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Abstract :   
 
Tectono-stratigraphic interpretation and sequential restoration modelling was performed over two high-
resolution seismic profiles crossing the Western Ionian Basin of southern Italy. This analysis was 
undertaken in order to provide greater insights and a more reliable assessment of the deformation rate 
affecting the area. Offshore seismic profiling illuminates the sub-seafloor setting where a belt of active 
normal faults slice across the foot of the Malta Escarpment, a regional-scale structural boundary inherited 
from the Permo-Triassic palaeotectonic setting. A sequential restoration workflow was established to 
back-deform the entire investigated sector with the primary aim of analysing the deformation history of 
the three major normal faults affecting the area. Restoration of the tectono-stratigraphic model reveals 
how deformation rates evolved through time. In the early stage, the studied area experienced a significant 
deformation with the horizontal component prevailing over the vertical element. In this context, the three 
major faults contribute to only one third of the total deformation. The overall throw and extension then 
notably reduced through time towards the present day and, since the middle Pliocene, ongoing crustal 
deformation is accommodated almost entirely by the three major normal faults. Unloading and 
decompaction indicate that when compared to the unrestored seismic sections, a revision and a reduction 
of roughly one third of the vertical displacement of the faults offset is required. This analysis ultimately 
allows us to better understand the seismic potential of the region. 
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Highlights 

►Sequential restoration has been applied to interpretated high-resolution seismic profiles. ► Back-
restoration modelling allows estimating throw-rates of major faults and how it modulated through time. 
►data reveal a diffuse stretching in the early deformation stage before strain localized on major faults. 
►Sequential restoration workflow allows to reassess deformation rate of a seismically active area of 
Southern Italy. 
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Abstract 45 

Tectono-stratigraphic interpretation and  sequential restoration modelling was performed over two 46 

high-resolution seismic profiles crossing the Western Ionian Basin of southern Italy. This analysis 47 

was undertaken in order to provide greater insights and a more reliable assessment of the deformation 48 

rate affecting the area. Offshore seismic profiling illuminates the sub-seafloor setting where a belt of 49 

active normal faults slice across the foot of the Malta Escarpment, a regional-scale structural 50 

boundary inherited from the Permo-Triassic palaeotectonic setting. A sequential restoration workflow 51 

was established to back-deform the entire investigated sector with the primary aim of analysing the 52 

deformation history of the three major normal faults affecting the area. Restoration of the tectono-53 

stratigraphic model reveals how deformation rates evolved through time. In the early stage, the 54 

studied area experienced a significant deformation with the horizontal component prevailing over the 55 

vertical element. In this context, the three major faults contribute to only one third of the total 56 

deformation. The overall throw and extension then notably reduced through time toward the present 57 

day and, since the middle Pliocene, ongoing crustal deformation is accommodated almost entirely by 58 

the three major normal faults. Unloading and decompaction indicate that when compared to the 59 

unrestored seismic sections, a revision and a reduction of roughly one third of the vertical 60 

displacement of the faults offset is required. This analysis ultimately allows us to better understand 61 

the seismic potential of the region. 62 

Keywords: Malta Escarpment, seismic profile, sequential restoration, deformation rate. 63 

 64 

1. Introduction 65 

The restoration concept includes a wide range of methods (balanced cross-sections, back-stripping, 66 

structural restoration etc.), which are applied to validate structural interpretations or to recover 67 

deformation, subsidence or any other tectonic processes to be analysed. As seismic data are frequently 68 

not associated with well data, application of sequential restoration techniques provides a powerful 69 



tool for the validation of structural interpretation (Lopez-Mir et al 2014; Jamaludin et al., 2015; 70 

Jitmahantakul et al., 2020), and formulation of kinematic structural models (Suppe, 1983; Suppe and 71 

Medwedeff, 1990; Lopez-Mir et al., 2014). Restoration methods are usually based on ‘balanced cross 72 

sections’ as defined by Dahlstrom (1969) and Elliot (1983), which are useful for prediction of 73 

geometry at depth (Chamberlin 1910; Bally et al., 1966; Dahlstrom, 1969, 1970; White et al., 1986; 74 

Williams and Vann, 1987; Groshong,1990; Wang et al., 2017), and through which all available data 75 

are analyzed to ensure that they are geometrically plausible and geologically consistent. These 76 

methods usually follow reasonable assumptions about the pre-deformation setting and how rocks 77 

behave during deformation in a given tectonic environment (Dahlstrom, 1969). 78 

Since the pioneering studies of Bally et al. (1966) and Dahlstrom (1969), balanced cross sections 79 

have been applied to section restoration for validation of structural interpretation and prediction of 80 

geometry at depth in both contractional (Hossack, 1979; Boyer and Elliot, 1982; Suppe, 1983; Suppe 81 

and Medwedeff, 1990) and extensional settings (Gibbs, 1983-1984; White et al., 1986, Williams and 82 

Vann, 1987; Groshong, 1990). More recently, greater computational power has led to a significant 83 

acceleration in section modelling and restorations (see Gratier et al., 1991; Egan et al., 1996; Maerten, 84 

2007, among many others). Thanks to such a technological advance, structural balancing and horizon 85 

flattening were applied to rectify seismic interpretation in extensional settings (Jamaludin et al., 2015) 86 

or to validate 2D seismic interpretation and to calculate extension in various rift phases 87 

(Jitmahantakul et al., 2020). Application of the above-mentioned methods represents a powerful 88 

approach for basin analysis and for detailing how deformation evolves through time in various 89 

tectonic contexts (extensional, compressional or composite). 90 

In this study, sequential restoration methods (see Supplementary Material for description) were 91 

applied to analyse the rate of deformation of the extensional Malta Escarpment (hereinafter MESC, 92 

see Fig. 1) fault system. The MESC is a former passive margin in the Western Ionian Basin that was 93 

reactivated by the Nubia-Eurasia plate convergence during Plio-Quaternary times (Casero et al., 94 

