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Abstract. The observed deformation pattern in the central-western Mediterranean area, in particular 16 

the development of the Northern, Central and Southern Tyrrhenian basins in three well distinct 17 

phases, can hardly be explained as an effect of the gravitational sinking of subducted lithosphere, an 18 

hypothesis often advanced in literature. A more plausible and coherent explanation of the spatio-19 

temporal distribution of major tectonic events in the study area can instead be achieved by 20 

supposing that tectonic activity has mainly been driven by the convergence of Africa and Eurasia 21 

and the roughly westward displacement of the Anatolian-Aegean-Pelagonian belt. The development 22 

of Arc-Trench-Back Arc systems is interpreted as an effect of extrusion processes, that in some 23 

constricted contexts have represented the most convenient shortening process for accommodating 24 

plate convergence. 25 

 26 
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 29 

1. Introduction 30 

 31 

 In the last 30-35 My the Mediterranean area has undergone a drastic change (Fig. 1), as 32 

suggested by several authors (e.g., Dercourt et al., 1986; Meulenkamp and Sissingh, 2003; 33 

Mantovani, 2005, Mantovani et al., 2006, 2009; Viti et al., 2009 and references therein). The pre-34 

existing Alpine orogenic belt has undergone considerable distortions and long migrations of even 35 

several hundreds of Km. Some zones, mainly located in the internal side of the migrating arcs, have 36 

undergone crustal extension and consequent thinning, with the formation of large basins (Balearic, 37 

Tyrrhenian, Aegean and Pannonian). The oceanic and thinned continental zones which surrounded 38 

the African/Adriatic promontory have been almost completely consumed by subduction. Since 39 

extensional deformations are generally considered as scarcely compatible with the compressional 40 

context induced by plate convergence, some authors have tentatively advanced the hypothesis that 41 

other types of forces acted in the Mediterranean region. In particular, the most often cited 42 

interpretation suggests that the migration of arcs and the related back-arc extension have been 43 

driven by the gravitational sinking of subducted lithosphere, as originally proposed by Malinverno 44 

and Ryan (1986) and Royden (1993). In this work, we argue that the main implications of the above 45 

interpretation can hardly be reconciled with the observed features and that a more plausibile and 46 

coherent explanation of the evolutionary history can be achieved by supposing that Arc-Trench-47 

Back Arc systems (ATBA) have developed in the framework of extrusion processes, driven by the 48 

convergence of the confining plates. With respect to previous attempts (e.g., Mantovani et al., 2009, 49 

2014; Viti et al., 2009), this work reports new evidence and arguments about the compatibility of 50 

the interpretations here discussed with the observed deformations.  51 

 52 
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2. Balearic and Tyrrhenian basins interpreted as effects of the slab-pull genetic mechanism: 53 

main problems 54 

 55 

Balearic basin  56 

 In the Oligocene, the western Alpine belt, tentatively reconstructed by the Al-Ka-Pe-Ca system, 57 

and the Corsica-Sardinia block (Fig.1a) detached from the European-Iberian foreland and 58 

underwent a fairly long eastward migration and strong bowing (Fig.2), while crustal extension 59 

occurred in the wake of the migrating arc, forming the Balearic basin (e.g., Maillard and Mauffret, 60 

1999; Gaspar-Escribano et al., 2004; Gattacceca et al., 2007; Lustrino et al., 2009; Etheve et al., 61 

2016) 62 

 63 

 Several authors (e.g., Royden and Burchfiel, 1989; Schmid et al., 1996, 2004; Stampfli et al., 64 

1998; Finetti et al., 2005a; Handy et al., 2015) suggest that the western Alpine belt built up as an 65 

effect of the subduction of the Valais and Piemont-Ligurian oceanic domains and the European 66 

thinned continental margin, which generated a southward verging slab. In the Oligocene, such 67 

process underwent slowdown/cessation, when continental crust entered the trench zone. Then, along 68 

the Alpine sector lying aside the Iberian domain, another opposite verging (North to NW ward) 69 

subduction process started, involving the consumption of the Tethyan oceanic domain under the 70 

migrating Al-Ka-Pe-Ca belt (Gaspar-Escribano et al., 2004; Lustrino et al., 2009; Schettino and 71 

Turco, 2006; Handy et al., 2015; Etheve et al., 2016). This implies that when the ATBA system 72 

began to migrate, in the Oligocene, the northward dipping slab did not exist or was scarcely 73 

developed, being thus unable to induce a sufficient slab-pull force. To this regard, it should be 74 

considered that laboratory and numerical modelings suggest that a minimum slab length (150-300 75 

km) is required in order to initiate back-arc extension driven by slab-pull (e.g., Hassani et al., 1997; 76 

Faccenna et al., 1999; Schellart, 2005). 77 
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 Other authors instead, suggest that prior to the formation of the Liguro-Provencal basin (30-25 78 

My) there was a well developed northward dipping slab at least 150 km long (Jolivet and Faccenna, 79 

2000, Carminati et al., 2012; van Hinsbergen et al., 2014, Faccenna et al., 2014a) beneath the 80 

Alpine belt. However, no clear information is provided about the correspondence between the 81 

dimension and age of the present Alpine-Apennine belt and the orogenic material that the presumed 82 

subduction process would have accumulated in the trench zone. 83 

 The fact that during the formation of the Balearic basin the Northern Al-Ka-Pe-Ca arc 84 

underwent an evident sinistral NE-SW shift with respect to the Western Alps (Fig.2), leading to the 85 

formation of the Ligurian basin (e.g., Makris et al., 1999; Mosca et al., 2010), suggests that such arc 86 

was stressed by belt-parallel push. This kind of stress field is also suggested by the kinematics of 87 

the strike-slip faults and lateral escape of blocks in the Sardinia-Corsica microplate (e.g., 88 

Carmignani et al., 1994, 2004; Oggiano et al., 2009 and references therein). The Oligocene-89 

Aquitanian age of this tectonic regime has been mainly constrained by the analysis of the infilling 90 

succession of transtensive basins. The above evidence is not compatible with the roughly eastward 91 

orientation of the trench suction force that would have been induced by a slab-pull mechanism. 92 

 Another major feature of the Balearic ATBA system that cannot easily be explained as an 93 

effect of slab-pull forces is the strong bowing that the Arc underwent during its migration (Fig. 2b). 94 

Numerical modelings of a slab-pull mechanism (e.g., Schellart et al., 2007) could justify a curvature 95 

of the migrating arc, but the resulting effect is much smaller than the one that really occurred in the 96 

western Mediterranean area (Mantovani et al., 2001a; 2002; Viti et al., 2009 and references therein). 97 

Moreover, the horizontal bowing predicted by modellings would need more than 16 My to develop 98 

(e.g., Schellart et al., 2007). Other laboratory experiments suggest instead a linear shape of the 99 

retreating subduction boundary, without significant arc bowing (Becker et al., 1999).   100 

 It is not demonstrated that the trench-suction force induced by gravitational sinking of a slab 101 

can break the upper plate. The results of some laboratory and numerical experiments (e.g., 102 

Shemenda, 1993; Hassani et al., 1997; Capitanio et al., 2010) indicate that slab-pull cannot produce 103 
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significant deformation in the upper plate unless it was not previously weakened by other tectonic 104 

or magmatic processes. Even in this last case, the trench suction force would be unable to produce 105 

extension in the overriding plate until the slab has reached a length of about 150-300 km. 106 

 107 

Northern Tyrrhenian basin (9-6 My) 108 

 From about 9 to 6 My, the sector of the Alpine-Apennine belt that lay aside the Corsica-109 

Sardinia block (Fig. 3a) underwent roughly E-W crustal extension and consequent thinning (e.g., 110 

Mauffret et al., 1999; Sartori et al., 2001; Carmignani et al., 2004; Finetti et al., 2005a; Peccerillo, 111 

2005; Sartori, 2005; Moeller et al., 2013; Cornamusini et al., 2014). This process formed the 112 

Northern Tyrrhenian basin (Fig.3b), a roughly triangular zone confined to the South by the Selli 113 

fault, which divided the extending Tyrrhenian area from an orogenic Alpine-Apennine body 114 

(Sartori et al., 2001, 2004).   115 

 116 

 Explaining the main features of such extensional event as an effect of slab-pull forces (e.g., 117 

Malinverno and Ryan, 1986; Royden, 1993) involves serious difficulties.  118 

 Most authors suggest that the stop of the northern Al-Ka-Pe-Ca Arc and the Corsica-Sardinia 119 

block occurred when the Adriatic continental domain entered the trench zone, around 15 My 120 

(Speranza et al., 2002; Finetti et al., 2005a; Gattacceca et al., 2007; Molli 2008, Malusà et al., 121 

