T1, Am5 

and A1 sub-basins characterized by low to moderate values of Ksn, low slope and low local relief 

values at the interception with these faults (Figs. 6A-D). Outcomes from T-Factor analysis indicate an 

eastward shifting of the main river trunk of the river flowing in the western sector, not compatible with 

the expected kinematics of the Maida and Stalettì faults.  

A1 is the most developed basin intercepted by the Stalettì Fault (Fig. 10A). Outcomes from 

hierarchical parameters, T-factor, AF, Re and S indexes suggest that the Alessi River is relatively 

stable (Table 2). The stability of this river is testified by a mature stage of the Hypsometric curve and 

an eroded and mature profile of the main river trunk in correspondence to the Stalettì Fault (Figs. 10B 

and 10C).  

The wholeness of the geomorphological and morphometric evidence indicates weak or nil 

recent activity of the Maida and Stalettì faults. 
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Fig. 10: A) DTM hillshade showing the Alessi sub-basin and faults crossing the area. B) Hypsometric curve of the Alessi 
sub-basin. C) Path profile of the main river trunk of the Alessi sub-basin and faults. 

4.4. The Caraffa Fault System 

Even though characterized by weak outcrop scale structural evidence, the Caraffa Fault System 

gives rise to geomorphological markers indicating its recent activity. The northernmost segments of 

the system (Cfa and Cfb) are responsible for up-faulted and down-faulted blocks in the central sector 

of the Catanzaro Trough (Fig. 2B). The Cfa segment is responsible of the tilting and warping of the III 

order marine terrace south-west of the Caraffa town (Fig. 2F). The Cfb segment dislocates a 

morphological platform and causes the rejuvenation of the eastern side of a valley (Fig. 2G). The 

morphological imprint of the Cfc segment is evident in the B-B’ profile (Figs. 3A and 4B) that shows 

marine terraces in the western side at the hangingwall of the Caraffa Fault System, a west dipping 

morphological scarp in correspondence of the Cfc fault track, landscape tilting with eastward 

downfaulting and landscape rejuvenation with deeply incised V-shaped fluvial valleys in the eastern 

side of the Catanzaro Trough, at the footwall of the Cfc segment. 
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The swath profile along the C-C’ track (Figs. 3A and 4C) confirms the substantial variation in 

the relief distribution between the Tyrrhenian and the Ionian sectors of the Catanzaro Trough, passing 

from the hangingwall to the footwall of the Caraffa Fault System. In this profile, the lower standard 

deviation values, together with the more continuous topography of the western side, highlight a 

landscape currently related to the vertical movement and resulting from the interplay of eustatic forcing 

and regional uplift that caused the formation of the staircase of marine terraces. Differently, the high 

standard deviation values of the eastern side of the trough and the presence of numerous V-shaped 

valleys suggest faster relative uplift of this sector.  

The longitudinal profiles of the R1-R5 reaches of the Amato River show slope break and 

increases in correspondence of the Caraffa Fault System (Figs. 5A-E), indicating its persisting activity 

not correlated to the values of the catchment area. The geometry of the R1and R5 river reaches shows 

significative deflections (roughly 90° degree) in the fault surrounding that bend the river network from 

a fault-perpendicular flow direction towards a fault-parallel flow direction (Fig. 3B). Diffuse wind 

gaps, such as that observed between the Amato and Angitola rivers (Figs. 3C) testify the persisting 

activity of the northernmost segment of the System. 

Additionally, T-factor values of the sub-basins located inside the trough highlight that, in the 

nearness of the Caraffa Fault System, the main river trunks are anomalously shifted toward E, against 

the track of this fault, indicating the presence of a depocenter in correspondence of it (see T1-2 and 

Am3-5 in Fig. 6E).  

5. Seismotectonic implications 

As depicted by the GNSS velocity field and its cross section, the GNSS station in the Ionian 

side of the Catanzaro Trough are characterized by migration velocities toward ESE greater than the 

GNSS station in the Tyrrhenian side of the basin. Such velocity difference highlights the observation 

of an ongoing extension process characterized by a rate of roughly 1 mm/yr compatible with the 

presence of the NNE-SSW trending extensional Caraffa Fault System (Figs. 11 and 12A). 
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Fig. 11: Seismotectonic map of the Catanzaro Trough. The beachballs and black dots indicate the 1985 – 2022 instrumental 
and parametric seismicity of the area (from the ISIDE Working Group, 2007). White arrows represent the GNSS velocity 
field (from Pirrotta et al., 2021). The yellow dashed line together with the whitish transparent polygon represent the swath 
baseline and the swath area of the GNSS velocity cross section plotted in Fig. 12A. The green dashed line and the black 
dashed polygon represent the swath baseline and area of the seismicity cross section plotted in Fig. 12B. The yellow and 
light green buffered numbers along the two dashed lines represent the distance along the line expressed in km. 

The projection of the hypocenters of the instrumental earthquakes acquired in the span of time 

1985 – 2022 along a section roughly parallel to the Catanzaro Trough, shows that the seismogenic 

layer results thicker in the eastern side of the basin, likely due to the presence of the Ionian plate below 

the Calabrian Arc, rather than in the western side where the Ionian plate dips below the continental 

crust into the mantel (Fig. 12B). In correspondence of the Caraffa Fault System, a vertical alignment 

of hypocenters deepens up to the limit of the seismogenic layer, almost up to the continental/oceanic 

crust transition, testifying the seismic activity of such structure. 
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The 2019 seismic sequence (up to 4.3 Mw) occurred west of the Caraffa village (red circles in 

Fig. 1B); the map projection of the mainshock focal mechanism (Figs. 11 and 12B) reveals N-S 

oriented normal fault planes that well matches with the geometry and kinematics of the Caraffa Fault 

System. 

As regards the large historical earthquakes occurred in the Central Calabrian Arc, those of 1626 

A.D. and March 28, 1783 were located respectively in the central and southern sector of the Catanzaro 

Trough (Rovida et al., 2021, Fig. 1B). In this area only two seismogenic sources have been modelled: 

the ITCS110 located in the western margin of the trough and related to the 1905 earthquake that likely 

occurred in the Tyrrhenian offshore; the ITCS068 that bounds the basin to the north and should be 

suitable to generate earthquakes with a magnitude up to 7.1 (DISS Working Group, 2021) (Fig. 1B). 

The latter source partially coincides with the Lamezia Catanzaro Fault System that, according to 

Pirrotta et al. (2021), could be responsible for the historical and instrumental seismicity of the area, 

given the presence of earthquake clusters nucleated on these faults. However, due to their location and 

geometry, these sources are not consistent with many of the earthquakes occurred in the central-

southern sectors of the Catanzaro Trough such as the 1626 A.D. and the March 28, 1783. Akinci et al. 

(2017) modelled a NNE-SSW seismogenic source (ITES002) in the central sector of the trough (Fig. 

1B) inferred on the basis of geodynamic considerations, despite it is not yet constrained by field 

evidence. The seismic potential (roughly Mw 7 according to Akinci et al., 2017), its location and 

geometry make this source suitable with the large historical earthquakes of the Catanzaro Trough and 

with the seismic sequence of 2019. Considering its location, geometry and kinematics, the Caraffa 

Fault System well matches with the ITEES002 seismogenic source. This system is long about 17 km 

at the surface; however, it could have a length at the sub-surface up to about 24 km, considering that 

the sub-surface rupture length (RLD) of a fault is generally longer than the rupture length at the surface 

(SRL) up to 35–45% (Wells and Coppersmith, 1994; Boncio et al., 2004). Thus, the Caraffa Fault 

System should be capable of generating earthquakes with a magnitude up to 6.7. 
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Fig. 12: A) GNSS velocity cross section along the Catanzaro Trough showing a current extension in the Catanzaro Trough 
of roughly 1 mm/yr (section trace is plotted in Fig. 11). B) Swath cross section showing the Catanzaro Trough earthquake 
hypocentre distribution (section trace is plotted in Fig. 11). The beachball refers to the 2019 Mw 4 earthquake, whose 
epicentre was located near the Caraffa village (see Figs. 1 and 11 for location). 