1984; Argnani and Bonazzi, 2005). The reactivation of MESC involved the proximal part of a narrow 95 

sedimentary basin in the hanging-wall of the fault system, previously named the ‘turbidite valley’ 96 

(see Gutscher et al., 2016 and Fig.1c), and its recent deformation is expressed by a belt of East-97 

dipping extensional faults slicing across the lower slope of the MESC. Fault activity has led to the 98 

development of significant fault-scarps on the seafloor (Bianca et al., 1999; Argnani and Bonazzi, 99 

2002, 2005) that sometimes exceed heights of 60 m (see Gambino et al., 2021). Holocene slip rates 100 

estimated by Gambino et al. (2021) for these faults appear atypical when compared with general 101 

values recorded in similar tectonic regimes (Galadini and Galli, 2000; Pizzi et al., 2002; Musumeci 102 

et al., 2014; Stemberk et al., 2019). Since fault slip rate is an essential parameter in seismotectonic 103 



analysis, and considering that the MESC fault system is described by many authors as the seismogenic 104 

source for large historical earthquakes in the area (Piatanesi and Tinti, 1998; Bianca et al., 1999; 105 

Azzaro and Barbano, 2000; Argnani and Bonazzi, 2005; Argnani et al., 2012), we undertook a 106 

sequential restoration work-flow to model the Plio-Quaternary deformation rate of the reactivated 107 

northern sector of the MESC fault system. The aim of this work is twofold, a) to reassess fault activity 108 

and associated extension and slip rates through-time, and b) to discriminate which kind of processes 109 

operate to create basin deformation.  110 

Sequential restoration was performed on a tectono-stratigraphic model developed from the 111 

interpretation of two high-resolution seismic profiles that transversally cross the MESC (see Gambino 112 

et al.; 2021; Gutscher et al., 2016). After time-to-depth conversion of the seismic profiles (see 113 

Gambino et al., 2001), several restoration methods such as sediment unloading and decompaction, 114 

isostatic adjustments, erosion restoration, structural restoration and unfolding of the horizons were 115 

performed in order to create a geologically consistent sequential restoration (see Supplementary 116 

Material). Accordingly, the present-day tectono-stratigraphic model was sequentially restored back 117 

to the initial stage of deformation. This approach provides a more reliable estimation of the fault’s 118 

deformation rate overtime, with significant implications for the seismic hazard of the investigated 119 

region.  120 

 121 

2. Geological Setting 122 

The 300 km-long Malta Escarpment is located about 20 km offshore Eastern Sicily and separates the 123 

thinned/oceanic crust of the Western Ionian Basin from the continental crust of the Pelagian block 124 

(Scandone et al., 1981; Fabbri et al., 1982; Casero et al., 1984, Fig.1a). It represents a rifting or 125 

spreading-like extensional relict inherited from the Permian-Triassic opening of Neo-Tethys (Şengör, 126 

1979), and the subsequent Mesozoic spreading stage (Ben-Avraham and Grasso, 1991; Catalano et 127 

al., 2001). The MESC fault system was reactivated during Quaternary times (Hirn et al., 1997; Bianca 128 

et al., 1999; Argnani and Bonazzi, 2005; Palano et al., 2012; Cultrera et al., 2015; Gambino et al., 129 

2021) and is considered one of the most likely sources of major destructive earthquakes in the area 130 

over historical times (e.g. the 1169 and  1693 events), even though the actual localization of such 131 

events is still controversial (Piatanesi and Tinti, 1998; Bianca et al., 1999; Azzaro and Barbano, 2000; 132 

Argnani and Bonazzi, 2005; Argnani et al., 2012; Gambino et al., 2021). This establishes the MESC 133 

system as a crucial tectonic feature for the understanding of both the geodynamics of the central 134 

Mediterranean and the seismotectonics of the Western Ionian Basin and south-eastern Sicily. 135 

To the East of the MESC, the Ionian Basin (Fig.1a) is interpreted by many authors as a remnant 136 

of the Mesozoic Tethys Oceanic crust (Carminati and Doglioni, 2005; Frinzon et al., 2011; Gallais, 137 



et al., 2011; Polonia et al., 2017; Speranza et al., 2012; Valenti, 2011), even though the actual nature 138 

of the underlying geology is still debated (Dellong et al., 2018). NW-directed subduction of the Ionian 139 

oceanic crust beneath the European plate resulted in the development of a large accretionary wedge 140 

in the Ionian Sea (the Ionian accretionary wedge or Calabrian accretionary wedge, see Gallais et al., 141 

2012; Polonia et al., 2016). In contrast to the widespread contraction that affects the accretionary 142 

wedge, a narrow sector at the western termination of the Ionian Basin (i.e. the turbidite valley, see 143 

Gutscher et al., 2016 and Fig.1c for location) has not yet been overthrust by the compressional front 144 

of the Ionian Accretionary wedge. Rather, Plio-Quaternary extension is preserved in the area, where 145 

the narrow turbidite basin is deformed by a belt of extensional faults that nucleated at the foot of the 146 

MESC (F1, F2 and F3 in Fig. 2a; Gambino et al., 2021). Part of this extensional system has been 147 

previously reported in the literature (see Hirn et al., 1997; Bianca et al., 1999; Argnani and Bonazzi, 148 

2005; Monaco and Tortorici, 2007; Meschis et al., 2020). The turbidite basin is confined between the 149 

MESC to the West, and the compressional front of the Ionian accretionary wedge to the East (Fig.1b). 150 

The latter is crosscut to the North by the NW-trending, dextral North Alfeo Fault (NAF in Fig.1b, see 151 

Gutscher et al., 2016), which is also known in the literature as the Alfeo-Etna fault (AEF; Polonia et 152 

al. 2016, 2017; Sgroi et al. 2021). The AEF accommodates the SE-ward shifting of the Calabria-153 

Peloritani block (Fig.1b), and separates the extensional basin from the contractional domain of the 154 