2016). In that context, any further development of slab roll-back would have encountered very 122 

strong resistance from buoyancy forces (e.g., Brancolini et al., 2019). In fact, in the subsequent 123 

period (from about 15 to 9 My) no possible effects of trench retreat (such as crustal extension) has 124 

developed in the zone overlying the slab (Faccenna et al., 2001, 2014a; Finetti et al., 2005a). Thus, 125 

the hypothesis that the subducted Adriatic margin has undergone gravitational sinking from about 9 126 

to 6 My, forming the Northern Tyrrhenian basin, suggests some questions:  127 

- Why slab-roll back did not occur for about 6 My and why it would have resumed at 9 My ? 128 



6 

 

- Why from 9 to 6 My gravitational sinking would have only affected the northern sector of a long 129 

slab lying beneath the whole Apennine belt ? in spite that the slab sector lying under the Central-130 

Southern Apennines and Calabria was certainly more developed.  131 

- Why was there no accretionary activity in the Northern Apennine belt during the formation of the 132 

Northern Tyrrhenian basin ? If crustal extension is supposed to be an effect of slab-pull forces, one 133 

could expect to observe as well the other major effect of that driving mechanism, i.e. the 134 

development of accretionary activity along the front of the migrating Arc, as indeed occurred in the 135 

previous period, during the formation of the Balearic basin. 136 

- Why was the zone affected by crustal extension confined by the Selli fault, which is obliquely 137 

oriented with respect to the eastward orientation of slab roll-back (and of crustal extension) ? 138 

- Why in the Messinian (6-5 My) gravitational sinking of the slab would have ceased beneath the 139 

Northern Apennines and started beneath the Southern Apennines ?  140 

    The attempts at interpreting the evolution of the Northern Tyrrhenian-Apennine system as an 141 

effect of slab-pull forces are encouraged by some tomographic studies (Lucente et al., 1999; 142 

Piromallo and Morelli, 2003; Spakman and Wortel, 2004) which suggest the presence of a well 143 

developed lithospheric body (hundreds of Km long) beneath that belt. However, these 144 

interpretations cannot easily be reconciled with the results of other tomographic investigations 145 

(Scafidi et al., 2009; Scafidi and Solarino, 2012) and CROP seismic soundings (e.g., Finetti et al., 146 

2001, 2005a), which do not evidence any well developed lithospheric slab beneath the Apennine-147 

Tyrrhenian system. The occurrence of some subcrustal earthquakes beneath the Northern Apennines 148 

cannot be used to confirm the results of tomography, since focal depths are mainly lower that 70 km 149 

(e.g., Chiarabba et al., 2005) and the magnitudes are very low (ISIDe Working Group, 2016). It is 150 

worth noting that the distribution of subcrustal earthquakes is compatible with the geometry of the 151 

crustal slivers suggested by CROP sections (Finetti et al., 2005a). 152 

 Some authors have tried to identify possible explanations for episodic effects of gravity on 153 

subducted lithosphere. For instance, Faccenna et al. (2001, 2014a) recognize the problem of 154 
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episodic slab retreat, stating that it could be explained by the interaction of the subducted 155 

lithosphere with the 670 km-depth mantle discontinuity. The inability of the slab to penetrate across 156 

such discontinuity would cause a sudden decrease of the subduction rate and trench retreat. Only 157 

after the slab has folded over the mantle discontinuity, subduction and trench migration may resume 158 

again, leading to a new phase of back-arc extension (Faccenna et al., 2004, 2007). However, it must 159 

be considered that the above results have been obtained by experiments where the upper plate is not 160 

present at all, a quite irrealistic condition. Other experiments have shown that the presence of a 161 

sufficiently strong upper plate can prevent slab roll-back (see figure 11 by Capitanio et al., 2010 and 162 

Shemenda, 1993; Hassani et al., 1997). 163 

 164 

Central Tyrrhenian basin (about 5-2 My) 165 

 In the late Miocene-Early Pliocene crustal extension ceased in the Northern Tyrrhenian and 166 

began to develop in the Alpine-Apennine sector located south of the Selli fault, generating oceanic 167 

crust in the central Tyrrhenian area (Magnaghi and Vavilov basins, Fig.4, e.g., Finetti and Del Ben, 168 

1986, 2005a; Mascle and Rehault, 1990; Sartori, 1990, 2005; Sartori et al., 2004; Guillaume et al., 169 

2010). 170 

 Such extension was accompanied by other coeval major tectonic events in the central 171 

Mediterranean region, as listed in the following.  172 

 173 

- Thrusting and folding underwent a significant acceleration in the Apennine belt (e.g., Patacca et 174 

al., 1990; Coward et al., 1999; Catalano et al., 2004; Cerrina Feroni et al., 2004; Parotto and 175 

Praturlon, 2004; Patacca and Scandone, 2007; Ghielmi et al., 2013).  176 

-  In the Northern Apennines, the foredeep geometry underwent a major change during the Late 177 

Pliocene, passing from a continuous (cylindrical) to highly fragmented (non-cylindrical) pattern 178 

(Amadori et al., 2019). 179 
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- Seismic soundings (Finetti et al. 2001, Finetti et al., 2005b) indicate that since the latest Miocene 180 

the Adriatic lithosphere has undergone strong shortening, accommodated by major thrust faults 181 

cutting the entire crust and that significant shortening (several tens of Km) also affected the 182 

migrating arc.  183 

- Since the late Messinian, a major transtensional fault system (Sicily Channel, Medina and Victor 184 

Hensen, Fig. 4) developed in the Pelagian and Ionian zones (e.g., Finetti and Del Ben, 1986, 2005b; 185 

Boccaletti et al., 1987; Cello, 1987; Reuther et al., 1993; Hieke et al., 2003, 2006 and references 186 

therein). 187 

- During the Lower Pliocene, the western border of the thinned Hyblean domain (Sciacca fault) was 188 

activated as a dextral shear zone (Civile et al., 2018), while compressional deformation is 189 

recognized in the Maghrebian sector lying north of the Adventure block (Pepe et al., 2005) and an 190 

extensional regime formed the Pantelleria trough (Civile et al., 2014, 2018, Finetti and Del Ben, 191 

2005b).  192 

- The Malta and Linosa troughs started developing (Catalano et al., 1994; Furlani et al., 2013). 193 

- The Sicilian Apennines underwent a southward bending, attributed to E-W shortening (e.g., 194 

Ghisetti et al., 2009), forming the Gela nappe.  195 

- Dextral transpressional deformation, associated with a system of NW-SE faults, is recognized in 196 

the Maghrebian belt lying north of the Hyblean-Adventure promontory (Fig. 4, e.g., Catalano et al., 197 

1994, 1996; Sulli, 2000; Guarnieri, 2004; Finetti et al., 2005c).  198 

- An old NW-SE discontinuity in the northern Adriatic foreland reactivated with a sinistral strike-199 

slip regime (the Schio-Vicenza fault system, Fig. 4, e.g., Castellarin and Cantelli, 2000; Zampieri et 200 

al., 2003; Massironi et al., 2006; Pola et al., 2014).  201 

- Since the late Miocene, NW-SE to N-S thrusting in the Southern Alps mostly affected the sector 202 

lying east of the Schio-Vicenza fault (e.g., Bressan et al., 1998; Galadini et al., 2005), while such 203 

activity almost ceased west of that discontinuity.  204 
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- In the Northern Dinarides several thrust faults reactivated as dextral strike-slip faults (Placer et al., 205 

2010). 206 

 207 

 Any attempt at explaining the formation of the Central Tyrrhenian basin as an effect of slab-208 

pull forces should provide plausible answers to some demanding questions: 209 

- Why in the Pliocene would gravitational sinking have only affected the sector of the slab located 210 

beneath the Southern Apennines ? (although at that time the slab was well developed under the 211 

Calabrian Arc).  212 

- Why would such sinking have only begun in the latest Miocene ? notwithstanding the slab under 213 

the Apennines was already well developed in the middle Miocene. 214 

- Why would the effects of slab-pull forces beneath the southern Apennines have ceased in the late 215 

Pliocene-early Pleistocene ?  i.e. when crustal stretching ended in the Central Tyrrhenian basin.  216 

 217 

Other major problems for slab-pull supporters are discussed in the following: 218 

 The subsidence predicted by the slab-pull mechanism in the trench zone (Shemenda, 1993; 219 

Hassani et al., 1997; Buiter et al., 2001; Hampel and Pfiffner, 2006; Husson, 2006) is just opposite 220 

to the uplift that most of the Apennines belt and Calabrian Arc have undergone in the Pliocene and 221 

Quaternary (e.g., Westaway, 1993; Pizzi, 2003; Schiattarella et al., 2003; Rusciadelli, 2005, 222 