The evidence of seismic activity of this fault, testified by the alignment of earthquakes at depth 

(Fig. 12B), and its parametrization (location, geometry and kinematics) make the Caraffa Fault System 

to be a good candidate as source responsible for the historical and instrumental seismicity of this sector 
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of the Catanzaro Trough, enclosed the 1626 and the March 28, 1783 events and the seismic sequence 

of 2019 (Fig. 1B). The macroseismic epicentre of the March 28, 1783 event has been located more to 

the southeast respect to the Caraffa Fault System (Rovida et al., 2021). However, the location of this 

event could be mistaken, and it could be located more at north inside the Catanzaro Trough because 

its macroseismic field includes the localities already seriously damaged by the preceding shocks of the 

1783 seismic sequence, mainly located in southern Calabria. The uncertainty of the epicentral position 

of this event could be hampered by the deeper location of its nucleation point with respect to the 

previous earthquakes of the 1783 seismic sequence, that makes the isoseismal gradient scantly steep 

and the felt area wide (Jacques et al., 2021). 

6. Conclusions 

The presented geomorphological and morphometric study of the Catanzaro Trough and 

surrounding areas allowed us to improve the knowledge on the active tectonics and the landscape 

evolution of this crucial sector of the Calabrian Arc. The South Sila Piccola Fault System and the 

Lamezia Catanzaro Fault System show the most significant evidence of Quaternary activity. These 

systems show transtensional left-lateral kinematics, with a more marked left-lateral motion along the 

South Sila Piccola Fault System, which accommodates the different SE-ward advancement of the 

upper crustal sectors of the orogen, and a more prevalent normal component of motion along the 

Lamezia Catanzaro Fault System that accommodates the transition from the strike-slip regime, at the 

north, to the extensional one, at the south. Conversely, the normal faults bounding the Catanzaro 

Trough to the south (the MS and SF) don’t show evidence of recent movement. Outcomes from the 

relief distribution and morphometric analyses made it possible to detect for the first-time the 

morphological signature of the Caraffa Fault System, a NNE-SSW trending WSW dipping extensional 

structural alignment extending from the central portion of the Catanzaro Trough to the south. The 

Caraffa Fault System probably represents the northern prosecution of the Serre Fault, a major 

extensional structure that accommodates the WNW-ESE oriented extension of the Calabria Arc (Gullà 

et al., 2005; Pirrotta et al., 2021). Given its location, geometry and kinematics, the Caraffa Fault 

System could be responsible for the historical and instrumental seismicity of this sector of the 

Calabrian Arc, including the 1626 A.D., the March 28, 1783 earthquakes and the seismic sequence of 

the 2019.  
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Abstract  

Diagnostic morphological features (e.g. rectilinear seafloor scarps) and lateral offsets of the 

Upper Quaternary deposits are used to infer active faults in offshore areas. Although they deform a 

significant seafloor region, the active faults are not necessarily capable of producing large earthquakes 

as they correspond to shallow structures formed in response to local stresses. We present a multiscale 

approach to reconstruct the structural pattern in offshore areas and distinguish between shallow, non-

seismogenic, active faults, and deep blind faults, potentially associated with large seismic moment 

release. The approach is based on the interpretation of marine seismic reflection data and quantitative 

morphometric analysis of multibeam bathymetry, and tested on the Sant’Eufemia Gulf (southeastern 

Tyrrhenian Sea). Data highlights the occurrence of three major tectonic events since the Late Miocene. 

The first extensional or transtensional phase occurred during the Late Miocene. Since the Early 

Pliocene, a right-lateral transpressional tectonic event caused the positive inversion of deep (> 3 km) 

tectonic features, and the formation of NE-SW faults in the central sector of the gulf. Also, NNE-SSW 

to NE-SW trending anticlines (e.g. Maida Ridge) developed in the eastern part of the area. Since the 

Early Pleistocene (Calabrian), shallow (< 1.5 km) NNE-SSW oriented structures formed in a left-

lateral transtensional regime. The new results integrated with previous literature indicates that the Late 

Miocene to Recent transpressional/transtensional structures developed in an ~E-W oriented main 

displacement zone that extends from the Sant’Eufemia Gulf to the Squillace Basin (Ionian offshore), 

and likely represents the upper plate response to a tear fault of the lower plate. The quantitative 

morphometric analysis of the study area and the bathymetric analysis of the Angitola Canyon indicate 

that NNE-SSW to NE-SW trending anticlines were negatively reactivated during the last tectonic 

phase. We also suggest that the deep structure below the Maida Ridge may correspond to the 

seismogenic source of the large magnitude earthquake that struck the western Calabrian region in 

1905. The multiscale approach contributes to understanding the tectonic imprint of active faults from 

different hierarchical order and the geometry of seismogenic faults developed in a lithospheric strike-

slip zone orthogonal to the Calabrian Arc.  

1. Introduction  

Identifying seafloor scarps in bathymetry and the offset of Middle to Upper Quaternary marine 

deposits in seismic images are typically used in offshore areas to infer active faults and derive their 

geometric and kinematic characteristics that are necessary to parametrise seismogenic sources. Among 

the geophysical methodologies used to detect active faults, the high-resolution seismic reflection 
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imaging provides a powerful tool to unravel the Late Quaternary activity of faults, to measure the 

displacements along the fault planes and to correlate the onshore with the offshore segments (e.g., 

Barreca et al., 2014, 2018; Corradino et al., 2021; Cultrera et al., 2017a; Ferranti et al., 2014). Standard 

methods for qualitative morphotectonic analysis that use multibeam high-resolution bathymetric data 

consist of tracing in plan-view the faults that offset the seafloor and in recognising morphological 

features close to the tectonic structures, such as rectilinear canyons, scarps or seafloor undulations (e.g. 

Di Bucci et al., 2009; Cultrera et al., 2017b; Fracassi et al., 2008; Loreto et al., 2013; Loreto et al., 

2021). However, a limitation in reconstructing complex structural pattern in offshore areas is caused 

by the difficulty in mapping faults in areas not fully covered by geophysical data, by the low 

preservation potential of fault scarps and, often, by the blind nature of the tectonic deformation 

occurring when the structures do not produce detectable deformation at shallow depth (due to their 

geometry and depth). Consequently, an approach that includes only observation of the seafloor and 

superficial deposits can be insufficient and misleading for identifying the primary active faults 

associated with the most significant seismic moment release. Most shallow faults may be secondary 

features formed in response to local stresses (e.g. bending moment normal faults that occur on the top 

of a reverse structure) and are not the direct surface expressions of primary structures. Besides, the 

primary active faults can exploit inherited faults in response to a change of the regional stress regime, 

further complicating the interpretation. The question tackled in this work is what is the correct 

approach in the offshore area to identify and characterise primary active faults that can be potentially 

seismogenic? 

We test a multiscale and multidisciplinary approach to detect surficial and blind active faults, 

and distinguish the tectonic imprint of active faults from different hierarchical orders. Our method is 

based on the integration of seismic reflection data with different resolution/penetration and the 

quantitative morphometric analysis of a high-resolution multibeam bathymetric dataset. The approach 

significantly differs from the standard because the quantitative analysis of the bathymetry can identify 

seafloor areas in a transient state caused by fault-related deformation, even if these areas are not fully 

covered by seismic reflection data. 

The site chosen for testing the method is the Sant’Eufemia Gulf (Tyrrhenian offshore the 

central Calabrian Arc, Figure 1a and b) because it can be considered as a natural laboratory to 

investigate the complex relationships between regional and local processes due to the presence of a 

slab tear in the Calabrian subduction system (Maesano et al., 2017; Neri et al., 2009; Rosenbaum et 

al., 2008; Scarfì et al., 2018) and, at shallower levels, of crustal faults that controlled the Plio-

Quaternary tectonic evolution (Brutto et al., 2016; Del Ben et al., 2008; Loreto et al., 2013). This 
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region was also the epicentral area of the Mw 7.0, 1905 central Calabria destructive earthquake 

(Rovida et al., 2020). The seismogenic source of this event is still poorly constrained and debated 