Ionian accretionary wedge (Fig.1b). According to Polonia et al. (2016), the dextral AEF belt includes 155 

the Mt. Etna volcano tectonic structures and segments of the MESC that accommodate the tensional 156 

component of deformation associated with Africa–Eurasia relative motion.  157 

Submarine canyons excavated in the MESC slope (Micallef et al., 2019, Fig.1c) reveal that the 158 

turbidite basin has been filled by both sediments being discharged from the subaerial footwall-block 159 

of the Malta Escarpment, and (mainly) the sediments coming from the North, as demonstrated by 160 

wave patterns observed in the sedimentary succession within the turbidite basin (Gutscher et al., 161 

2016). Recently, high-resolution seismic surveys in the area (Gutscher et al., 2016) and accurate 162 

tectono-stratigraphic interpretation (Gambino et al. 2021), have allowed the active deformation 163 

pattern affecting the northernmost sector of the MESC to be redefined. It is characterized by the 164 

occurrence of three main, E-dipping fault segments, showing a slight right-lateral component (F1, F2, 165 

and F3 in Figs. 1c and 2) mainly distributed along the foot of the MESC bathymetric scarp. According 166 

to Gambino et al. (2021), F1 consists of a ~45 km long, two-branched structure, oriented N345E, with 167 

a fault surface dipping toward the ENE at ~45°; F2 is a N340E trending two-branched structure, ~35 168 

km-long dipping at 50° toward the ENE; F3 is a 56 km-long segment with a N352E-oriented surface 169 

dipping toward the east at 55°. Empirical scaling relationships point to their high seismic potential, 170 

especially for F3. Further East, a narrow graben structure, associated with the main fault system, is 171 



found to longitudinally deform the turbidite valley, displacing both the section of Quaternary 172 

sediments and the seafloor itself (F4, F5 and minor faults in between; Fig.2a). 173 

 174 

3. Tectono-stratigraphic model  175 

3.1. Seismic Stratigraphy 176 

The seismic stratigraphy, following Gambino et al. (2021), has been subdivided in four main seismic 177 

units (Pre-MES, MES, PQ1, and PQ2) according to well-defined bounding stratigraphic 178 

discontinuities (horizons S1, S2, S3 and, seafloor S4, see Fig.2). To better constrain the step-by-step 179 

restoration though time, the PQ1 unit has been further subdivided in three sub-units (PQ1a, PQ1b, 180 

and PQ1c) according to the detected S3a and S3b bounding unconformities (Fig.2). Since no borehole 181 

data are available for the study area, lithologies and ages of the seismic units have been interpreted 182 

according to the available literature (see Gambino et al., 2021 and references therein) and summarized 183 

in Tab.1. The Pre-MES unit represents the backbone of the Malta Escarpment and has been 184 

interpreted as Meso-Cenozoic limestones and marls with sporadic volcanic and/or mud intrusions 185 

(Scandone et al., 1981; Catalano et al., 2001; Barreca, 2014). The MES unit has been interpreted as 186 

the Messinian sequence based on its seismic characters (high-reflectivity of the top-reflector, see Lofi 187 

et al., 2011; Camerlenghi et al., 2019; Micallef et al., 2019 and reference therein) and on its internal 188 

seismic facies (Butler et al., 2015). The PQ1 unit (including its subunits PQ1a, PQ1b, and PQ1c) has 189 

been interpreted as a Pliocene sedimentary sequence since it correlates with coeval units described 190 

by Camerlenghi et al., (2019) and Micallef et al. (2018). According to these authors, the PQ1 subunits 191 

are interpreted as sequences of siltstone (shale) and silty-sandstones, calc-lutites and marls, while the 192 

PQ2 unit is interpreted as a Quaternary sequence given its seismic character and stratigraphic position. 193 

Moreover, its basal erosional surface, dated to 650 ka (Camerlenghi et al., 2019), suggests a 194 

correlation with the Middle-late Pleistocene calcarenite sequence outcropping on-land (Servizio 195 

Geologico d’Italia, 2011). 196 

Lastly, the interpreted seismic profiles have been Time/Depth converted (as reported in Gambino et 197 

al., 2021) using a velocity model (Tab. 1) from the literature (see also Tab.1 in Gambino et al., 2021 198 

and references therein). 199 

 200 

3.2. Deformation Pattern 201 

According to Gambino et al. (2021), reactivation of the MESC system is evidenced by an array of 202 

seaward-dipping, NNW–SSE trending, extensional faults. The system extends offshore from Catania 203 

(Northern termination) to Siracusa (Southern termination) with a total length of ~60 km (Fig.1). The 204 



extensional belt includes three main faults (F1, F2, and F3) running close to the MESC lower slope, 205 

with a 3.5 km-wide graben structure further to the East bounded by the F4 and F5 faults (Fig. 2a). 206 

The F3 structure is the longest fault, reaching a length of ~ 56 km. The activity of the MESC faults 207 

has produced a cumulative vertical displacement of the seafloor of about 130 m (see Tab. 2a and b). 208 

The offset across faults generally increases with depth involving the entire Plio-Quaternary sequence 209 

and the Messinian top reflector (S2, Fig. 2). The estimated rate of fault movement ranges from 0.1 210 

mm/yr during the Pliocene to ~ 0.4 mm/yr during the Pleistocene, with an acceleration of the vertical 211 

deformation rate up to 10 mm/yr in the Holocene, measured along the seafloor scarp of the F3 fault 212 

(see Gambino et al., 2021). However, this value is probably overestimated and could be the result of 213 

various factors affecting bathymetry (erosion, slope instability, etc.).  214 

Farther to the east, the turbidite basin is bounded by a structural high (the so called ‘uplifted area’ 215 

of Argnani and Bonazzi, 2005, Fig. 2a). This has been interpreted as a recent positive flower structure 216 