Ghielmi et al., 2013). 223 

 Belt-parallel shortening of the whole Apennine chain, evidenced by the formation of major and 224 

minor arcs and transversal thrust fronts, as the Olevano-Antrodoco and Sangro-Volturno (e.g., Pizzi 225 

and Galadini, 2009; Di Domenica et al., 2012; Ghielmi et al., 2013; Amadori et al., 2019), is not 226 

compatible with the trench suction forces implied by slab roll-back. 227 

 The Northern Adriatic foredeep does not show any evidence of tilting after the early Pliocene, 228 

suggesting that tectonic activity in the Apennine belt can hardly be imputed to slab-pull forces 229 

(Brancolini et al., 2019). 230 
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 Since the activation of major fault systems in the Pelagian zone (Sicily Channel) and the 231 

northern Adriatic foreland (Schio-Vicenza) can hardly be explained as effects of slab-pull forces 232 

beneath the Southern Apennines, there remains the problem of identifying which other driving 233 

mechanisms were active in the central Mediterranean zone during the Pliocene. In this regard, 234 

Faccenna et al. (2004, 2007) suggest that transtensional deformation in the Sicily Channel could be 235 

related to the breaking that would have affected the most curved sector of the wide slab formed 236 

during the Balearic phase. Such deep break would have caused the Late Miocene alkaline 237 

volcanism in northern Tunisia and Sardinia and deformation in the Sicily Channel zone. However, 238 

slab breaking and related magmatism (e.g., Lustrino and Wilson, 2007) do not necessarily 239 

presuppose passive lithosphere sinking. Moreover, one must consider that tectonic activity in the 240 

Sicily Channel relates to transcurrent fault systems, with some sectors of pull-apart extension, 241 

which cannot simply be generated by uprising of magma.  242 

 243 

 Southernmost Tyrrhenian (Pleistocene) 244 

 In the early Pleistocene, crustal stretching ended in the Central Tyrrhenian and started 245 

developing in the southernmost Tyrrhenian area (Marsili basin, e.g., Finetti and Del Ben, 1986; 246 

Sartori, 1990; Savelli, 2002). This extension (Fig. 5) was accompanied by other major tectonic 247 

events in the surrounding regions:  248 

- In the late Pliocene-Early Pleistocene thrusting underwent slowdown/cessation in the Southern 249 

Apennines (e.g., Cello and Mazzoli, 1999; Catalano et al., 2004; Patacca and Scandone, 2004, 250 

2007). 251 

- Tectonic activity considerably strengthened in the Calabria-Peloritani wedge, with development of 252 

major troughs, transversal discontinuities and relative block rotations, accompanied by fast uplift 253 

(e.g., Westaway, 1993; Van Dijk and Scheepers, 1995; Zecchin et al., 2004, 2010, 2011, 2015; 254 

Finetti, 2005a; Tansi et al., 2007; Del Ben et al., 2008; Spina et al., 2011; Roda-Boluda and 255 

Whittaker, 2017; Tripodi et al., 2018). 256 
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- Thrusting and folding increased along the external front of the Calabrian wedge, with the 257 

formation of the External Calabrian Arc complex (e.g., Patacca et al., 1990; Del Ben, 1993; Finetti, 258 

2005a). 259 

-Tectonic and volcanic activity increased at the Taormina and Palinuro fault systems (e.g., Finetti 260 

and Del Ben, 1986; Finetti et al., 1996; Ventura et al., 1999; Savelli, 2002; Peccerillo, 2005).  261 

- Thrusting at the front of the Adventure block and extension in the Pantelleria graben slowed down 262 

with respect to the Pliocene (Pepe et al., 2005; Civile et al., 2010, 2018). 263 

- The southern Adriatic plate underwent upward flexure, with the formation of the Apulian swell 264 

(e.g., Finetti and Del Ben, 1986; Tropeano et al., 2002; Santangelo et al., 2012).  265 

- In the Early Pleistocene, the northern Adriatic foreland and the surrounding foredeeps were 266 

affected by intense subsidence (Ghielmi et al., 2013; Zecchin et al., 2017). 267 

 268 

 Explaining the formation of the southernmost Tyrrhenian basin and the coeval tectonic events 269 

cited above (Fig. 5) as an effect of slab-pull forces involves some major problems, as discussed in 270 

the following. 271 

-The uplift that the Calabrian Arc underwent in the Pleistocene cannot be reconciled with the 272 

subsidence predicted by gravitational sinking of the underlying slab (Shemenda, 1993; Hassani et 273 

al., 1997: Buiter et al., 2001; Hampel and Pfiffner, 2006; Husson, 2006; Faccenna et al., 2014b).  274 

- The strong deformation that the Calabria-Peloritani wedge has undergone since the late Pliocene, 275 

with the formation of several longitudinal troughs and transversal sphenocasms and the bowing and 276 

uplift of that arc, is compatible with belt-parallel compression, which can hardly be taken as an 277 

effect of slab roll-back.  278 

- The upward flexure of the southern Adriatic domain (Apulian swell) cannot easily be explained as 279 

an effect of slab roll back.  280 

- The very small width of the Marsili basin (about 50 Km, Fig.5) would imply the roll-back of a 281 

corresponding narrow slab. However, such slab shape would require the presence of major 282 
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decoupling tear faults between the sinking lithosphere and the lateral (not sinking) sectors. When 283 

and why did such tears develop ?  284 

 285 

Recent/present tectonic setting in the Apennine belt  286 

 Around the middle Pleistocene (Fig.6), the deformation pattern in the Apennines underwent an 287 

important change, recognized by most authors (e.g., Hippolyte et al., 1994; Galadini, 1999; 288 

Bartolini, 2003; Piccardi et al., 2006): 289 

- Strike-slip tectonics has developed in the southernmost (Lucanian) sector of the Southern 290 

Apennines, with the formation of a system of NW-SE sinistral strike-slip faults, accompanied by 291 

compressional and tensional features at restraining and releasing stepovers respectively (e.g. Cello 292 

et al., 2003; Catalano et al., 2004; Maschio et al., 2005; Ferranti et al., 2009). 293 

- In the northern sector of the Southern Apennines, from the Irpinia to Matese zones, a system of 294 

normal faults roughly trending NW-SE has developed in the axial part of the belt (e.g., Ascione et 295 

al., 2003, 2007; Brozzetti, 2011).  296 

- In the Central Apennines, sinistral transtension is recognized in the system of NW-SE normal-297 

oblique faults located in the axial belt (e.g. Galadini, 1999; Piccardi et al., 1999; Galadini and 298 

Messina, 2004; Elter et al., 2012).  299 

- In the Northern Apennines, sinistral transtensional faulting in the axial belt (e.g., Cello et al., 300 

1998, 2000; Boncio and Lavecchia, 2000; Tondi and Cello, 2003; Piccardi et al., 2006) and 301 

thrusting at the outer border (e.g., Boncio and Bracone, 2009; Scisciani and Calamita, 2009; 302 

Boccaletti et al., 2011) have occurred. The middle-upper Pleistocene evolution of this belt sector 303 

indicates a predominance of vertical motion, with uplift and widening of the Northern Apennine 304 

range (Ghielmi et al., 2013). 305 

- Uplift has affected the axial and outer sectors of the whole Apennine belt (e.g., Argnani et al., 306 

2003; Bartolini, 2003; Schiattarella et al., 2003, Ascione et al., 2008).  307 
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- Compressional features have developed in the inner part of Adria, such as the Middle Adriatic 308 

Ridge (Fig. 6, e.g., Scisciani and Calamita, 2009). 309 

- Two major volcanic episodes (Roman and Campanian provinces, Fig.6) occurred in the western 310 

side of the Apennine belt (Peccerillo, 2005; Alagna et al., 2010). The emplacement of such 311 

volcanism has been related to transtensional faulting (Milia and Torrente, 2003; Acocella and 312 

Funiciello, 2006). 313 

- Around the middle-late Pleistocene, the northern part of the Calabrian wedge reaches the 314 

continental Adriatic domain and a new major fault system (Sibari), almost parallel to the Adria 315 

border develops (Fig. 6, e.g., Guarnieri, 2006; Del Ben et al., 2008; Ferranti et al., 2014; Zecchin et 316 

al., 2015, Volpi et al., 2017). 317 

- The Crati and Mesima longitudinal troughs and the Catanzaro and CapoVaticano transversal 318 

troughs/faults develope in the Calabrian Arc (e.g., Spina et al., 2011; Zecchin et al., 2015; Tripodi 319 

et al., 2018). 320 

- The Vulcano-Syracuse fault system activates (e.g., Finetti and del Ben, 1986; Del Ben et al., 2008; 321 

Sulli et al., 2013). 322 

- The Sciacca fault system becomes a sinistral shear zone and is affected by magmatic activity (e.g., 323 