(DISS Working Group, 2018) due to its offshore location and the limited seismic instrumental records. 
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FIGURE 1. (A) Schematic tectonic map of the Tyrrhenian-Ionian subduction system. AF, Apulian foreland; AR, 
Amendolara ridge; CAW, Calabrian accretionary wedge; CV, Capo Vaticano; Cz, Cosenza; HBF. Hyblean foreland; 
Lz, Lamezia; MV, Marsili volcano; NCA, northern Calabrian Arc; PB, Paola basin; PL, Pollino; PVC, Palinuro volcano 
complex; SCA, southern Calabrian Arc; SEG, Sant’Eufemia Gulf; Sg, Sangineto; SG, Squillace Gulf, SP, Sibari Plain; 
TFS, Tindari fault system. (B) Location of the area shown in panel a. (C) Section across the slab (modified from Maesano 
et al., 2017). Redline is the position of the subduction interface. Black dots are the earthquakes collected in 10-km wide 
buffers around the section trace. The dashed black line is the position of the Moho from Scrocca et al., 2003. 
Tomographic data are from Neri et al., 2009. (D) Upper mantle structure based on positive P wave seismic anomalies 
(modified from Rosenbaum et al., 2008). The coloured areas represent positive anomalies at different depth ranges. 
Rosenbaum et al., 2008 interpreted these areas as remnant subducting slabs, separated by tear faults (black and red 
lines). (E) Schematic tectonic map of the central Calabrian Arc (modified from Monaco and Tortorici, 2000; Brutto et 
al., 2016) and offshore (modified from Loreto et al., 2013; Del Ben et al., 2008). LCF, Lamezia-Catanzaro Fault; SEF, 
Sant’Eufemia Fault. (F) Distribution of instrumental earthquakes recorded since 1985 up-to-date, from INGV Seismic 
Bulletin (ISIDe Working Group, 2007; http://iside.rm.ingv.it). Red squares indicate the 1905 epicentral location 
proposed by (1) Rizzo, (1906), (2) Riuscetti and Schick, (1975), (3) Camassi et al. (1997), (4) Michelini et al. (2006), 
(5) Guidoboni et al. (2007). (G) Grid of high-penetration and high-resolution (HR) seismic profiles used for this study. 
Ms, Marisa well; Mr, Marta well. 

2. Geological setting  

2.1 SE Tyrrhenian basin and the Adjacent Calabrian Arc  

The Tyrrhenian basin developed since Late Miocene within the frame of Europe-Africa 

convergence and was mainly controlled by the westward and northwestward subduction of the Adriatic 

and Ionian lithosphere (Carminati et al., 1998; Faccenna et al., 2001; Carminati and Doglioni, 2005). 

The upper plate of the subduction system, from west to east, consists of back-arc basins that appear 

younger southeastwards (Vavilov and Marsili basins; Carminati and Doglioni, 2005; Faccenna et al., 

2007, 2001), an arc-shaped volcanic ridge (i.e., Aeolian islands), and a forearc region including the 

Calabrian Arc and the Calabrian accretionary wedge (Corradino et al., 2020; Pepe et al., 2010; Figure 

1a and b). 

The subducting lithosphere dips ∼ 70–80° northwestward (Wortel and Spakman, 2000; 

Piromallo and Morelli, 2003; Chiarabba et al., 2008; Scarfì et al., 2018). Seismic tomography data 

highlights positive P wave anomalies (Lucente et al., 1999) in the subducting lithosphere, interpreted 

as the signature of slab breakoff beneath the northern Calabrian Arc (Neri et al., 2009; Maesano et al., 

2017; Scarfì et al., 2018, Figure 1c), and sub-vertical tears in the slab that propagates perpendicular to 

its strike (Rosenbaum et al., 2008, Figure 1d). Tearing and segmentation of subducting oceanic 

lithosphere are common processes in subduction systems (Carminati et al., 1998; Chatelain et al., 1992; 

Lallemand et al., 2001; Levin et al., 2002; Miller et al., 2006; Wortel and Spakman, 2000). These 

processes can be consequent to (i) changes in the velocity of subduction rollback (Govers and Wortel, 

2005), (ii) the lateral variation of nature (continental or oceanic) or thickness of the slab (Argnani, 

2009), (iii) local collisional events (Sacks and Secor, 1990). E-W trending deep tear faults (greater 
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than 340 km) were detected in the northern Tyrrhenian sea. These tear faults continue at slightly 

shallower depths (< 340 km) beneath the north and central Apennines with a NNE-SSW orientation 

(see Fig. 5 in Rosenbaum et al., 2008). Shallower (between 100 km and 340 km) NE-SW and NW-SE 

trending tear faults were interpreted beneath the southern Apennines and eastern Sicily, respectively 

(Figure 1d). These tear faults accommodate vertical or oblique to horizontal motion (or both) between 

the two blocks of the subducting slab across their strike and dip- to strike-slip movements in the upper 

plate (Govers and Wortel, 2005; Rosenbaum et al., 2008; Baes et al., 2011). At the edges of the 

subducting lithosphere, Subduction-Transform Edge Propagator (STEP, also called tear) faults occur 

(Gallais et al., 2013; Orecchio et al., 2014; Gutscher et al.,  

2016; Maesano et al., 2020). STEP faults produce tearing in the slab and generally propagate 

perpendicular to the subduction strike (Nijholt and Govers, 2015). Most of them show vertical motion 

between the two blocks of the underthrusting plate at both sides of the STEP fault and normal to strike-

slip movements in the upper plate (Baes et al., 2011; Govers and Wortel, 2005). 

The Calabrian Arc is an allochthonous block of continental crust (Calabria–Peloritani terrane 

after Bonardi et al., 2001) that connects the southern Apennines with the Sicilian-Maghrebides chain 

(Figure 1a). Its arcuate shape can be attributed to the Apennine belt’s diachronous collision with the 

Apulian foreland to the north and with the Hyblean foreland to the south (Malinverno and Ryan, 1986; 

van Dijk et al., 2000). Strike- slip fault systems developed both oblique and perpendicular to the 

orogenic belt. These fault zones caused the fragmentation of the Calabrian Arc in NW-SE elongated 

blocks that have moved independently southeastwards with different displacements and rotations 

(Knott and Turco, 1991; van Dijk and Okkes, 1991; van Dijk, 1992; van Dijk and Scheepers, 1995). 

The major strike-slip fault systems are the Pollino and Sangineto system to the north and their offshore 

prolongations (Ferranti et al., 2009, 2014; De Ritis et al., 2019), the Lamezia-Catanzaro line in the 

central sector (Neri et al., 1996; Tansi et al., 2007; Del Ben et al., 2008), and the Tindari line in the 

north-eastern Sicily (Figure 1a; Billi et al., 2006; Cultrera et al., 2017b). Both the northern and the 

southern strike-slip zones represent the upper plate expression of the Ionian slab STEP faults (De Ritis 

et al., 2019; Doglioni et al., 2001; Govers and Wortel, 2005; Maesano et al., 2020; Polonia et al., 2016; 

Rosenbaum et al., 2008; Figure 1a and d). 

NNW-SSE strike-slip fault systems also affected both the Tyrrhenian and Ionian offshore of 

the northern Calabrian Arc (i.e. Paola Basin in the Tyrrhenian offshore, and the Amendolara Ridge in 

the Ionian offshore, PB and AR in Figure 1a) during the Late Pliocene – Early Pleistocene (Ferranti et 

al., 2014; Corradino et al., 2020). 
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2.2 The Lamezia-Catanzaro system and surroundings offshore areas  

The Lamezia-Catanzaro system is a WNW-ESE trending strike-slip fault system (Figure 1a 

and e) that separates the northern and southern parts of the Calabrian Arc (van Dijk et al., 2000; Tansi 

et al., 2007). In the western offshore of the Catanzaro trough (Sant’Eufemia Gulf in Figure 1a), Loreto 

et al. (2013) recognise three main tectonic features affecting the Plio-Quaternary basin infill. These 

structures are 1) a ~13 km long, N31o striking normal fault that offsets seismic reflectors up to the 

seafloor (SEF in Figure 1e), 2) a WNW-striking polyphase fault system, and 3) a likely E-W trending 

lineament (Figure 1e). Two deep wells were drilled in the Sant’Eufemia Gulf (Marisa and Marta, Mr 

and Mt in Figure 1g). The stratigraphic succession indicates a metamorphic basement covered by 

Messinian deposits, overlain by Pliocene fine‐grained deposits (mudstone and claystone), and 

Pleistocene coarser deposits (sandstone and siltstone).  

Brutto et al., (2016) based on structural data acquired in the western Catanzaro basin and its 

offshore prolongation in the Sant’Eufemia Gulf, document 1) a left lateral NW-SE oriented fault 

system that affects upper Miocene deposits, 2) right-lateral NE-SW oriented faults that involve 

Piacenzian-Lower Pleistocene units and led to the development of structural highs in the eastern sector 

of the gulf and 3) NE-SW and, subordinately, N-S oriented normal faults that affect Middle Pleistocene 

to Recent deposits.  