(probably rooted within Messinian unit) resulting from the propagation of the NW-SE trending 217 

dextral NAF (see Gutscher et al., 2016 and Fig. 1for location) or, alternatively, as a forced fold 218 

produced by the diapiric uprising of mantle-derived serpentinite material (Polonia et al., 2017). The 219 

structural culmination is deformed on its shallower portion by a set of high-angle recent and still 220 

active faults (Fig. 2a), which have also been considered in the restoration process. The kinematics of 221 

these faults is related to the dextral strike-slip nature of NAF (Figs. 1, 2a) that produces a cumulative 222 

normal component observed in seismic sections (Cir-01 in Fig.2a).  223 

 224 

4. Restoring the model 225 

To back-deform the tectono-stratigraphic model (Fig. 2), a workflow encompassing several 226 

restoration methods (i.e. unloading of top units, decompaction of underlying units, isostatic 227 

adjustments, erosion restoration, structural restoration and unfolding of horizons), was adopted (see 228 

supplementary material). Fault displacement parameters, i.e. throw and extension, have been 229 

measured at each restoration cycle. The throw is considered to be the vertical component of the fault 230 

offset, independent of the section direction with respect to the fault trend; the extension is considered 231 

to be the horizontal component of the fault offset measured along the analysed section. Then, 232 

cumulative throw (i.e., sum of the throw values of all faults within the section) and cumulative 233 

extension (i.e., the restored horizontal component of each restoration cycle) were reported in Tab. 2a 234 

(CIR-01 profile) and Tab. 2b (P607 profile). 235 

4.1. Restoration of the CIR-01 profile 236 



The workflow that was followed to restore the CIR-01 profile involved 48 sequential steps that have 237 

included a preliminary tectono-stratigraphic interpretation and a time/depth conversion of seismic 238 

units. The most representative steps are shown in Fig.4 where the interpreted CIR-01profile has been 239 

restored by applying the proposed restoration workflow (see supplementary material). 240 

After seismic interpretation (Step-01) and time/depth conversion (Step-02), restoration started 241 

from the present-day structural configuration (Step-03). At this stage, Block4 is deformed by a graben 242 

related to the activity of the F4 and F5 opposite-dipping faults (see Fig. 2) and by other minor faults 243 

developed in the uplifted area to the east (see Fig. 2 for details). The graben represents the latest 244 

structure to have formed (Gambino et al 2021), since the bounding faults show a constant offset with 245 

depth (from PQ1 downward). Indeed, F5 that forms the easternmost fault of the graben (Fig. 2a), 246 

shows displacement increasing with depth, indicating its older activity. For this reason, F5 has been 247 

restored by several steps that adopt a “simple shear method” (see supplementary material). 248 

In Step-05, the graben has been back-deformed by means of structural restoration applied to both 249 

F4 and the minor faults within the graben. In Step-06, the PQ2 unit is back-stripped and the lower 250 

units de-compacted accordingly. In Step-07, erosion of PQ1c has been considered in the restoring 251 

workflow. To gather information about the amount of eroded succession, the pattern of internal 252 

reflectors within the PQ1c unit has been analysed. The seismo-stratigraphic sequences observed in 253 

Block1 and Block4b can be considered as lacking erosion since no stratigraphic truncations have been 254 

detected. Conversely, parts of the PQ1c are missing in Block2, Block3 and Block 4a (Fig.3a). 255 

Accordingly, restoration of the S3 horizon (top of PQc1 unit) is performed by considering the eroded 256 

stratigraphic portion and following the geometric pattern of the basal bed of PQ1c unit (the S3a 257 

horizon, Fig. 3b). Along Block4a, patterns of internal reflectors indicate significant amounts of 258 

erosion with the PQ1c unit locally being only a third of the original stratigraphic thickness. Along 259 

Block3, the reflector pattern is difficult to observe due to the chaotic setting, and erosion has been 260 

restored by considering the adjacent Blocks 2 and 4.  261 

In Step-12, all the fault offsets are restored with respect to S3 horizon. The constant with depth 262 

displacement of faults in the uplifted area (FU2, FU3, FU4, FU5 in Figs. 2a and 4) is restored in one 263 

step after the structural restoration of the S3 horizon. This indicates that the onset of faulting occurred 264 

after the deposition of the PQ1c unit. At this step, the cumulative extension accommodated by all the 265 

faults is ~127 m. In Step-13, unfolding is applied to the S3 horizon. The result is shown in Figs. 3d2 266 

and 4. 267 

In Step-20, the PQ1c is unloaded and lower units de-compacted, while in Step-27, faults are 268 

restored with respect to the S3b horizon and a total extension of ~205 m is achieved. In Step-29, all 269 

units are unfolded with respect to the S3b horizon. As for Step-13 described above, an inclined and a 270 



horizontal datum were adopted for lower-slope and basin units, respectively. It is worth noting that 271 

unfolding of the units produced a decoupling (space in Fig. 4) between the lower-slope units (PQ1a, 272 

PQ1b and MES) and the Pre-Mes unit. The space reflects the concept of ‘area conservation’ 273 

(Chamberlin, 1910) that is required for 2D restorations. We interpret this feature as being related to 274 

accommodation of sediments due to progressive loading. This interpretation could also explain the 275 

upward concavity in Step-03 of S3a, S3b, and S3 horizons located on the MESC lower-slope (Fig. 276 

4). Alternatively, the decoupling should be the result of layer-parallel extension, which could have 277 

produced volume loss due to an out-of-the-section trending deformation (Bahroudi et al., 2003). 278 

In Step-35, the PQ1b unit is unloaded and lower units de-compacted, while in Step-42, faults are 279 

restored with respect to the S3a horizon (top of PQ1a unit). Restoration of the F5 fault led to an 280 

inconsistency on the undeformed S2 horizon, which resulted in it being higher in the hanging wall. 281 

Even though negligible, such a discrepancy could be the result of an incorrect picking of the S2 282 

horizon. 283 

 284 

4.2. Restoration of the P607 profile 285 

The workflow followed for the sequential restoration of the P607 profile involved 19 steps among 286 

which the salient ones are shown in Fig. 5. After preparation (interpretation, time-to-depth conversion 287 

etc., Steps-01-05) of the seismic profile, the PQ2 unit is unloaded and underlying units de-compacted 288 