Lodolo et al., 2012; Civile et al., 2018, Fedorik et al., 2018). 324 

  325 

 The present kinematic pattern in the Italian region is fairly well defined by the analyisis of 326 

geodetic data observed in more than 700 permanent GPS stations in the period running from 327 

January 1, 2001 to December 31, 2018. The horizontal velocity field derived by such data (Fig. 7) 328 

with respect to a fixed Eurasian frame (Euler pole at 54.23˚N, 98.83˚W, ω = 0.257˚/Myr, Altamimi 329 

et al., 2016) shows that the outer sector of the Apennine belt, including the buried thrusts and folds 330 

under the Po Plain, moves considerably faster (4-5 mm/y) and with a greater eastward component 331 

with respect to the inner belt (1-2 mm/y). In the Padanian zone that lies west of the Giudicarie fault 332 

system velocity values show a significant decrease and a different trend, with respect to the outer 333 
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Apennine belt. In southern Italy, the geodetic field confirms the long-term roughly NE ward motion 334 

trend of Calabria and the NNW ward motion trend of the Hyblean zone.  335 

 336 

 To interpret the drastic change of tectonic style that occurred in the Apennine belt around the 337 

middle Pleistocene as an effect of slab-pull forces, one should explain why the effect of such deep 338 

driving mechanism on shallow structures has considerably changed at that time. An attempt in this 339 

sense has been made by some authors (e.g., Faccenna et al., 2014b), who suggest that the 340 

Pleistocene deformation pattern in the Apennine belt has been controlled by changes of deep seated 341 

dynamic processes (mantle convection) connected with the development of windows in the western 342 

subducted margin of Adria located beneath the Central and Southern Apennines (e.g., Wortel and 343 

Spakman, 2000; Piromallo and Morelli, 2003; Faccenna et al., 2007). However, this interpretation 344 

cannot easily be reconciled with some major features of the observed deformation pattern, as 345 

discussed in the following:  346 

- Pleistocene uplift is recognized in the whole belt, from the Northern Apennines to Calabria, 347 

although this effect would only be expected in the belt sectors (Central and Southern Apennines) 348 

located above the supposed slab windows.  349 

- The velocity field derived from GPS measurements in the Italian region (Fig. 8) indicates that the 350 

outer sector of the Apennine belt is moving faster (4-5 mm/y NEward ) than the inner sector (1-2 351 

mm/y N to NWward). This almost homogeneous kinematic pattern all along the whole belt can 352 

hardly be imputed to mantle upwelling above slab windows in the Central and Southern Apennines.  353 

- The Hyblean wedge, confined by tectonic zones (Sicily channel, Syracuse fault and Maghrebian 354 

belt) is moving roughly North to NW ward, while the Calabrian wedge is moving roughly ENE 355 

ward (Fig. 8). Explaining such microplate kinematics as an effect of mantle upwelling in the 356 

Southern and Central Apennines appears to be a rather difficult task.  357 

 358 

3. Proposed geodynamic interpretation  359 
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 360 

Main concepts  361 

 The observed deformation pattern in the Mediterranean region has been driven by the 362 

convergence of the Africa/Adriatic and Eurasia plates and by the roughly westward motion of the 363 

Anatolian-Aegean-Pelagonian belt, induced by the indentation of Arabia (e.g., Mantovani et al., 364 

2006, 2009, 2014; Viti et al., 2009). The shortening of the interposed Mediterranean structures, 365 

constituted by orogenic belts, oceanic zones and the Adriatic continental and thinned continental 366 

domains, has been accommodated by a variety of tectonic processes, whose spatio-temporal 367 

distribution has been controlled by the well know least-action principle, aimed at minimizing the 368 

resistance of gravity, fault friction and mantle viscosity. 369 

 It is known that in a buoyancy-controlled context the most efficient way to gain space in a 370 

constricted area is the subduction of lithosphere and that such process is mainly favored when 371 

oceanic domains are involved (e.g., Cloos, 1993; Stern, 2004). However, one must take into account 372 

that the consumption of such domains cannot simply be determined by horizontal compression 373 

exerted by plate convergence. This consideration is mainly suggested by the fact that during the 374 

long collisional phase between the Africa-Adriatic plate and Eurasia, the Ionian oceanic domain did 375 

not undergo any subduction beneath the African and Adriatic continental domains. The fact that 376 

during such phase the push of Africa was very efficiently transmitted by the Ionian zone to the 377 

continental Adriatic domain is testified by the compressional deformations that took place along the 378 

northern boundary of that promontory (e.g., Castellarin and Cantelli, 2000; Ceriani and Schmid, 379 

2004; Rosemberg and Kissling, 2013; Handy et al., 2015). The physical plausibility of the above 380 

evidence is confirmed by the computation of rheological profiles (e.g., Viti et al., 1997), which 381 

indicates that in long-term (geological) time intervals the horizontal compressional strength of the 382 

oceanic lithosphere is not lower than the one of a continental domain. That old and cold oceanic 383 

lithosphere can effectively transmit horizontal compression is also suggested by the persistence of 384 

continental collision at the Himalayan-Tibet boundary, without any new subduction zone in the 385 
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central Indian Ocean (e.g. Stern, 2004; Copley et al., 2010). Another example is the Black Sea 386 

oceanic lithosphere, which has transmitted compression from northern Anatolia to central-southern 387 

Eurasia since Eocene (e.g., Hippolyte et al., 2018). 388 

 To understand why the consumption of oceanic domains has often occurred in the 389 

Mediterranean region since the Oligocene, it is necessary to take into account that the lateral escape 390 

of orogenic wedges may have created the conditions which can make that process feasible. When 391 

the margin of an oceanic domain is overthrust by extruding orogenic material, it undergoes 392 

downward flexure, due to isostasy. This deformation perturbs the previous equilibrium between 393 

horizontal forces, triggering the sink of the denser lithosphere, under the action of plate 394 

convergence (see e.g. the mechanism of subduction initiation given by Hall, 2018). 395 

   Laboratory experiments (Driehaus et al., 2013) show that the extrusion of a continental belt over 396 

an adjacent oceanic domain (driven by belt-parallel compression) may induce subduction when the 397 

density ratio between the oceanic and continental plates is larger than 1.4.  398 

   The above considerations can explain why the consumption of most Tethyan zones has often 399 

occurred since the Oligocene, when most extrusion processes have developed in the study area (e.g., 400 

Mantovani et al., 2006, 2009, 2014; Viti et al., 2009). 401 

 Another type of tectonic reorganization that may allow the activation of more convenient 402 

shortening processes in a constricted context, involves a change of plate mosaic, through the 403 

activation of major decoupling faults. In the new plate configuration, the kinematic pattern of 404 

buoyant blocks (microplates and orogenic wedges) is reorganized in order to address most intense 405 

stresses towards the less buoyant domains. Two major examples of this kind of tectonic 406 

reorganization have occurred in the middle Miocene and late Miocene in the central Mediterranean 407 

area, as discussed in the next sections.  408 

 Laboratory (e.g., Ratschbacher et al., 1991; Davy et al., 1995; Faccenna et al., 1996; Driehaus 409 

et al., 2013; Boutelier et al., 2018) and numerical (e.g., Mantovani et al., 2000, 2001b, 2007b) 410 

experiments suggest that in constricted buoyant structures the lateral escape of wedges (arcs) 411 
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is the most convenient shortening process and that in the internal side of an extruding/migrating 412 

arc crustal extension may develop. Extension occurs when the divergence between the migrating arc 413 

and the stable foreland is faster than the shortening induced by plate convergence. 414 

 415 

Balearic basin 416 

 The development of the Balearic ATBA system (Fig.2) was triggered by the collision between 417 

the northern margin of the African continent and the southernmost edge of the Al-Ka-Pe-Ca belt 418 

(the Atlas compressional phase, e.g. Benaouali-Mebarek et al., 2006; Tesòn and Teixell, 2008; 419 

Frizon de Lamotte et al., 2009). After the remarkable increase of resistance induced by that 420 

collision, the prosecution of the Africa-Eurasia convergence was allowed by a peculiar shortening 421 

process, given by the eastward bowing/extrusion of the Al-Ka-Pe-Ca-Corsica-Sardinia arc, at the 422 

expense of the adjacent Tethyan domain (Fig. 2). Crustal extension developed in the wake of the 423 

migrating arc, leading to the formation of the Balearic and Algerian basins, while thrustings 424 

developed in the trench zones (Apennines and Maghrebides). A detailed description of the proposed 425 

geodynamic interpretation and of how it can account for the observed deformation pattern in the 426 

Western Mediterranean region is given by Viti et al. (2009).  427 

 428 

Northern Tyrrhenian basin (9-6 My) 429 

 The conditions that led to the formation of the Northern Tyrrhenian basin were created by the 430 

reactivation of a major old discontinuity in the Northwestern part of the Adriatic promontory (the 431 