Based on the analysis of the depth variation of the edges of Infralittoral Prograding Wedges, 

Pepe et al., (2014) documented difference in the post-Last Glacial Maximum vertical tectonic 

movements between the SW and NE offshore sectors of the Capo Vaticano promontory (western 

Calabria, southern Italy). Offshore of Capo Vaticano promontory, Pleistocene intrusive, and off-arc 

volcanic activities occurred (De Ritis et al., 2010; Loreto et al., 2015). The uprising of magma was 

favoured by Pliocene NW- and Pleistocene NE-trending normal fault systems.  

The eastward offshore prolongation of the Lamezia-Catanzaro line lies in the Squillace Gulf 

(Figure 1a and e). Here, a W-E trending, transtensional basin developed during the Pliocene (Del Ben 

et al., 2008).  

2.3 Seismotectonic framework  

The western margin of the central Calabrian Arc is an area of large seismic moment release 

(Figure 1f; CFTI5Med, Guidoboni et al., 2018; CPTI15, Rovida et al., 2020; 2021), where destructive 

historical earthquakes have been generated by onland crustal seismogenic sources (Tiberti et al., 2017; 

DISS Working Group, 2018). The seismogenic activity of the Ionian subducting lithosphere is 

highlighted by the deep seismicity down to ~ 600 km beneath the Tyrrhenian Sea (Chiarabba and 
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Palano, 2017). Despite the evidence of seismogenic activity, no large inter-plate historical or 

instrumental earthquakes have been documented so far, being the deep seismicity interpreted as 

intraslab events (Figure 1c; Chiarabba et al., 2015). Only the 1905 earthquake has been tentatively 

interpreted by some authors as a plate interface event (e.g. Galli and Molin, 2009; Presti et al., 2017). 

However, this earthquake is still poorly documented, and it has uncertain magnitude estimates and 

epicentral locations, most of them offshore (Figure 1f, see Sandron et al., 2015 for a review of the 

studies on the 1905 earthquake). Nonetheless, modelling of GPS velocities shows that the subduction 

may be locked and capable of large magnitude earthquakes with long return times (Carafa et al., 2018).  

The INGV instrumental catalogue shows that the largest seismic events in the past 35 years 

have epicentres located in the Tyrrhenian offshore and hypocentre deeper than 100 km (maximum Mw 

5.8, October, 26, 2006 earthquake at 221 km of depth; ISIDe Working Group, 2007). Conversely, the 

onland seismicity is located up to 20 km depth (maximum Mw 3.9). Only shallow, scattered events 

were localised in the Ionian offshore.  

The historical seismicity indicates that the Calabrian Arc is one of the most seismic areas of 

the whole Italian territory. The area between the Messina Straits and the Catanzaro trough was affected 

by several large earthquakes (Mw >6), among these, the 1783 seismic events (February 5, Mw 7.1, 

February 7, Mw 6.7, and March 28, Mw 7.0), 1905 (Mw 7.0) and 1908 (Mw 7.1) events, which were 

generated by crustal faults (DISS Working Group, 2018).  

Active deformation data (GPS, Devoti et al., 2017; focal mechanisms, Totaro et al., 2016, 

Pondrelli et al., 2020; active stress indicators, IPSI database, Mariucci and Montone, 2020) show that 

the central sector of the Calabrian Arc is characterised by an NW-SE oriented extensional tectonic 

regime, responsible for large magnitude earthquakes (e.g., Galli and Peronace, 2015). Towards the 

east, the Ionian offshore area undergoes a transcurrent regime due to the oblique plate convergence 

(Totaro et al., 2016), and is affected by active compressional structures related to the Calabrian 

subduction complex (e.g. Gutscher et al., 2017; Polonia et al., 2011)  

The seismotectonic interpretation of the seismicity may be broadly divided into two alternative 

models (see Tiberti et al., 2017 for a review). The first model, described as the “Siculo-Calabrian Rift 

Zone” (Tortorici et al., 1995; Monaco and Tortorici, 2000), considers a system of W-dipping high-

angle surface normal faults as the source of the largest earthquakes. The second one, named as 

“Subduction-top model” (Tiberti et al., 2017) and implemented in the DISS database (DISS Working 

Group, 2018), highlights the role of east-dipping, low angle, blind normal faults, antithetic to the 

subduction system, located along the Tyrrhenian side of the Calabrian Arc. In the latter model, the 

longitudinal normal fault systems are dissected by strike-slip faults zone crossing the Calabria Arc. 
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The transversal faults have deemed the sources of earthquakes occurring at the edges of the 

longitudinal seismogenic segments. The W-dipping faults are considered shallow antithetic faults 

respect to the E-dipping ones, as shown, for example, in the Messina Straits area (Bonini et al., 2011). 

3. Data and Methods  

3.1. Multibeam Bathymetry  

The high-resolution Digital Elevation Model (DEM) is a part of the multibeam bathymetric 

dataset acquired and processed by the National Research Council (IGAG) between 2010 and 2013. 

Bathymetric data were collected using multibeam systems at different frequencies. In shallow water, 

the Kongsberg EM 3002D (300 kHz), EM 710 (10-100 kHz) and Reson SeaBat 7111 (100 kHz) 

systems were used, while in deep waters, Reson SeaBat 7160 (44 kHz) was used.  

During the bathymetric surveys, multibeam transducers’ calibration in areas close to the survey 

zone was performed together with sound velocity profiles. The Caris Hips & Sips hydrographic 

software processed all bathymetric datasets. Data processing included: a) patch test on calibration 

lines, b) tide corrections, c) statistical and geometrical filters to remove coherent and incoherent noise, 

d) manual removal of spikes.  

Processed data were gridded, generating DEMs with cell size varying from 0.5–1 m in shallow 

water (<100 m) to 10 m in intermediate water (100–500 m) and 15–20 m in deep water (>500 m). In 

this work, the DEM was at 15 m gridded resolution, and the bathy-morphological map was projected 

in UTM 33N - Datum WGS84.  

3.2. Seismic Reflection Data Acquisition and Processing  

Over 500 km of multichannel high-penetration reflection seismic data (Airgun) and high 

resolution (HR) multichannel seismic reflection data (Geo-Source Sparker) were recorded in the 

Sant’Eufemia Gulf in 1999 and 2019, respectively (orange and yellow lines in Figure 1g). Airgun 

profiles are oriented from NNW–SSE to NNE–SSW directions. Geo-Source Sparker inline profiles 

are primarily oriented in the NW–SE to N–S directions, with crossline seismic profiles acquired along 

the NE–SW direction. A DGPS system controlled the navigation positioning for all datasets. This 

paper presents a subset of these data consisting of seismic lines oriented from NW-SE to NE-SW.  

A high-resolution 48-channel seismic reflection system with slant streamers and group spacing 

varying from 1 to 2 m recorded the signals generated by an innovative multi-tip (400) Sparker array 

in a dual-source Sparker system based on negative discharge technology. The shooting interval was 
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2.0s, with a 1.5 s record length and 0.1ms sampling interval. An innovative differential GPS 

positioning system was used to perform all necessary computations to determine real-time positions 

of sources and receivers. The processing sequence included the following operations: geometry 

assignment by 2D CDP profiles binning, DC removal, signature deconvolution, F-K filter, trace 

stacking, static corrections, velocity analysis, multiple attenuation, post-stack Kirchhoff time 

migration, receiver deghosting, time-variant bandpass filtering and automatic gain control removal to 

restore the True Amplitude. Signal penetration exceeds 500 ms two-way time (t.w.t). Vertical 

resolution reached up to 0.25 m near the seafloor.  

The Geo-Suite AllWorks software package was used to process single-channel reflection 

seismic data and for seismic interpretation. Seismo- and sequence stratigraphy based analysis 

facilitated the reconstruction of the depositional architecture of seismic-stratigraphic units.  

An additional MCS profile from Vi.DE.PI database (red line in Figure 1g, 

https://www.videpi.com/videpi/sismica/sismica.asp) was used for this study. The MCS section was 

converted from raster to SEG-Y format using the GeoSuite AllWorks software. The geodetic reference 

system is the WGS84 with a UTM 33 N projection.  

3.3 Morphotectonic analysis  

Two grids of 50 swath profiles covering roughly 1,000 km2 were used to analyse the relief 

distribution and the topographic response to tectonic forcing (Figure 2a). Swath profiles sample 

topographic information from rectangular areas and include such information into an elevation profile 

by stacking multiple topographic profiles. The trace of these topographic profiles, here labelled as 

profile lines, are equally spaced and oriented perpendicularly to the swath profile baselines (Fig. 2a 

and b). The same length characterises all the profile lines.  