(Step-06). As for other steps, in the presence of growth strata (see PQ2 unit at Step-05, Fig. 5) 289 

sediment unloading and decompaction of lower units follows the operation explained in Fig. 3c (see 290 

also supplementary material). Accordingly, different loading on underlying units (located in the 291 

footwall and hanging wall, respectively), due to regional and local load (i.e. increased near fault), are 292 

unloaded separately.   293 

In Step-08, faults are restored. It is worth noting that, contrary to the CIR-01 profile, no erosional 294 

restoration has been performed to the PQ1c unit since the S3 horizon does not provide an indication 295 

of the amount of eroded sequence. This is possibly due to a paraconformity that hides the erosional 296 

nature of the S3 surface (Fig. 2b). This aspect led to an overestimation of F1 throw (see Fig.6 and 297 

section 5).  298 

Unfolding is applied in Step-09. As for the CIR-01 seismic line, an inclined datum was used to 299 

unfold units formed on the lower-slope and a horizontal one to unfold units located in the adjacent 300 

turbidite basin. In Block2, offset produced by the F2 fault on the S3b horizon (top of the PQ1b unit, 301 

see Fig. 3b) is not consistent with the extensional kinematics of the fault, since the footwall is lower 302 

than the hanging wall. Moreover, the S3b horizon in Block2 is bent downwards approaching the F2 303 

fault. Since bending is observed neither in the upper nor in the lower horizons, it could be the result 304 



of local erosion produced by slope instability. Hence, the S3a horizon has been restored (see below) 305 

using the lower S3b horizon as a reference template. 306 

In Step-10, erosion of PQ1b at block2 has been restored (see also Fig. 3b), while in Step-12, the 307 

PQ1c unit is unloaded and underlying units de-compacted. Faults are restored in Step-13, and 308 

unfolding is applied to the S3b horizon in Step-14. In step-15, the PQ1b unit is unloaded and lower 309 

units de-compacted. It is notable that the F2 fault does not produce offset on lower units (PQ1a and 310 

MES), suggesting that this fault nucleated after the deposition of the PQ1a unit. In Step-16, faults are 311 

restored with respect to the S3a boundary, and in Step-17 unfolding is applied to the S3a horizon. 312 

The PQ1a unit has been back-stripped and faults are restored with respect to the S2 horizon in Step-313 

19. 314 

 315 

4.3. Fault displacement parameters and rate of deformation 316 

The results of the sequential restoration of each seismic profile allowed the investigation of vertical 317 

(throw) and horizontal (extension) components of offset experienced by all the faults in the studied 318 

sector and their contribution to the overall deformation of the MESC fault system (cumulative throw 319 

and restored extension in Tabs. 2a and b for the CIR-01 and the P607 profiles, respectively). For each 320 

restoration step, vertical displacement of all faults has been measured (cumulative throw in Tab. 2) 321 

and plotted for each displaced unit (Fig. 6). Fault displacement parameters from unrestored seismic 322 

sections are also plotted for comparison (Fig. 6a-c). After the restoration process, the measured values 323 

of fault throw along the CIR-01 (Fig. 6b) and the P607 (Fig. 6d) profiles show a flattened trend 324 

compared to the unrestored sections, marking a significant reduction of the vertical offsets for each 325 

displaced horizon. In the CIR-01 profile, a throw reduction is observed for the MESC faults and it 326 

progressively increases further back in time. From the PQ1b unit (Middle Pliocene) to the present-327 

day, the MESC faults (F1, F2, and F3) show a relatively flat throw trend with a cumulative throw of 328 

about 50 m for each considered horizon (~25 m for the F2 and F3 faults, and ~75 m for the F1 329 

structure, see Tab. 2a and Fig. 6b). The same trend and reduction in offset are observed in the P607 330 

profile except for the PQ1c unit that seems to have experienced up to 250 m of vertical displacement 331 

(Fig. 6d). Since the erosional surface at the base of the PQ1c unit is not clearly detectable in the P607 332 

profile, the throw affecting the PQ1c top-horizon (S3 discontinuity) has not been restored relating to 333 

the eroded stratigraphic thickness. This limitation probably produced an overestimation of the throw 334 

value for the PQ1c unit. Considering that a decrease of about one half of the throw affecting the PQ1c 335 

unit was measured in the adjacent CIR-01 profile (Fig. 6b) after restoring the eroded sedimentary 336 

thickness, a more reliable throw in the order of ~100 m is inferred for the PQ1c unit also along the 337 

P607 profile (see dashed black line in Fig. 6d).  338 



The revised values of fault throw were then used to evaluate the vertical movement of the MESC 339 

faults over time (Fig. 7a). During the considered time interval, faults vertically deform the seismic 340 

units at an average rate of 0.15 mm/yr (0.18 and 0.14 mm/yr for CIR-01 and P607 profiles 341 

respectively, Tab. 3a-b and Fig.7a). The maximum throw-rate value (0.4 mm/yr in the CIR-01) is 342 

observed at the Lower-upper-Pliocene transition. During the Upper Pliocene-Pleistocene, throw-rates 343 

decrease and stabilize at 0.09 and 0.05 mm/yr for the P607 and CIR-01 profiles, respectively. To 344 

discriminate and separate the contribution of the MESC faults to the overall basin deformation 345 

(vertical and horizontal components, corresponding to cumulative throw and restored extension, 346 

respectively), throw and extension of the MESC extensional system (sum of F1, F2, and F3  347 

components indicated as MESC throw and MESC extension in Tab. 2) have been compared with the 348 

total amount of the recovered basin extension (restored extension in Tab. 2) achieved by back-349 

deforming all the faults (Fig. 7b). At the undeformed stage (see step 48 in Fig. 4 and Messinian times 350 

in Fig. 7b), restoration of all faults results in ~ 800 m of total horizontal extension and ~640 m of 351 

cumulative throw. At this stage, the MESC faults contribute 33% (258 m) of total extension and 39% 352 