Giudicarie fault system, Fig. 9a,b). This decoupling allowed to overcome the critical situation that 432 

had gradually developed along the collision zone between the Adriatic promontory and the 433 

European plate. In the Oligocene-Lower Miocene, such collision caused the accumulation of a huge 434 

amount of light crustal material in the trench zone (e.g., Schmid et al., 2004; Finetti, 2005b). Thus, 435 

the resistance of gravity against any further underthrusting was getting higher and higher.  436 
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 The possibility of mitigating such critical situation was offered to the Adriatic promontory by 437 

the development, in the early-middle Miocene of a weak lateral boundary zone, constituted by the 438 

Carpatho-Pannonian ATBA system (e.g., Royden et al. 1983; Tari and Pamic, 1998; Horvath et al, 439 

2015, Rèka et al., 2018; Mantovani et al., 2006, 2009). The presence of that tectonized structure 440 

allowed the eastward extrusion of buoyant crustal wedges from the Eastern Alps (a process also 441 

revealed by the formation of the Tauern window in the wake of the extruding wedges, Fig.4b, e.g., 442 

Ratschbacher et al., 1991; Robl and Stuwe, 2005; Wolfler et al., 2011), which favoured the 443 

NNEward displacement of the Adriatic domain (Peresson and Decker, 1997; Frisch et al., 2000). 444 

However, this displacement could only occur after the decoupling of the main Adriatic domain from 445 

its northwestern protuberance, which at that time was deeply stacked beneath the Western Alps. 446 

Such decoupling was allowed by the reactivation, around the Tortonian (Martin et al. 1998; 447 

Castellarin and Cantelli, 2000; Viola et al., 2001; Fellin et al., 2002), of an old discontinuity in the 448 

northern Adriatic foreland, the Giudicarie fault system (Fig. 9b), where sinistral transpressional 449 

activity is recognized until the early Messinian (e.g., Favaro et al., 2017). The NNE ward 450 

displacement, with clockwise rotation, of the northern Adriatic domain that followed such 451 

decoupling allowed that promontory to release the internal elastic deformation that such indenter 452 

had accumulated during its oblique collision with the European domain.  453 

 The sinistral motion between the decoupled Adriatic domain and its northwestern Padanian 454 

protuberance (by then closely connected with the Western Alps) is testified by the fact that since 455 

then thrusting activity in the Alps mostly occurred in the sector lying east of the Giudicarie fault 456 

(e.g., Frisch et al., 2000, Viola et al., 2001; Zampieri et al., 2003; Castellarin et al., 2004). 457 

 The consequent divergence between the mobile Adriatic domain and the Corsica-Sardinia 458 

block (stable since the middle Miocene, Gattacceca et al., 2007 and references therein) caused 459 

crustal extension in the interposed zone, constituted by a sector of the Alpine-Apennine orogenic 460 

belt lying north of the Selli fault, leading to the formation of the Northern Tyrrhenian basin 461 

(Fig.9b). This hypothesis can explain why crustal extension affected the zone comprised between 462 
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the Adriatic promontory and the Corsica-Sardinia block, why such activity started around the 463 

middle Tortonian (about 9 My), just after the reactivation of the Giudicarie fault system, and why 464 

the extended area was confined to the South by the Selli fault. 465 

 466 

Central Tyrrhenian basin and other major coeval tectonic events  467 

 Since the late Miocene, tectonic activity in the Mediterranean region was significantly 468 

influenced by the westward displacement of the Anatolian-Aegean-Pelagonian belt (Fig.1). In the 469 

previous evolution, this last kinematic boundary condition did not have significant effects in the 470 

Central Mediterranean area, because the convergence between the Africa-Adriatic plate and the 471 

above belt was mainly accommodated by the consumption of the interposed thinned domain (the 472 

Ionian zone in figure 9a, e.g., Robertson and Shallo, 2000). The resistance against this convergence 473 

considerably increased in the upper Miocene, when more buoyant domains reached that consuming 474 

boundary (Mercier et al., 1987; Sorel et al., 1992). This critical situation, with progressive 475 

slowdown of accretionary activity, lasted up to the late Miocene-early Pliocene, when a drastic 476 

change of plate mosaic and kinematic pattern allowed other less resisted shortening processes to 477 

occur. This reorganization started by decoupling a large portion of the Adriatic promontory (Adria 478 

plate in figure 9c) from Africa, through the activation of a long fracture, the Sicily Channel-479 

Medina-Victor Hensen transtensional fault system. Prior to this tectonic phase, the Hyblean-480 

Adventure promontory was part of the undeformed African foreland (Pelagian zone, e.g. Finetti and 481 

Del Ben, 1986, 2005b; Hieke et al., 2003, 2006; Lentini et al., 2006; Fedorik et al., 2018). The new 482 

motion trend of Adria required another major decouplig (at least partial) in the northern Adriatic 483 

zone, which was achieved by the reactivation of an old weak zone, the Schio-Vicenza sinistral fault 484 

system (Fig. 9c). After that decoupling, the northern Adria domain moved roughly NNW ward, as 485 

indicated by a change in the orientation of the compressional axis from SW-NE to SSE-NNW in the 486 

eastern Southern Alps (e.g., Castellarin and Cantelli, 2000) and by the reactivation of many thrust 487 

zones as right lateral strike-slip faults in the Northern Dinarides (Placer et al., 2010). The 488 



20 

 

decoupling of the Adria plate from Africa and the  new kinematics of that plate (Fig. 9c) avoided an 489 

highly resisted collision with the Anatolian-Aegean-Pelagonian belt. 490 

 The E-W convergence between southern Adria and the northern African promontory (the 491 

present Algeria-Tunisia zone) required the roughly Northward expulsion of an African fragment 492 

(the Adventure block), guided by the Egadi and Sciacca fault systems (Fig. 9c,d), and the E-W 493 

shortening of the Hyblean domain. The extrusion of the Adventure block in the early Pliocene may 494 

explain the thrusting recognized at the outer front of that wedge (in the Maghrebian belt, Pepe et al., 495 

2005), the formation of the Pantelleria trough at the inner side of the same block (Civile et al., 2010, 496 

2018) and the dextral shear recognized in the Sciacca fault system (Civile et al., 2018). The E-W 497 

shortening of the Hyblean domain, constituted by thick and thin zones (Fig. 9c,d), was 498 

accommodated by the southward bending of the Sicilian Apennines, with the consequent formation 499 

of the Gela nappe (at the expense of the thinned Hyblean domain), and by fracturation and 500 

redistribution of small ridge fragments in the Sicily channel zone (see i.e. Finetti and Del Ben, 501 

1986). The occurrence of local extension between diverging fragments caused the formation of the 502 

Malta and Linosa troughs, as tentatively reconstructed in figure 10.  503 

 504 

 The roughly northward displacement of Pelagian blocks is also suggested by the fact that the 505 

sector of the Alpine (Kabylo-Calabrides)-Maghrebian belt which lies in front of them (e.g., Ben 506 

Avraham et al., 1990; Lentini et al., 1994; Sulli, 2000; Gueguen et al., 2002) shows a northward 507 

shift with respect to the lateral North African and Calabrian sectors (see fig. 10 of Mantovani et al., 508 

2007b and references therein). 509 

 The complex evolution of the Sicily channel tectonic zone may have favored the ambiguity that 510 

still surrounds the shear sense in that transcurrent fault system (e.g., Grasso and Pedley, 1985; 511 

Boccaletti et al., 1987; Cello, 1987; Reuther et al., 1993; Kim et al., 2003; Finetti and Del Ben, 512 

1986, 2005b; Catalano et al., 2009). Since the break of the thick continental African domain is a 513 

major tectonic event in the evolution of the central Mediterranean region, any hypothesis advanced 514 
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about the nature (dextral or sinistral strike slip or pure passive rifting) and the genetic mechanism of 515 

that discontinuity should also provide a geodynamic justification for the coeval deformations 516 

observed in the surrounding zones. For instance, one should consider that a dextral movement at the 517 

Sicily Channel fault system would imply a SE ward motion of the Hyblean domain with respect to 518 

Africa. However, the deformation predicted by such kinematics in the surrounding zones 519 

(shortening in the Ionian zone facing the Hyblean block and extension in the zone lying between the 520 

Hyblean promontory and Sardinia) are not compatible with the observed features. No evidence of 521 

shortening is recognized in the Ionian area, especially at the Syracuse escarpment, as shown by 522 

CROP seismic sections (e.g., Finetti and Del Ben, 2005c) and a considerable shortening, instead of 523 

the expected extension, is evidenced by the CROP section crossing the Sardinia and Sicily Channels 524 