A 2 km swath width was adopted to highlight tectonic signals at the kilometric scale for 

detecting the primary faults in the study area. Two grids with N-S, E-W, NNW-ESE and ENE-WSW 

oriented segments define the baselines for the swath profiles (Figure 2a). The swath profiles were 

computed using a code wrapper employing the algorithms proposed by Schwanghart and Scherler, 

(2014). We extracted and listed endpoint coordinates of each grid segment, sampled two pairs of 

coordinates simultaneously, and computed the swath profiles between those extracted points. A grid 

of swath profiles oriented along with the directions of the segments above described, and the diagonal 

joining two adjacent segments was obtained (Figure 2a). For example, the first swath profile was 

created using the two coordinates labelled A and B, the second one using the coordinates B and C, and 

going in this way until using all the stored coordinates. The maximum, minimum, and mean values of 
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bathymetric depth were sampled along each profile line (Figure 2b) and arranged as a matrix of 

146,071 georeferenced points. The coordinates of each point correspond to the intersection between 

the profile lines and swath baselines (Figures 2b). The dataset was used to compute the local relief for 

each point as the difference between the maximum and minimum value sampled for each profile. This 

value corresponds to the local relief along the profile. Finally, the local relief was normalised dividing 

the data distribution by its maximum value, so the result values range from one to zero. Considering 

that values approaching one represents the maximum computed relief, the 75° percentile of this 

distribution was considered as the minimum threshold to detect the areas with the highest relief values 

(Figure 2c). The mean elevations approaching the maximum ones were detected within these areas to 

infer the bathymetric response to the tectonic forcing (Burbank and Anderson, 2011). To do this, we 

computed the mid-to-max value and filtered the dataset using the following equations: 

midtomax = max bathymetry – min bathymetry  Eq. 1 

anomalous = (max bathymetry – min bathymetry)/2 Eq. 2 

The distribution of mid-to-max values ranging from one to zero was obtained by normalisation. 

The values approaching zero are areas controlled by the tectonic forcing. A threshold of values lower 

than the 75° percentile was applied to select the Anomalous Mid-To-Max (AMTM) values from this 

distribution. The resulting points (14,815) of AMTM values coincide in correspondence of high-relief 

areas where the submarine landscape responds to recent tectonic forcing (Figure 2d).  

The bathymetric map and swath profiles were qualitatively analysed to identify morphologic 

signature related to nearby tectonic structures (Figures 2d). In particular, the upstream portion of the 

Angitola Canyon was analysed through a ∼ 22 km-long trunk longitudinal profile and 23 bathymetric 

cross profiles. Such profiles were placed along the canyon to capture changes in the canyon aspect 

ratio by computing the height to width ratio (H/W). Finally, the spatial correlation among slope 

changes of the trunk stream long profile, H/W values, and the geographic and stereological properties 

of the main geologic structures detected closely were analysed to infer the possible response of the 

Angitola Canyon to the tectonic forcing.  
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FIGURE 2. A) Map view of the swath profile grid used for the seafloor morphometric analyses. The two swath profiles 
labelled “45-swathplot-18” and “180-swathplot-15”, shown in (C and D), respectively, are highlighted with the white 
transparent band. Capital letters, from A to D, into white circles, represent the edges of the swath profile segments in 
white, light grey, and light green. (B) Conceptual sketch representing the zoom of the initial portion of the white swath 
profile of the previous inset. The thick black line represents the swath profile baseline, the dashed black line represents 
the swath profile bounds, and the thin red lines represent the topographic profile lines. The light green circles represent 
the intersection points between the profile lines and baseline. (C) Frequency histogram of the normalised local relief 
data distribution. Values higher than the 75% percentile, in light green, represent the highest computed local relief 
values. (D) Frequency histogram of the anomalous normalised mid-to-max data distribution. Values lower than the 
75% percentile relate to areas where the mean bathymetry significantly approaches higher bathymetry values. (E) Swath 
profile labelled 45-swathplot-18 highlighting the presence of a scarp and a counter-slope area in the Gulf central sector. 
(F) Swath profile labelled 180-swathplot-15 evidencing a significantly higher relief detected in correspondence of a 
bathymetric ridge. 

6. Results  

 

FIGURE 3. Morphobathymetric map of the Sant’Eufemia Gulf. 
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4.1 Morpho-bathymetry analysis  

The multibeam bathymetry of the study area shows a 1-9 km wide continental shelf, with the 

edge located between 140 and 160 m water depth. The shelf edge is irregular in plan-view because of 

the alternation of erosive features (canyon heads, gullies and landslide scars in Figure 3), carving the 

shelf, and submarine ridges developed on the continental slope. One of the prominent ridges, hereafter 

named Maida Ridge, is located just to the north of the Angitola Canyon between 120-400 m water 

depth (Figure 3). The Maida Ridge is a NE-SW-trending morphological high over 12 km long, has an 

average width of ~4 km, and a morphological relief of ~150 m. Smaller ridge-like structures are also 

developed in the northern part of the study area, just below the shelf facing the Falerna Marina village. 

As a whole, the continental slope has a mean gradient of 3-4° and displays an overall uneven 

morphology both in its upper and lower part. Notably, the main morphology recognisable in the slope 

between 450 and 700 m water depth is a mounded relief located in the center of the study area 

(Mounded relief in Figure 3). This feature is about 11 x 8 km in size and has a morphological relief of 

about 20 m with respect to the surrounding seafloor; two shallow and narrow erosional channels 

laterally bound it. In particular, a set of SW-NE elongated scarps affects the morphological high and 

its surroundings; these scarps are 2-8 km long and 2-10 m high.  

The Angitola Canyon is the main bathymetric feature of the Sant’Eufemia Gulf. Its head lies 

at a water depth of about 100 m, along the offshore prolongation of the Angitola River. The canyon 

pattern is roughly rectilinear from the canyon head to ~560 m water depth. Below this depth, the pattern 

abruptly becomes meandering. Such a meandering pattern extends down to a regional NE-SW-

trending scarp, which crosses the canyon at roughly 900 m water depth. After that, the canyon resumes 

a sub-rectilinear pattern.  
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4.2 Seismo-stratigraphic characterisation and interpretation  

 

FIGURE 4. (A) Seismostratigraphic units (MD and PQ) recognised on the high-penetration seismic profile “Line 
Sister—12”. (B) Seismostratigraphic subunits (PL and LQ) recognised on the HR seismic profile “Line—04.” See 
Figure 5A for location. 

In the high-penetration seismic profiles, two seismo-stratigraphic units, labelled from bottom 

to top as MD and PQ (Figures 4a, 5a and b), were defined by their bounding unconformities and 

described based on their architecture and seismic characters (e.g., amplitude, lateral continuity, and 

frequency of internal reflectors). Seismic profiles were calibrated using well-log data (Cosentino et al., 

2017; Ms and Mt in Figure 1g).  

Unit MD is characterised by relatively discontinuous, medium frequency, and medium- to 

high-amplitude reflectors. It is bounded upwards by a well-defined, high-amplitude unconformity (M 

horizon in Figure 4a), associated with the top of evaporites deposited during the late Messinian salinity 

crisis or to an erosional unconformity formed during the late Messinian sea-level fall (Malinverno et 
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al., 1981, and references therein). We correlate unit MD with the Upper Miocene deposits based on 

the seismic signature and well log data (Figures 5b). 

Unit PQ overlays the M horizon and shows continuous, high- to medium-frequency and 

medium- to high-amplitude reflectors (Figure 4a). We correlate unit PQ with the Plio-Quaternary 

sedimentary succession widespread in the Tyrrhenian Sea based on its seismic signature and well log 

data.  

Two subunits, named PL and LQ from bottom to top, were distinguished based on the 

occurrence of a well-defined unconformity that separates them (S1 in Figures 4a and b, 5a and b). 

Well-seismic calibration indicates that the unconformity S1 formed during the Early Pleistocene 

(Calabrian).  

Subunit PL is characterised by subparallel and well-defined laterally continuous reflectors with 

an aggradational internal pattern. The strata are sub-horizontal in the central and northern sectors of 

the line Sister-12 and show northwards directed onlap terminations onto the M horizon (Figure 5a). In 

the southern part of the seismic profile, reflectors exhibit a variable inclination from bottom to top, 

defining a fan geometry (FSD in Figure 5a). Subunit PL is also sub-horizontal in the southeastern 

sector of line ER-77-502, whereas it exhibits slightly seaward dipping reflections moving towards the 

north-west (Figure 5b).  