(251 m) of the achieved cumulative throw (Tab. 3a). Both the vertical and horizontal component of 353 

total deformation (blue and red solid lines in Fig. 7b) decrease toward the present-day, roughly 354 

correlating with the trend of the deformation components of the MESC faults (see blue and red dashed 355 

lines in Fig. 7b). This pattern suggests that in the older stage (MES-PQ1a transition), deformation 356 

was rather distributed in most of the faults detected in the tectono-stratigraphic model. The prevalence 357 

of the extensional horizontal component provides an insight on this incipient stage of deformation, 358 

with a probable diffuse extensional strain across the entire investigated sector. In the mature stage 359 

(i.e., moving towards the present-day), almost the entire deformation (i.e., the 97.48% of vertical 360 

component, see Tab.3a), is accommodated by the MESC faults, indicating strain localization along 361 

these tectonic structures. 362 

 363 

5. Discussion 364 

The restoration sequence proposed here aims to better constrain the tectonic rates of faults slicing 365 

across the MESC by means of seismo-stratigraphic analysis and restoration modelling. The 366 

identification of an erosively truncated unit (the PQ1c top reflector) within the investigated 367 

sedimentary section provides additional issues both in applying the restoration workflow and on the 368 

estimation of the vertical deformation rate affecting the investigated sector during the Quaternary. 369 

Nevertheless, the analysis of the PQ1c/PQ2 erosive truncation (dated at 650 ka, see Camerlenghi et 370 

al., 2019) along the CIR-01 profile (Fig.3a) provides an estimation of the amount of erosion 371 

experienced by the PQ1c top-reflector (S3 horizon). The reconstruction of the eroded PQ1c unit 372 



reveals that up to about one third of its original thickness was eroded (Fig. 3a top-right). The 373 

maximum amount of erosion has been inferred at the depocenter of the turbidite basin (70 m, see 374 

block 4a in Fig.3a). Such an estimation was not possible in the P607 profile because of the nature of 375 

the para-conformity erosive truncation (see Fig. 2b). This issue produced an overestimation of the F1 376 

throw (~250 m) affecting the PQ1c unit. However, according to the restored offset in the adjacent 377 

CIR-01 profile, the overestimation was corrected making the fault-throw curve for the P607 (Fig. 6d) 378 

consistent with the values of fault throw achieved in the CIR-01 seismic line (Fig.6b). Restoration of 379 

the PQ1c original thickness requires a review of previously estimated vertical deformation of the 380 

MESC faults during the Quaternary (see Gambino et al., 2021, and Tab. 2a). The F1 restored throw 381 

results in about only half of the unrestored one (i.e., from 146.20 m to 69.23 m in the CIR-01 profile 382 

see Tab. 2a). Throw along the F2 structure is instead reduced by about one third (from 33.74 to 20.36 383 

m, see Tab. 2a). Negligible reduction in offset is observed for the F3 fault. The different offset 384 

reduction along the MESC faults is in line with the higher erosion rate expected along the hanging 385 

wall blocks.  386 

Besides the F1 and the F3 tectonic structures, restoration of the F2 fault does not show vertical 387 

displacement for the PQ1a and MES units along the P607 profile (red line in Fig. 6d) and for the 388 

PQ1a unit along the CIR-01 profile (Fig. 6b). These data suggest that the F2 fault likely nucleated 389 

after deposition of the PQ1a unit and hence it is later than the F1 and F3 structures (Lower Pliocene 390 

- see Fig. 6d and Step-15 in Fig.5). Sequential restoration allows us to derive information on the fault 391 

throw and extension experienced by the entire investigated sector during the considered time-interval. 392 

In this context, a throw rate for the MESC faults is calculated considering the age of displaced surfaces 393 

in both seismic profiles (Fig. 7a). Since no well data are available, the age of the stratigraphic 394 

boundaries could be affected by uncertainties and, accordingly, a reliable estimation of the fault rate 395 

becomes rather challenging. The S2 surface (MES top horizon) correlates with the upper Messinian 396 

limit and represents the only horizon whose age is well known from literature (5.3 Ma, Camerlenghi 397 

et al., 2019; Lofi et al., 2011; Micallef et al., 2019). The PQ1 sediment package is Pliocene in age 398 

(see Gambino et al., 2021 and references therein) but uncertainties persist about the ages of its sub-399 

units. Following this limitation, we propose age ranges based on the units’ stratigraphic positions (see 400 

Tab. 1). 401 

A comparison between the cumulative throw and restored extension (all faults in Cir-01 profile; 402 

blue and red solid lines in Fig. 7b) and throw and extension of MESC faults (F1, F2 and F3; blue and 403 

red dashed lines in Fig. 7b) provides an insight into how deformation was modulated through time. 404 

Plotted values show that throw and extension produced by the activity of the MESC faults (F1, F2, 405 

and F3) have comparable values for each restoration step, as expected when  the mean dip-angle (45°) 406 



of the faults is taken into account. Throw and extension values maintain roughly constant trends with 407 

a slight decrease from the Upper Messinian to the present-day. Conversely, throw and extension 408 

values related to the activity of all detected faults (cumulative throw and restored extension) show 409 

high values during the Messinian-Lower Pliocene transition. This pattern suggests that in the early 410 

stages, extensional deformation was diffuse and probably controlled by all faults. In this time span, 411 

MESC faults contributed only ~39% of the total throw and ~33% of the total extension (see the 412 

restoration Step-48 in Tab.3a). As deformation continued, cumulative throw and extension decreased 413 

and, approaching the present day (PQ2 in Fig. 7b and Tab. 3a), the total throw affecting the area has 414 

been largely accommodated by the MESC faults (97.48%). Moreover, in the early deformation stage 415 

(from MES to PQ1b in Fig. 7b) restored extension (red solid line) is higher than the total vertical 416 

throw (blue solid line) suggesting that horizontal extension was the main component of deformation. 417 