(Finetti et al., 2005c). We would like to remark that the geodynamic framework we propose as 525 

responsible for the formation of the Sicily Channel tectonic zone may provide plausible 526 

explanations for the major coeval late Miocene-Pliocene tectonic events in the central 527 

Mediterranean region (as discussed in the text), whereas this result cannot be achieved with the very 528 

general alternative interpretations so far proposed. 529 

 We suppose that the occurrence of crustal extension in the Sicily Channel tectonic zone may be 530 

an effect of pull-apart troughs at step-overs of the main transcurrent faults (as suggested by Reuther 531 

et al., 1993). This hypothesis is compatible with the occurrence of volcanic activity. In fact, the 532 

most plausible genetic mechanism of magma uprise through the crust is generally considered the 533 

one involved by pull-apart troughs (e.g., Tamburelli et al., 2000; Gudmundsson, 2001; Acocella and 534 

Funiciello, 2006). The normal faults generated by a pure extensional regime (in diverging plate 535 

boundaries, for instance) are stressed by a very high compression, which does not allow uprising of 536 

magmas. 537 

 The northward displacement of the Adventure block played an important role in the formation 538 

of the Central and Southern Tyrrhenian basins and in the subsequent evolution of the Apennine belt, 539 

since the indentation of that continental fragment onto the Alpine-Apenninic orogenic material 540 
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which lay south of the Selli fault caused the lateral escape of wedges, at the expense of the Ionian 541 

Tethys and the thinned margin of the Adriatic domain (Fig. 9c,d). This process may explain why 542 

since the late Miocene intense accretionary activity occurred in the Apennine belt, in front of the 543 

extruding wedges (Viti et al., 2006 and references therein), and crustal extension developed in the 544 

wake of those wedges, with the formation of the central Tyrrhenian basin. The relatively high 545 

velocity (up to 5-8 cm/y) of the consequent trench retreat recognized at the related consuming 546 

boundary, during the Pliocene (Patacca and Scandone, 1989; Finetti et al., 2005b; Guillaume et al., 547 

2010), might be due to the contemporaneous actions of two opposite kinematic boundary 548 

conditions, i.e. the roughly NW ward motion of southern Adria and the roughly ESE ward 549 

migration of the Alpine-Apennines wedges (Fig.9c,d). 550 

 During this phase, belt-parallel compression also stressed the central-northern Apennines, 551 

causing the formation of arcs, with in-sequence thrusting at external fronts (e.g., Calamita et al., 552 

1994; Costa, 2003, Ghielmi et al., 2013; Brancolini et al., 2019), out-of-sequence thrust 553 

reactivations (e.g., Boccaletti et al., 1999) and extensional to transtensional tectonics in the internal 554 

side of the arcs, accompanied by regional uplift (e.g., Martini and Sagri, 1993; Bossio et al., 1998). 555 

The formation of arcs is also suggested by the fact that during this phase the geometry of foredeeps 556 

in the Northern Apennines changed from continuous, cylindrical, to highly fragmented, non 557 

cylindrical (e.g., Amadori et al., 2019). The hypothesis that in the Pliocene the belt underwent a 558 

compressional regime is also suggested by the shortening evidenced by CROP seismic sections 559 

(e.g., Finetti et al., 2005a). 560 

 The geodynamic interpretation here proposed may explain why the coeval occurrence of 561 

compression in the outer belt and extension in the inner side of the northern Apennines has 562 

developed since the late Miocene (e.g., Elter et al., 1975; Bossio et al., 1993). The fact that the 563 

above deformation pattern was accompanied by anatectic magmatism (e.g., Peccerillo, 2003) could 564 

be explained by considering that the most physically plausible genetic mechanism of the crustal 565 

pathways that allow magmas to uprise through the upper crust is the transtensional regime that is 566 
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expected to occur at the inner side of extruding wedges (e.g., Tamburelli et al., 2000; 567 

Gudmundsson, 2001; Acocella and Funiciello, 2006). 568 

 The fact that lateral escape of wedges may have contemporaneously involved belt-parallel 569 

shortening and perpendicular extension in the northern Apennines could explain why both types of 570 

strain styles are recognized in that zone (e.g., Bonini et al., 2014; Brogi et al., 2013; Liotta et al., 571 

2015). Anyway, the geodynamics here proposed provides that extensional deformation in the above 572 

Apennine sector is the dominant deformation, as indicated by most structural and morphological 573 

evidence (e.g., Brogi et al., 2013). 574 

 During the Late Miocene-Pleistocene interval, a complex system of elongated foredeeps 575 

developed in the eastern sector of the Po Plain and in the northern Adriatic area and severe tectonic 576 

activity affected the northern Apennines and the Padanian area (Ghielmi et al., 2013). 577 

 The peculiar fact that the Apennine belt has contemporaneously undergone thrusting, uplift 578 

and transtensional deformations is compatible with the strain pattern expected from belt-parallel 579 

compression, as suggested by the results of numerical experiments (Viti et al., 2004; Mantovani et 580 

al., 2007b), which show that the deformation pattern observed in the Tyrrhenian-Apennines system 581 

since the latest Miocene can be reproduced as an effect of the kinematic boundary conditions 582 

shown in Fig. 9c,d. 583 

 584 

Southern Tyrrhenian basin (Early Pleistocene) 585 

 When the extruding Southern Apennine wedge reached the continental Adriatic domain, the 586 

resistance against such consuming process underwent a significant increase, which led to the 587 

progressive stop of that wedge, revealed by the end of thrusting at its outer front and of crustal 588 

stretching in the Central Tyrrhenian basin, at the inner side of the wedge. 589 

 After that trench suture, the convergence of the confining plates was mainly accommodated by the 590 

fast lateral escape of the Calabria-Peloritani (CP) wedge, i.e. the only sector of the belt that was 591 

still facing an oceanic domain (the Ionian Tethys, Fig. 9d).  592 
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 The acceleration of the CP wedge is mainly testified by the strengthening of accretionary 593 

activity along its outer front, which built up the External Calabrian Arc, and by the occurrence of 594 

crustal stretching in the wake of that wedge, which has generated the Marsili basin. In this regard, it 595 

can be noted that the width of this basin is comparable with the internal (Tyrrhenian) side of the CP 596 

wedge (Fig.9d). The lateral guides of the above extrusion process were constituted by the Taormina 597 

and Palinuro transcurrent fault systems, as suggested by acceleration of tectonic and volcanic 598 

activity along those faults. 599 

 Nicolosi et al. (2006) suggest that the spreading of the Marsili basin has mainly developed 600 

from 2.1 to 1.6 Ma (with a very high rate, 19 cm/y) and that since 0.78 Ma spreading has 601 

undergone a considerable slow down. The initial high spreading rate could be due to the fact that 602 

such wedge had to extrude through a very narrow corridor between lateral continental domains 603 

(Africa and Adria). The subsequent slowdown of the CP wedge could be due to the collision of 604 

northern Calabria with the continental Adria domain (e.g., Del Ben et al., 2008, Zecchin et al., 605 

2004, 2011, 2015; Mantovani et al., 2019 and references therein). 606 

 The strong belt-parallel compressional regime that stressed the CP wedge during its extrusion 607 

can explain the fast uplift, the horizontal bowing and the strong fragmentation of that structure, 608 

with the formation of transpressional fault systems, troughs and sphenocasms (e.g. Ghisetti and 609 

Vezzani, 1981; Van Dijk and Schepeers, 1995; Monaco and Tortorici, 2000; Tansi et al., 2007; Del 610 

Ben et al., 2008; Zecchin et al., 2004, 2010, 2011, 2015; Roda-Boluda and Whittaker, 2017 and 611 

references therein). 612 

 The fast uplift of the CP wedge has been alternatively explained as an effect of isostatic 613 

rebound in response to breakings of the underlying Ionian slab (e.g., Westaway, 1993; Wortel and 614 

Spackman, 2000) or as due to the decoupling of the Calabrian arc from the underlying slab by 615 

convective removal of the deep root (e.g., Gvirtzman and Nur, 2001). However, these 616 

interpretations cannot easily account for the reconstruction of the Apennine-Maghrebian slab 617 

geometry based on several studies (e.g., Massari and Prosser, 2013 and references therein), which 618 
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suggests that since about 10 My two large slab windows have developed beneath that belt, one in 619 

the sector running from Tunisia to eastern Sicily and the other beneath the central and southern 620 

Apennines. If this reconstruction is reliable, one can hardly understand why the most intense uplift 621 

expected from isostatic rebound has affected the Calabrian Arc. 622 

 Since the suture of the Southern Apennines consuming boundary, in the Late Pliocene-Early 623 

Pleistocene, the strong compressional regime induced by the surrounding plates in the southern 624 