The subunit LQ consists of a series of layered and generally sub-horizontal reflectors with an 

aggradational structure (Figure 5a and b). The strata terminate with onlap geometry onto the 

unconformity S1 in the central sector of the gulf (Figures 4b, 5a, 6a and b) and in the eastern one 

(Figures 5b, and 7). Conversely, strata paraconformably overlay subunits PL deposits towards both 

the north and the south. Another unconformity surface was detected within subunit LQ only in the 

southeastern sector of the Gulf, along the north-western flank of the Maida Ridge (S2 in Figure 7). 

Subunit LQ is bounded upwards by the seafloor.  
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4.3 The Sant’Eufemia fault system  

 

FIGURE 5. (A) Seismic profile “Line Sister—12” and its interpretation. Boxes 4a and 4b are displayed in Figure 4. (B) 
Seismic profile “Line ER-77-502” and its interpretation. Insets show the location of the profiles. Ms, Marisa well; Mr, 
Marta well; FSD, fan-shaped deposits; sbm., seabed multiple; Unit MD, Upper Miocene deposits; Unit PQ, Plio 
Quaternary deposits; PL and LQ, subunits of the Plio Quaternary deposits. 

A series of normal faults that offset the deposits of Unit MD are observed on the high-

penetration seismic profiles. Faults generally dip towards the south and bound horst (CDPs 1250-1500, 

Figure 5a) and half-graben (CDPs 1600 – 2300, Figure 5a) structures. Some faults are sealed by 

Pliocene deposits but younger activity is locally observed (e.g. CDPs 1800-2100 in Figure 5a). In this 

area, the deposits of subunit PL show a fan-shaped geometry (FSD) with the thicker deposit in the 

hanging wall of a SSW-dipping fault (Figure 5a). We interpret these deposits as syn-tectonic strata 

associated with the development of a normal or transtensional fault that offset rocks deeper than 3 km 

(using 2000 m/s for the time to depth conversion). However, this fault shows a reverse feature in its 

upper part; thus, we interpret it as a positive inversion structure (probably due to transpression) 



Nicolò Parrino – PhD thesis 

Morphometry of quaternary faulting and landscape evolution in southern Italy 

 

 125 

involving subunit PL and older deposits. The inversion is partial (sensu Williams et al., 1989) because 

the deeper fault still retains an apparent normal displacement. Another positive partial inversion 

structure is observed towards the north (CDPs 1500-1700 in Figure 5a). The transpressional 

reactivation of both faults leads to the uplift of the earlier basin fill and bending of the upper part of 

PL. Towards the east, sub-unit PL was also involved in shortening along steep transpressional ramps 

(Figure 5b). Seismic and well-log data suggest that the transpressional structures were active until the 

Calabrian. Thus, the unconformity S1 that limits the subunit PL deposits upward has a tectonic origin. 

Above this surface, LQ deposits show onlap reflectors terminating on top of unit PL (CDPs 1900 - 

1950, Figure 5a). 

The deep inversion structures involving subunit PL are not detectable on the high-resolution 

seismic profiles. Considering that the positive inversion structure was traced in correspondence of the 

inflection point of the unconformity S1 in the high-penetration seismic lines (Figure 5a and b), we 

used this inflection point to infer the shallow position of transpressional faults on the high-resolution 

seismic profiles (Figure 6a). In the central sector of the Sant’Eufemia Gulf, the transpressional faults 

show NE-SW orientations. NNE-SSW to NE-SW trending transpressional structures were also 

detected in the eastern sector of the Sant’Eufemia Gulf in correspondence with ridges (Figures 3, 5b, 

7 and 8a). The most prominent structure is associated with the formation of the Maida Ridge (see 

paragraph 4.1), and has a south-eastward asymmetric shape indicating its vergence (Figures 7 and 8a). 

A secondary unconformity S2 was identified along the north-western flank of this transpressional 

structure above the main unconformity S1 (Figure 7). The formation of this unconformity is probably 

linked to the tectonic activity of the structure associated with the development of the Maida Ridge.  

NNE- SSW trending, closely-spaced, high-angle normal to transtensional faults offset the 

upper part of subunit PL and younger deposits (Figure 6a, b and c). Some of the faults reach the 

seafloor, whereas others propagate upwards, affecting the LQ deposits. The maximum depth at which 

these structures can be traced is generally less than 1.5 km (using 2000 m/s for the time to depth 

conversion). The transtensional faults show an anastomosing pattern in the central sector of the 

Sant’Eufemia Gulf, with individual segment length typically of a few km and rarely approaching 10 

km (Figure 8a). Seafloor vertical offset along these faults vary from few meters to a few dozen meters, 

and, consequently, these faults have a mild morphological expression.  
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FIGURE 6. (A) Seismic profile “Line—04” and its interpretation. Inset shows the location of the profile. (B and C) 
Parts of Line—04 that show high-angle trastensive faults. Blue line marks the south-westernmost part of the anticline 
associated to the development of the Maida Ridge. Black dashed line represents the anticline axis. Red lines indicate 
transtensional faults. PL and LQ are the subunits recognised in the Plio Quaternary deposits. 

 

FIGURE 7. Seismic profile “Line—05” and its interpretation. Inset shows the location of the profile. PL and LQ are 
the subunits recognised in the Plio Quaternary deposits. Red lines indicate transtensional faults. 
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FIGURE 8. (A) Structural map of the Sant’Eufemia Gulf. Red dots are the AMTM values localised at the intersection 
points of their related swath profiles. MA, Maida Ridge; AC, Angitola Canyon; 1, 2, 3, 4, and 5, sectors with alignments 
of AMTM values. (B and C) Schematic structural maps showing the active structures during the Pliocene—Early 
Pleistocene (Gelasian) and Early Pleistocene (Calabrian)—Recent tectonic events that affected the Sant’Eufemia Gulf. 
The activity of the structures is inferred from the analysis of seismic profiles and swath profiles (AMTM values). 

4.4 Morphotectonic anomalies  

The qualitative analysis of swath profiles shows morphological anomalies (relief anomalies, 

topography excesses, terraced surfaces, asymmetrical valleys, and counter-slope areas; Figures 2e and 

f) that suggest a transient landscape state due to a tectonic forcing.  

The quantitative analysis of the swath profiles highlights AMTM values in distinct sectors of 

the gulf. In the western sector, an alignment of AMTM values is observed along a NE-SW 
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morphological scarp (1 in Figure 8a). Few AMTM values were detected in the central sector of the 

gulf, whereas several alignments of AMTM were computed towards the east. In particular, AMTM 

values are observed in the north-eastern sector in correspondence of a roughly NE-SW striking 

bathymetric scarp (3 in Figure 8a) along the shelf-upper slope transition (4 in Figure 8a) and above the 

NE-SW trending transpressional Maida Ridge (5 in Figure 8a). Towards the south, many AMTM 

values are observed along the Angitola Canyon (AC in Figure 8a).  

The longitudinal profile of the upper 22 km sublinear part of the thalweg of the Angitola 

Canyon and the cross profiles allowed the detection of three different reaches characterised by different 

Stream Length-gradient (SL) index and H/W values and trends (Figure 9a and 9b). The roughly 

constant negative trend of H/W and the correlative flat SL trend (avg. 125, st. dev. of 52), extending 

from the canyon head to roughly 9 km, describes the steady-state and concave upward shape of the 

Reach 1 of the profile (Figures 9a and b). The average canyon width is roughly 303 m, and its standard 

deviation is about 72 m. We detect the minimum SL (avg. 116, st. dev. 187) and H/W values in Reach 

2, ranging from 9 to 16 km (Figure 9c). Such low values, corresponding to an average width of 574 m 

(st. dev. 90 m), can be interpreted as an increase of the canyon width relative to its height or a change 

to a less erodible bedrock of the thalweg. Differently, a positive trend of the H/W curve and a high-

amplitude SL curve (avg. 826, st. dev. 1308) distinguish Reach 3, extending till the first meander that 

characterises the deeper part of the Angitola Canyon.  

The positive trend of the H/W curve of the Reach 3, together with the average canyon heights 

(~ 81, 83 and 100 m with a standard deviation of 7, 4, and 17 m for Reach 1, Reach 2 and Reach 3, 

respectively), highlights a growing stream power moving towards the canyon outlet.   
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FIGURE 9. A) Map view of the upstream portion of the Angitola Canyon. In black, the southern part of the Maida Ridge. 
In blue, the location of 23 bathymetric cross-profiles. In brown, the trace of the thalweg. The three double-arrowed 
black lines show the length of the three reaches. (B) The brown line and the black vertical axis relate to the long profile 
of the Angitola Canyon, while the grey curve and the red vertical axis represent the SL index computed values. (C) In 
red and blue, the canyon height and width curves, respectively; both curves refer to the black vertical axis. In magenta, 
the H/W ratio curve which values relate to the red vertical axis. 