Then, from PQ1b onwards, a change in the deformation style is observed with a predominant vertical 418 

component. This evidence allowed us to infer that another deformation process, characterized by a 419 

major extensional horizontal component, worked simultaneously with the faults’ activity in the early 420 

stage of deformation. This process is probably related to a diffuse extensional strain developed before 421 

fault nucleation or, alternatively, to ductile deformation in the underlying MES unit. It has been 422 

suggested that the nature of an underlying detachment layer (frictional or ductile) may play a 423 

significant role in developing localised or diffuse faulting in the overlying sedimentary cover 424 

(Bahroudi et al., 2003). In this view, the early diffuse deformation observed in fig.7b could be the 425 

result of a ductile level in the Messinian unit; with the effect of the ductile level progressively 426 

decreasing due to thickness reduction (possibly due to migration out of the section) and faulting 427 

localising in to MESC faults. 428 

In the final stage of the CIR-01 restoration (from Step-43 to Step-48 in Fig. 4), the S2 horizon 429 

(and related MES unit) remained strongly bent along Block 4. Considering the hyaline nature of the 430 

underlying MES unit and that no extensional fault can explain such a bending, the S2 curvature is 431 

probably the result of ductile deformation. Lateral escape of the plastic evaporites driven by the 432 

increased vertical load is invoked to explain the anomalous bending of the S2 horizon. Salt 433 

deformation cannot be restored by means of classical restoration methods since salt typically assumes 434 

three-dimensional escape directions and dissolution (Rowan and Ratliff, 2012). Moreover, it is 435 

observed how salt migration due to sediment load may produce similar effects of local subsidence 436 

and uplift (Rojo et al., 2020), which could explain the non-horizontal attitude of the S2 horizon. 437 

Finally, even if it is not the main object of the work, some considerations can be drawn on the 438 

seismogenic potential of the MESC faults: fault dimensions (e.g., for F3), compared to recurrence 439 

time interval (see Gambino et al., 2021), are compatible with the magnitudes estimated for large 440 



historical earthquakes in the area (e.g., the 1693 and 1169 events) although other seismic sources such 441 

as the Alfeo-Etna Fault (Polonia et al., 2016) must be considered as well in the seismotectonic 442 

framework of the Western Ionian Basin (see also Gutscher et al., 2016). It is also justified by the 443 

acceleration in vertical deformation affecting the MESC faults during the Holocene. Recent 444 

extensional reactivation of the MESC faults could be related to tensional component associated with 445 

Africa–Eurasia relative motion (Palano et al., 2012) and mostly accommodated by the Alfeo-Etna 446 

Fault system, resulting in rifting processes within the Western Lobe of the Calabrian Arc accretionary 447 

wedge (see also Polonia et al., 2016).  448 

 449 

6. Conclusion 450 

Sequential restoration was applied to a tectono-stratigraphic model derived from the interpretation of 451 

two high-resolution seismic profiles crossing the Malta Escarpment and the related extensional basin 452 

offshore eastern Sicily. This allowed us to obtain reliable deformation rates for the investigated sector. 453 

Sediment unloading/decompaction along with horizon unfolding, and erosional restoration have 454 

proven powerful methods in re-interpretation/validation of previously interpreted seismic profiles, 455 

and in assessing fault activity and the rate of crustal extension affecting the area. 456 

The main outcomes stemming from this study are summarized as follows: 457 

• Fault displacement parameters derived from the restored seismic profiles indicate that the 458 

MESC faults maintain a roughly constant throw (about 150 m, see Fig. 7) for each restoration 459 

step. Estimated rates of deformation suggest that the MESC faults throw-rates have been 460 

modulated through time spanning from 0.09 to 0.40 mm/yr in the Pliocene, and from 0.05 to 461 

0.09 mm/yr during the Pleistocene. Extensional rates are estimated at 0.06-0.31 mm/yr during 462 

the Pliocene, and at 0.03-0.08 mm/yr during the Pleistocene. 463 

• Throw and extension achieved from all faults in the CIR-01 profile indicate that during the 464 

early stage (post-Messinian), a diffuse extensional strain affected the investigated sector. This 465 

is evidenced by the significant difference between MESC faults deformation (i.e., MESC 466 

extension and MESC throw in Fig. 7b) and the cumulative basin deformation (restored 467 

cumulative extension and throw in Fig. 7b). In this context, the MESC faults contributed to a 468 

third of total horizontal extension and throw during the early deformation stage (Lower 469 

Pliocene). As deformation continued, the total deformation (restored cumulative extension 470 

and throw in Fig. 7b) decreases and is taken up almost entirely by the MESC faults (Fig.7b). 471 

At the present-day, MESC faults accommodate ~97.5% of the total vertical deformation as 472 



well as most of the Quaternary extensional (horizontal) deformation affecting the investigated 473 

sector.  474 

• Data analysis also suggests that in the early stages of deformation (MES/PQ1a transition, Fig. 475 

7b), the horizontal component of deformation prevailed over the vertical one. This suggest 476 

that another process was active at that time along with the MESC faults, that were probably 477 

still in their incipient stage. This extension may be related to ductile deformation within the 478 

MES unit. 479 

• Uncertainties persist about the present-day rate of deformation. The high rate of vertical 480 

deformation affecting the MESC faults during the Holocene (3-7 mm/yr, see Gambino et al., 481 

2021), is in contrast with the relatively low fault deformation rate (up to 0.4 mm/yr) estimated 482 

for the Pliocene sedimentary section. This would imply that a significant acceleration in the 483 

(tectonic, non-tectonic?) deformation probably occurred along faults with strain localization 484 

and reduction in frictional properties at fault cores. 485 

In conclusion, structural interpretation and sequential restoration along the two analysed high-486 

resolution seismic profiles crossing the Malta Escarpment provide insights that allow us to assess 487 

fault deformation rates along this tectonic belt, located in one of the most seismically hazardous areas 488 

of the central Mediterranean. Back-deformation of a geologically constrained tectono-stratigraphic 489 

model points to a revision of the throw-rates for the MESC faults. The vertical and horizontal 490 

deformation rate calculated over time reveals that the investigated sector is a low deforming area. We 491 

estimate a more reliable vertical offset that is about 2/3 of that measured in the unrestored sections 492 