Adria domain, being not anymore absorbed by the consumption of thinned domains, was 625 

accommodated by upward flexure, which accelerated the formation of the Apulian swell. The uplift 626 

of southern Adria could have induced an opposite vertical effect in the northern edge of that plate, 627 

which might explain the subsidence that affected such zone in the Early Pleistocene (Ghielmi et al., 628 

2013; Zecchin et al., 2017; Brancolini et al., 2019).  629 

 630 

Recent present tectonic setting in the Apennine belt (Middle-Late Pleistocene) 631 

 Since the middle Pleistocene, the gravitational energy accumulated by the southern Adria 632 

domain in the previous Early Pleistocene phase favored the northward displacement of that plate 633 

(Fig. 9e), as suggested by the resumption of thrusting and strike-slip tectonics in the eastern 634 

(Dinarides) and northern (Eastern Alps) boundaries of Adria (Viti et al., 2006 and references 635 

therein). A more complex effect of Adria’s acceleration has developed along its western boundary, 636 

the Apennine belt. Since the external (eastern) sector of that chain was more closely connected with 637 

the underlying Adriatic domain, it underwent a more efficent drag from Adria, with respect to the 638 

inner belt (which was overlying a much deeper Adriatic lithosphere). This drag has resulted in a 639 

greater mobility, stronger deformation and uplift of the outer belt, which has progressively 640 

separated from the inner belt, forming the series of troughs located in the axial chain. This 641 

mechanism may explain why since the middle Pleistocene the compressional tectonic style in the 642 

Apennines was replaced by a dominant left lateral transcurrent regime (Viti et al., 2006 and 643 

references therein). The compressional features previously developed in the two main Pliocenic 644 
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extruding wedges, the Molise-Sannio (MS) and the Romagna-Marche-Umbria (RMU), were cut by 645 

a series of longitudinal trastensional fault sytems, as the Irpinia-Benevento-Matese (e.g., Pantosti 646 

and Valensise, 1990; Cinque et al., 2000; Ascione et al., 2007) in the MS wedge and the Norcia-647 

Colfiorito-Val Tiberina (Calamita et al., 2002; Pizzi and Galadini, 2009) in the RMU wedge, 648 

connected by longitudinal transtensional fault systems (Aquila and Fucino) in the Lazio-Abruzzi 649 

platform (Fig. 10, Viti et al., 2006 and references therein). This dynamics also induced belt-parallel 650 

shortening in the outer belt, accommodated by the formation of arcs (e.g., Maiella, Gran Sasso, 651 

Laga Mt.) and a generalized uplift (e.g., Pizzi and Galadini, 2009; Elter et al., 2012; Blumetti et al., 652 

2013).  653 

 In the northernmost belt (Romagna-Emilia Apennines), shortening has been accommodated by 654 

the formation of various arcs, also involving the buried folds beneath the Po valley, and progressive 655 

outward migration of thrust fronts (Cerrina Feroni et al., 2001; Costa, 2003; Vannoli et al., 2004, 656 

2015; Boccaletti et al., 2011; Ghielmi  et al., 2013; Chicco et al., 2019).  657 

 The relative motion between the southernmost sector of the mobile outer belt (MS wedge) and 658 

Calabria has been accommodated by a system of transcurrent faults in the Lucanian Apennines (Fig. 659 

11, Viti et al., 2006 and references therein). 660 

 The recent/present kinematic pattern of the Apennine belt inferred from Pleistocene 661 

deformation pattern, involving a faster motion of the outer Apennine belt with respect to the inner 662 

belt (Fig.11), fairly well agrees with the velocity field derived by geodetic observations (Fig. 7). 663 

 It can be noted as well that the motion trend of Adria indicated by several GPS velocity vectors 664 

in the Apulia zone and in the Venetian plain (Fig.7) is compatible with the NNEward Africa-665 

Eurasia convergence trend suggested by Mantovani et al. (2007a), which can explain the absence of 666 

major decoupling zones inside the Adriatic domain. If conversely, one adopts the roughly NNW 667 

ward convergence trend provided by global kinematic models (e.g., Calais et al., 2003) it becomes 668 

necessary to identify major tectonic discontinuities able to decouple the Adria plate from Africa. 669 

However, the very different solutions so far suggested by the numerous attempts in this sense (see 670 
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Babbucci et al., 2004 and references therein) clearly indicate the scarce significance of the available 671 

evidence about possible decoupling zones inside the Adria plate. 672 

 The lower GPS velocities of the northern Adriatic zone (2-3 mm/y) with respect to the southern 673 

Adriatic domain (5-6 mm/y) could be connected with a non rigid behaviour of the Adria plate, due 674 

to the non uniform time distribution of decoupling earthquakes along the circum Adriatic 675 

boundaries (Mantovani et al., 2015a). In this regard, one could suppose that the Pleistocene 676 

compressional deformations recognized in the inner part of Adria (such as the Middle Adriatic 677 

Ridge, Fig. 6, e.g., Scisciani and Calamita, 2009) may have developed during such transitory 678 

phases, characterized by an accelerated motion of southern Adria and a low mobility of the northern 679 

Adria ( Mantovani et al., 2016).  680 

 681 

 The belt-parallel compression and the sinistral shear that affected the Apennine belt during the 682 

last evolutionary phase may have emphasized transtensional stresses in the inner side of the two 683 

main Pliocenic wedges, the Molise-Sannio and the Romagna-Marche Umbria (Fig.11), favouring 684 

the uprise of magmas in the Roman and Campanian magmatic provinces (e.g., Argnani and Savelli, 685 

1999; Tamburelli et al., 2000; Peccerillo, 2005; Finetti, 2006; Tibaldi et al., 2010). This could 686 

provide a possible explanation for the two major features, i.e. the location and timing, of the most 687 

intense Quaternary volcanic episodes that has developed in the Apennine belt during this 688 

evolutionary phase. 689 

 Around the middle Pleistocene, a major reorganization of the tectonic setting has been caused 690 

by the collision of southern Calabria with the continental Adriatic domain (Fig. 9e). Such obstacle 691 

was overcome by the activation of the Sibari fault system (e.g., Volpi et al., 2017) which has 692 

allowed the Calabrian wedge to gain a new extrusion trend, more parallel to the Adriatic border 693 

(Fig. 9e). This change also had major effects in the interaction zone with the Hyblean domain, 694 

favoring the activation of the Vulcano-Syracuse fault system, which has become the main 695 

decoupling zone between the Calabrian wedge and the Hyblean block, that were moving in almost 696 
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opposite directions. After the activation of such decoupling, the Hyblean block may have 697 

accelerated its northward motion, as suggested by the fact that the border with the Ventura block 698 

(Sciacca fault) has become a sinistral shear zone (Civile et al., 2018). The fact that magmatic 699 

activity in the Sciacca fault system has mainly developed in the Pleistocene could suggest that the 700 

inversion of the strike slip sense at that fault may have favoured the development of pull-apart 701 

mechanisms. The hypothesis that the Syracuse fault is an active decoupling zone is supported by 702 

the occurrence of great damages in the eastern side of Sicily (e.g., 1169 and 1683, Rovida et al., 703 

2016). 704 

 The reliability of the evolution here proposed may also be supported by the fact that major 705 

features of the spatio-temporal distribution of main earthquakes in the periAdriatic regions are 706 

compatible with the short-term implications of the present tectonic setting, as discussed in a 707 

number of papers (Mantovani et al., 2010, 2012, 2015b, 2016, Viti et al., 2006, 2012, 2013, 708 

2015a,b, 2016). 709 

 710 

4. Conclusions  711 

 712 

 Discussions about Mediterranean geodynamics mainly concern the driving mechanism of the 713 

ATBA systems. To overcome the apparent difficulty raised by the occurrence of crustal extension 714 

in zones of plate convergence, some authors suggest that such tectonic process may be produced by 715 

deep seated forces, mainly induced by gravitational sinking of subducted lithosphere. However, the 716 

implications of that genetic mechanism can hardly be reconciled with the observed deformation 717 

pattern. In particular, the development of the northern, central and southern Tyrrhenian basins in 718 

three well distict phases, would require a discontinuos, very peculiar and scarcely plausible action 719 

of gravity on the Adriatic subducted margin. This and other major problems discussed in the text 720 

suggest that slab-pull forces can hardly be invoked to explain the surface deformation pattern. 721 
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 So far, many laboratory and numerical experiments, both 2D and 3D, have investigated the 722 

dynamics of slab-pull. However, the parameters adopted in various experiments vary over wide 723 

ranges, making it difficult to compare among results provided by different works. For instance, one 724 

may consider the density difference between the slab and surrounding mantle (∆ρ), which crucially 725 

affects the magnitude of the slab-pull force. Capitanio et al. (2010) use the values ∆ρ = 30, 60 and 726 