5. Discussion  

5.1 From deep to shallow: tectonic interpretation of the Sant’Eufemia Gulf  

The structural investigation results integrated with the geomorphic analysis pinpoint three 

major tectonic events in the structural evolution of the Sant’Eufemia Gulf from Late Miocene to Recent 

times. We propose to frame these tectonic events within the kinematics of a deep-seated slab tear 

drawn from previous geodynamic analysis of the region (Lucente et al., 1999; Rosenbaum et al., 2008) 

and interpreted as a regional, first-order structure.  
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Seismic reflection profiles show that the first tectonic event was characterised by the 

development of extensional faults during the Late Miocene (Figure 5a). The second tectonic event was 

characterised by the positive inversion of deep (>3 km) extensional faults inherited from the previous 

event (Figure 5a). During this stage, we also document the formation of transpressional faults and 

NNE-SSW to NE-SW oriented anticlines (e.g. the Maida Ridge), involving Upper Miocene to Lower 

Pleistocene (Gelasian) deposits, in the central and eastern sector of the gulf, respectively (Figures 5b, 

and 8a and b). The orientation of the anticlines and their en-echelon arrangement suggest that they 

developed within a roughly E-W oriented right-lateral transpressional zone, located above the deep-

seated slab tear fault (red line in Figure 1d). The last tectonic event began in the Early Pleistocene 

(Calabrian). It was characterised by the onset of shallow (less than 1.5 km), NNE- SSW trending, high-

angle normal to oblique faults (Figure 5a, 6, and 7). The orientation of these younger faults (Figure 8a 

and c) suggests that they formed in a left-lateral strike-slip regime along the E-W oriented shear zone. 

This interpretation is consistent with the deep-seated structural setting documented by Guarnieri, 2006, 

suggesting a current left-lateral wrenching develops between Sant’Eufemia Gulf and Squillace Gulf, 

and with seismological data that highlight left-lateral focal mechanisms in this sector of Calabria (e.g. 

Presti et al., 2013).  

Data and interpretation highlight a change from right-lateral to left-lateral kinematic since the 

Calabrian. A kinematic change for the second and third tectonic event was proposed by Brutto et al. 

(2016) based on field data collected in the western Catanzaro Trough and on the interpretation of 

seismic profiles collected in the Sant’Eufemia Gulf. Conversely, the evolutionary model proposed by 

Brutto et al. (2016) suggests that the last extensional stage is governed by a sub-vertical P-axis 

similarly to what occurs slightly to the south, from the Messina Straits to the Mesima Valley. In the 

northern sector of the Catanzaro Trough and adjacent Squillace Gulf, an ESE-WNW trending strike-

slip fault system (Figure 1a and e; Lamezia-Catanzaro line, Tansi et al., 2007) and an E-W trending 

transtensional basin connected to a negative flower structure (Del Ben et al., 2008) developed since 

the Late Miocene, respectively. The strike-slip fault system offsets the Middle Miocene to Lower 

Pleistocene deposits on-land (van Dijk et al., 2000; Tansi et al., 2007) and Plio-Quaternary sequences 

in the Squillace Gulf (Del Ben et al., 2008). Their orientation confirms that a roughly E-W oriented 

crustal strike-slip fault can be traced from the Sant’Eufemia Gulf to the Squillace Gulf. On a 

lithospheric scale, the western part of the crustal fault lies over an ESE-WNW trending, shallow (< 

100 km) slab tear fault (red line in Fig. 1d, Rosenbaum et al., 2008). Because a slab tear fault develops 

in the correspondence of two adjacent parts of the lower plate that move at different rollback velocities 

(Rosenbaum et al., 2008), the formation of the crustal faults can be considered as the upper plate 
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response to the tearing of the lower plate (Fig. 10). Considering the age of the older deposits affected 

by the upper plate deformation, we infer that the formation of the tear fault started in the Late Miocene.  

The slip-sense inversion from right-lateral to left-lateral of the roughly E-W oriented crustal 

strike-slip fault traced from the Sant’Eufemia Gulf to the Squillace Gulf could be the result of a 

deceleration of the eastward motion of the northern part of the Calabrian Arc with respect to the 

southern sector during the Quaternary transition from the tectonic event 2 to 3, as a consequence of 

the collision of the northern sector of the Calabrian Arc with the continental crust of the Apulian 

foreland (Guarnieri, 2006). This event has partially inhibited the propagation of the northern part with 

respect to the southern sector that continued to migrate southeastwards (Figure 10). The same effect 

could have resulted from the slab detachment (~ 700 ka) that caused the end of the subduction beneath 

the northern Calabrian Arc (Neri et al., 2009; Scarfì et al., 2018). 

 

FIGURE 10. Geodynamic sketch of the Tyrrhenian-Ionian subduction system illustrating the strike-slip deformation 
zone extending from Sant’Eufemia Gulf to Squillace Gulf formed above the tear fault inferred between two segments of 
the Ionian slab. 

5.2 Landscape response of the Sant’Eufemia Gulf to tectonic forcing  

The alignment of the AMTM values in correspondence with a NE-SW seafloor scarp 

developed in the western sector of the gulf (1 in Figure 8a) suggests a recent morphostructural control 
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on its formation. The geometrical and stereological characteristics of this N15°E striking, 10 km long 

and 200 m high scarp, make this morphological feature compatible with the deep structures detected 

on the high-penetration seismic profiles.  

A few AMTM values were detected in the central sector of the Gulf (2 in Figure 8a), where a 

number of NNE-SSW-trending shallow normal to transtensional faults offset the seafloor. The limited 

occurrence of AMTM values indicates that the wavelength of the topographic signature of the normal 

to transtensional faults is smaller than the width of the swath profiles. Thus, the morphometric analysis 

confirms that these faults are basically shallow structures, whose roots do not reach the same depth as 

the transpressional faults. No AMTM values were found in correspondence to the deep transpressional 

faults in the central sector of the Gulf, suggesting that this structure is probably inactive.  

In the eastern sector of the Gulf, AMTM values were detected in correspondence of the NNE-

SSW to NE-SW trending anticlines (e.g. Maida Ridge, MA in fig. 8a), indicating that these structures 

controlled the morphology of the eastern sector of the Gulf in recent times. Thus, the analysis of swath 

profiles suggests that deep transpressional faults (e.g. CDPs 260-300 in Figure 5b), associated with the 

development of the anticlines during the second tectonic event (see paragraph 5.1), were reactive in 

the left-lateral transtensional regime that characterises the last tectonic event.  

In the southern sector of the Gulf, several AMTM values are detected along the Angitola 

Canyon. However, in this case, the tectonic forcing probably has triggered multiple geomorphological 

processes (e.g., gravitational processes, changes in slope and drainage patterns, sediment density flows 

that travel down the canyon, etc.) able to produce AMTM values. Thus, we have integrated the analysis 

of swath profiles with the bathymetric analysis of the Angitola Canyon to better understand the 

possible tectonic forcing of the 22 km long upstream section of the channel. The longitudinal profile 

of the canyon (Figure 9) shows that Reach 1 follows a steady-state evolution process as attested by its 

concave upward bathymetric profile and the flat SL trend. Along Reach 1, the canyon progressively 

increases its width in the downstream direction and approaches the Maida Ridge. Reach 2 responds to 

a tectonic landward tilt process and to the lateral tectonic forcing, as shown by the minimum SL value, 

the maximum width of the channel, and the corresponding minimum value of the H/W ratio associated 

with a steady H value. Finally, the morphology of the Reach 3 evolves following a growing stream 

power, as inferred by higher SL values and an increasing H/W ratio.  

The change in the longitudinal slope of the canyon between Reach 2 and Reach 3 and the 

asymmetric shape of the canyon, expressed by the active channel flowing near the southern wall and 

the presence of unpaired terraces along the northern flank (Figure 9a), suggest that Reach 2 and Reach 

3 underwent differential uplift. Considering that the south-western prolongation of the Maida Ridge 
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roughly lies below the boundary between the Reach 2 and Reach 3 of the canyon, we infer that the 

differential uplift of the two reaches represents the topographic response to the Late Quaternary 

activity of the Maida Ridge.  