(e.g., Step-03 for the CIR-01 and Step-05 for the P607 profile, respectively) with significant 493 

seismotectonic implications. The workflow presented here allows new insights into basin 494 

deformation; in particular, two different processes, which contributed to the tectonic evolution of the 495 

basin, have been quantitatively discriminated. Moreover, the workflow has shown itself to be a 496 

powerful approach for analysis of basin deformation that can be applied to a wide range of tectonic 497 

contexts (extensional, contractional or composite). 498 

 499 
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 734 

Figure captions 735 

Fig. 1 - a) Simplified tectonic setting of Sicily and the Western Ionian Basin. HP= Hyblean Plateau; 736 

MESC= Malta Escarpment; SFTB= Sicilian Fold and Thrust Belt; CAW=Calabrian Accretionary 737 

Wedge. Large blue arrows indicate diverging geodetic velocities (see Ward 1994; Mastrolembo et 738 

al., 2014; D’Agostino and Selvaggi, 2004; Grenerczy et al., 2005; Palano et al., 2012) measured in 739 

the foreland domain (Hyblean Plateau and Apulia Block) b) Main tectonic structures in the study area 740 

with the F1, F2, and F3 faults representing the focus of this work. c) Location of ‘turbidite valley’ 741 

and the analyzed seismic profiles (blue lines). Solid blue lines are the CIR-01 and P607 seismic 742 

profiles discussed in the text. 743 

Fig. 2 - Tectono-stratigraphic models used for  sequential restoration. a) CIR-01 profile with 744 

identification of three main sectors: MESC slope, turbidite basin and uplifted area. The uplifted area 745 

corresponds to the North Alfeo Fault system (NAF; Gutscher et al., 2016). b) P607 profile with the 746 

MESC slope turbidite basin. For both profiles, the schematic block model (not to scale) used for the 747 

restoration process is shown. 748 

Fig. 3 – Main restoration steps. a) Restoration of erosion of the PQ1c unit (CIR-01 profile). Internal 749 

reflectors of Block 4b have been considered as the complete seismo-stratigraphic sequence. 750 

Accordingly, missing reflectors of Blocks 2, 3 and 4a provide an indication of the amount of erosion. 751 

b) Restoration of erosion of the PQ1b unit (P607 profile). S3b horizon (top of PQ1b) shows local 752 

erosion (due to slope instability) highlighted by footwall/hangingwall offset. Restoration has been 753 

performed using the lower unit top reflector (S3a horizon) as a template. c) Unloading of the upper 754 

unit and decompaction of underlying ones. For units showing across-fault thickness variation 755 

(growth-strata) we considered a regional load acting on both the footwall and hangingwall of the 756 

considered fault, and a local load acting only on the hangingwall. As a result, different decompactions 757 

of lower units is applied to the footwall and hangingwall. d) Unfolding of seismic units. Two data 758 

have been considered since no paleo-bathymetric datum is available. Datum 2 (which is horizontal in 759 

the turbidite basin and inclined on the slope) has been chosen since it is geologically reliable (see text 760 

for description).  761 

Fig. 4 – Restoration sequence of CIR-01 profile. Bottom-right represents the present-day setting. In 762 

every restoration cycle, structural restoration is performed, and the related amount of extension is 763 

reported. At the end of each cycle, the inferred age is reported. 764 

Fig. 5 – Restoration sequence of the P607 profile. The present-day setting is shown in the bottom-765 

right. In every restoration cycle, structural restoration is performed, and the related amount of 766 

extension is reported. At the end of each cycle, the inferred age is reported. 767 

Fig. 6 – Throw values measured on tectono-stratigraphic models before (a, c) and after (b, d) 768 

restoration. In the time range axis, the measured units are reported. For the restored diagrams (b, d) 769 

throw values are measured before the structural restoration steps. When the considered unit represents 770 

the top unit of the sequence, the relative step numbers (related to Figs. 4 and 5) are reported above. 771 

Fig. 7 - a) Cumulative throw-rate of F1, F2 and F3 faults (MESC faults) relative to CIR-01 (blue line) 772 

and P607 (red line). Every value is relative to the time interval between the seismic units reported 773 



(inferred ages are reported in Tab.1b). Displacement components achieved from the restoration of the 774 

CIR-01 profile. Dotted lines are relative to MESC faults parameters (throw and extension respectively 775 

blue and red) and solid lines are relative to the cumulative parameters (throw and extension 776 

respectively blue and red) of all faults within the seismic profile. 777 

Tab. 1 – Physical parameters attributed to the detected seismic units used for sequential restoration. 778 

Ages, lithologies and seismic velocities are based on literature data (see Gambino et al., 2021 and 779 

reference therein).  780 

Tab. 2 – Results achieved by means of the sequential restoration process (blue highlighted values 781 

are post-calculated). a) Data related to the restoration of the CIR-01 profile; b) Data related to the 782 

restoration of the P607 profile. 783 

Tab. 3 – Main results of sequential restoration (values of throw and extension) and data elaboration 784 

(rates) of CIR-01 (a) and P607 (b). 785 
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Seismic 

Unit 
Age  Age (Ma)  Lithology 

SeismicVelocity 

(m/s) 

Surface 

porosity 

Density 

(km/m3) 

Depth Coeff. 

(km-1) 
 

PQ2 Quaternary 
2.58-

0.012 
Silty-sandstones 1760 0.4 2700 0.39  

PQ1c Upper Pliocene 3.6-2.58 Silty-sandstones 2280 0.4 2700 0.39  

PQ1b 
Upper/Lower 

Pliocene  
4.0-3.6 Silty-sandstones 2280 0.4 2700 0.39  

PQ1a Lower Pliocene 5.3-4.0 Silty-sandstones 2280 0.4 2700 0.39  

MES Messinian 7.2-5.3 Evaporites 4000 0 2200 0.00  

Pre-MES Pre-Messinian > 7.2 Limestones 3250 0.7 2700 0.71  
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