5.3 Seismotectonic implications  

The 1905 earthquake, one of the largest seismic event in Italy, was widely felt along the whole 

Tyrrhenian coastline of Calabria, with maximum macroseismic intensities documented in the northern 

part of the Capo Vaticano promontory (CFTI5Med, Guidoboni et al., 2018; CPTI15, Rovida et al., 

2021). The earthquake also triggered a tsunami wave that flooded the coastline of central Calabria 

(Piatanesi and Tinti, 2002; Loreto et al., 2017; Maramai et al., 2019). Shaking scenarios suggest that 

the seismogenic fault is located in the Sant’Eufemia Gulf (Sandron et al., 2015). Two different 

structures located south of the Capo Vaticano promontory (Cucci and Tertulliani 2010) and in the 

Sant’Eufemia Gulf (Loreto et al., 2013) were proposed as seismogenic faults. The different hypothesis 

on the source of the 1905 seismic event is due to the difficulty of identifying offshore structural 

lineaments able to produce high-magnitude seismic events.  

Some consideration on the age and stratigraphy of the deformed units is necessary to infer the 

seismogenic potential of the two sets of faults mapped in the Sant’Eufemia Gulf. The Pliocene to Early 

Pleistocene (Calabrian) transpressional faults (primary fault set) deform highly competent rocks of the 

Kabilian-Calabrian units, including imbricate sheets of the Hercynian basement, Alpine poly-

metamorphic rocks, and Mesozoic sedimentary units. Conversely, the faults of the shallower 

transtensional deformation zone (secondary fault set) dissect less competent Pliocene fine-grained 

(mudstone and claystone) and Quaternary coarser (sandstone and siltstone) rocks. Based on the depth 

and geometry of the faults (i.e. dimension derived from mapped fault length and width) and on the 

lithology of the deformed rocks, we suggest that the potential source of large magnitude earthquakes 

should be related to the primary fault set.  

The anticline axis of the Maida Ridge was mapped for a length of about 15 km (MA in Figure 

8a). This value is probably underestimated due to the lack of seismic data at the NE and SW 

terminations of the structure, close to the coastline and the Angitola Canyon, respectively. Geomorphic 

analysis of the upper reach of the canyon indicates that its evolution was controlled by tectonic forcing 

compatible with the growth of the anticline. Thus, the length of the deep fault, associated with the 

development of the anticline, possibly extends south-westward for an additional 3-4 km. The deep 

structure evolved during the second tectonic stage (Pliocene - Gelasian) as a transpressional fault (Fig. 

5b and 8b). Successively, it was active during the last tectonic event (Calabrian – Recent, Figure 8c) in a 
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left-lateral transtensional regime, as suggested by a) the distribution of the AMTM values indicating 

that the tectonic activity of the deep fault, responsible for the formation of the Maida Ridge, controlled 

the seafloor morphology in recent time (see paragraph 5.2), b) the bathymetric analysis of the upper 

reach of the Angitola Canyon indicating that the growth of the Maida Ridge controlled the evolution 

of the canyon in the Late Quaternary (see paragraph 5.2), and c) the NNE-SSW orientation of the deep 

fault that is compatible with its reactivation in a left-lateral transtensional regime (see paragraph 5.2, 

Figure 8c). Considering the length and depth of this deep fault, its recent activity, and its location close 

to the epicentre of the 1905 event as inferred by Camassi et al., (1997) (red square-3 in Figure 1f), we 

suggest that the deep primary fault, associated with the growth of the Maida Ridge, is likely the 

seismogenic source of the 1905 earthquake.  

The seismogenic fault proposed by Loreto et al., (2013) and Brutto et al. (2016) (SEF in Figure 

1e, included in the DISS database as the “ITIS139 Sant’Eufemia”, DISS Working Group, 2018) is an 

extensional, SE-dipping fault, formed along the southeastern flank of the Maida Ridge. This fault 

offsets shallow reflectors (at a depth less than 2s, Figure 13 in Brutto et al., 2016). Based on its depth 

and its direction, parallel to the shallow transtensional faults documented in our study, we interpret 

this fault as a secondary structure.  

Our suggested seismogenic fault also differs from an intra-plate rupture at the bending zone of 

the Ionian subduction slab, proposed by Presti et al., (2017), that implies a deeper seismogenic source 

at a depth of several tens of kilometres. However, the tectonic model we suggest does not exclude the 

formation of a structure in the subducting lithosphere of the lower plate along or near the slab tear 

fault. 

6. Conclusions  

A multiscale approach based on the interpretation of multichannel seismic profiles with 

different resolution/penetration and quantitative morphometric analysis of multibeam bathymetry 

provides new insights into the characterisation of active faults in offshore areas. The results of this 

work allowed to reconstruct the structural setting and the kinematic evolution of surficial and deeper 

faults developed in the Sant’Eufemia Gulf (Tyrrhenian offshore of the Calabrian Arc) since the Late 

Miocene, and to detect their morphological signature at the seafloor. The main conclusions can be 

summarised as follows:  

1. Three tectonic events controlled the evolution of the Sant’Eufemia Gulf since the Late 

Miocene. The first one is an extensional or transtensional phase that occurred during the Late 

Miocene. Following, a right-lateral transpressional tectonic event developed from the Early 
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Pliocene to the Early Pleistocene. It caused the positive inversion of deep (>3 km) 

extensional/transtensional tectonic features and the formation of NNE-SSW to NE-SW 

trending anticlines (e.g. Maida Ridge). Since the Early Pleistocene (Calabrian), a left-lateral 

transtensional regime induced the formation of shallow (less than 1.5 km), NNE- SSW 

oriented, high‐angle normal to transtensional faults.  

2. The integration of seismic reflection and quantitative morphometric analysis provides 

evidence that the NNE-SSW to NE-SW trending anticlines, formed during the Pliocene to 

Early Pleistocene (Gelasian), were reactivated during the Calabrian to Recent left-lateral 

transtensional event. Also, the bathymetric analysis of the Angitola Canyon suggests a 

differential uplift between two reaches of the canyon. We infer that the south-western 

prolongation of the Maida Ridge lies below the canyon and, thus, the differential uplift may 

be regarded as a topographic response of the Late Quaternary negative inversion of the fault 

that has controlled the growth of the Maida Ridge.  

3. Based on the length (>15 km), and recent tectonic activity, the deep structure controlling the 

development of the Maida Ridge can be considered a potential candidate for the seismogenic 

source of the 1905 earthquake.  

4. Our results, integrated with previous literature, support the hypothesis that the 

transpressional/transtensional structures detected in the study area correspond to a ~E-W 

oriented crustal strike-slip fault zone extending from the Sant’Eufemia Gulf to Squillace 

Basin (Ionian Sea). This zone may be regarded as a crustal response to the development of a 

tear fault in the lower plate.  
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Thesis Conclusions 

The above-presented case studies testify how the multidisciplinary approach, combining 

morphometry, structural and geophysics methodologies, allowed to detect evidence of active faulting 

even where standard techniques usually fail. Such an approach grants the overcoming of the main 

factors that hamper the detection of “elusive” faults, such as:  

a) A prominent structural inheritance: 

As in the first chapter, a morphometric approach allows detecting evidence of deformation 

even in an area where the youngest field stratigraphic and structural evidence of deformation 

can be ascribed to the Miocene period. 

b) Fault slip rate of the same order of magnitude as the erosion rate: 

As in the first chapter, a morphometric approach allows detecting evidence of deformation 

even in lithologies not capable of preserving any fault morphological signature. 

c) Active structures can be blind: 

As in the third chapter, a morphometric approach allows detecting evidence of deformation 

of blind structures. 

d) Partially offshore active structures: 

As in the fourth chapter, a morphometric approach proved to be applicable even in offshore 

landscapes. 

It is essential to state that no standard, easily followable set of instructions allows the detection 

of active structure in every landscape and environment, even if some approaches are better than others. 

Nevertheless, some “suggestions” can be used as good practice, such as:  

a) Always look for active deformation instead of active tectonics. 

Evidence of deformation is almost always evidence of active processes in the area, and 

mainly if characterized by long wavelengths, the chances of misinterpretation are 

considerably lower than stratigraphic-structural field evidence of active faulting. 

b) Always know the erosive and sedimentary processes of the studied environment. 

The key to deciphering the deformation evidence in the studied landscape lies in its active 

erosive and sedimentary processes and in the “anomalous” areas that are not characterized 

by such processes. 
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Finally, the use of independent variables to verify the results to look at the same process from 

different points of view is almost the only way to discover the “smoking gun” that testify active faulting 

processes in an area. 