90 kg m-3 for their numerical experiments. Schellart and Moresi (2013) instead adopt the value ∆ρ = 727 

80 kg m-3. Meyer and Schellart (2013) consider the significantly larger value ∆ρ = 103 kg m-3, 728 

which obviously provides a larger slab-pull force. Furthermore, some attempts disregard basic 729 

features of the subduction systems, in particular the role of the upper/overriding plate (e.g., 730 

Funiciello et al., 2003a,b, 2004, 2006; Schellart, 2010; Schellart et al., 2011). On the other hand, the 731 

upper plate may effectively resist slab retreat and back-arc extension (Shemenda, 1993; Hassani et 732 

al., 1997; Capitanio et al., 2010). Thus, the conclusions drawn by the above works cannot be 733 

considered as definitive ones, because they depend on questionable experimental settings or on still 734 

poorly constrained subduction parameters.  735 

 Furthermore, one should consider that the geodynamic interpretations based on the slab-pull 736 

genetic mechanism, advanced to explain the development of ATBA systems, can hardly account for 737 

the occurrence of other coeval major tectonic events in the central Mediterranean area, such as the 738 

activation of important fractures in the African foreland (the Sicily Channel-Medina-Victor Hensen 739 

fault system) and in the northern Adriatic region (the Giudicarie and the Schio-Vicenza fault 740 

systems), along with some peculiar variations of tectonic style in the periAdriatic belts.  741 

 In this and previous papers (Mantovani et al., 2006, 2009, 2019; Viti et al., 2006, 2009) it is 742 

suggested that the observed deformation pattern in the central-western Mediterranean has been 743 

driven the convergence of the confining plates (Africa, Eurasia and Anatolian-Aegean-Pelagonian 744 

system). The migration of arcs and the consequent occurrence of crustal extension in their wake can 745 

plausibly be explained as effects of extrusion processes, that develop where orogenic belts lying 746 

aside oceanic domains are stressed by plate convergence (Fig. 8). Some considerations about why 747 
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the proposed geodynamic interpretation may better explain the evolution of the study area are given 748 

in the following.  749 

- It takes into account a very large set of tectonic features, more complete than the ones considered 750 

in other attempts. 751 

- All deformations considered are tentatively explained as effects of a unique driving mechanism 752 

(the convergence of the confining plates). In particular, it is taken into account the influence of an 753 

important kinematic boundary condition, the westward motion of the Anatolian-Aegean-Pelagonian 754 

belt, that has been often neglected by other attempts. 755 

- It is based on clear tectonic concepts, related to the well known least-action principle, which 756 

allows finding plausible explanations for coeval tectonic events, even if located very far from each 757 

other. For instance, this scheme may allow to understand which was the possible connection 758 

between the activation of the Sicily Channel-Medina-Victor Hensen fault system in the 759 

Pelagian/Ionian zone and the reactivation of the Schio-Vicenza fault in the northern Adriatic 760 

domain. 761 

- The present tectonic setting resulting from the proposed evolutionary reconstruction allows 762 

identifying plausible explanations for major features of the spatio-temporal distribution of major 763 

earthquakes in the last centuries. 764 

 In literature, many works concerning the Mediterranean region start by citing the various 765 

geodynamic interpretations so far proposed for this area, underlying the considerable ambiguity that 766 

still surrounds this problem. This uncertainty involves many negative implications, even concerning 767 

important social problems, as for instance the mitigation of seismic hazard. In fact, it is well known 768 

that a reliable attempt at recognizing the zones most prone to next strong shocks can only be made 769 

if one can rely on a deep knowledge of the ongoing tectonic processes. Exploiting this knowledge 770 

and the seismic history of the zone considered, one could try to recognize the perturbation of the 771 

strain/stress fields that may be caused by major earthquakes and how this effect may influence the 772 

subsequent spatio-temporal distribution of seismicity (Mantovani et al., 2015b, 2016, 2017; Viti et 773 
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al., 2015a, 2016). However, since the reliability of the above results is heavily conditioned by the 774 

reliability of the adopted tectonic model, it is crucially important to exploit the information now 775 

available on the past deformations in order to recognize which driving mechanisms are actually 776 

stressing the Italian region. Thus, the Scientific Community should make all efforts to overcome the 777 

presumed ambiguity about this problem. This work aims at providing a contribution in this 778 

direction, by analyzing the plausibility of the geodynamic interpretations so far proposed, first 779 

focusing attention on the models most often cited in literature.  780 

 781 

 782 

References 783 

 784 

Acocella, V., Funiciello, R. 2006. Transverse systems along thee Tyrrhenian margin of Central Italy and 785 

their influence on volcanism. Tectonics, 25, TC2003. http://dx.doi.org/10.1029/2005tc001845 786 

Alagna, K., E., Peccerillo, A., Martin S., Donati C., 2010. Tertiary to Present Evolution of orogenic 787 

magmatism in Italy, in: Beltrando, M., Peccerillo, A., Mattei, M., Conticelli, S., Doglioni, C. (Eds.) 788 

The geology of Italy: tectonics and life along plate margins. J. Virtual Explorer, 36, 18.  789 

doi:10.3809/jvirtex.2010.00233. 790 

Altamimi, Z., Rebischung, P., Metivier, L.,, Collilieux, X., 2016. ITRF2014: A new release of the 791 

International Terrestrial Reference Frame modeling nonlinear station motions, J. Geophys. Res., Solid 792 

Earth, 121, 6109-6131. doi:10.1002/2016JB013098 793 

Amadori, C., Toscani, G., Di Giulio, A., Maesano, F.E., D’Ambrogio, C., Ghielmi, M., Fantoni, R., 2019. 794 

From cylindrical to non‐cylindrical foreland basin:Pliocene–Pleistocene evolution of the Po Plain–795 

Northern Adriatic basin (Italy). Basin Res., 2019, 1–25. DOI: 10.1111/bre.12369 796 

Argnani, A., Savelli, C., 1999. Cenozoic volcanism and tectonics in the southernTyrrhenian sea: space-time 797 

distribution and geodynamic significance. J. Geodyn., 27, 409-432. 798 



32 

 

Argnani, A., Barbacini, G., Bernini, M., Camurri, F., Ghielmi, M., Papani, G., Rizzini, F., Rogledi, S., 799 

Torelli L., 2003. Gravity tectonics driven by Quaternary uplift in the Northern Apennines: insights 800 

from the La Spezia-Reggio Emilia geo-transect. Quatern. Int., 101-102, 13-26.  801 

Ascione, A., Cinque, A., Improta, L., Villani, F. 2003. Late Quaternary faulting within the Southern 802 

Apennines seismic belt: new data from Mt. Marzano area (southern Italy). Quatern. Int., 101-102, 27-803 

41. https://doi.org/10.1016/S1040-6182(02)00127-1 804 

Ascione, A., Caiazzo, C., Cinque, A., 2007. Recent faulting in Southern Apennines (Italy): geomorphic 805 

evidence, spatial distribution and implications for rates of activity. Ital. J. Geosci., 126, 293-305. 806 

Ascione, A., Cinque, A., Miccadei, E., Villani, F., 2008. The Plio-Quaternary uplift of the Apennines Chain: 807 

new data from the analysis of topography and river valleys in Central Italy. Geomorphology, 102, 105-808 

118, http://dx.doi.org/10.1016/j.geomorph.2007.07.022 809 

Babbucci, D., Tamburelli, C., Viti,M., Mantovani, E., Albarello, D., D’Onza, F., Cenni, N., Mugnaioli, E. 810 

2004. Relative motion of the Adriatic with respect to the confining plates: seismological and geodetic 811 

constraints. Geophys. J. Int., 159, 765-775.  812 

Bartolini, C., 2003. When did the Northern Apennine become a mountain chain? Quatern. Int., 101-102, 75-813 

80. 814 

Becker, T.W., Faccenna, C.,, O’Connel, R.J., 1999. The development of slabs in the upper mantle: Insights 815 

from numerical and laboratory experiments. J. Geophys. Res., Solid Earth, 104, 15,207-15,226, doi: 816 

10.1029/ 1999JB900140 817 

Ben Avraham, Z., Boccaletti, M., Cello, G., Grasso, M., Lentini, F., Torelli, L., Tortorici, L., 1990. Principali 818 

domini strutturali originatisi dalla collisione neogenico-quaternaria nel mediterraneo 819 

centrale.Mem.Soc.Geol. It., 45, 453-462. 820 

Benaouali-Mebarek, N., Frizon de Lamotte, D., Roca, E., Bracene, R., Jean-Luc Faure, J.L., Sassi, W., 821 

Roure, F., 2006. Post-Cretaceous kinematics of the Atlas and Tell systems in central Algeria: Early 822 

foreland folding and subduction-related deformation. Comptes Rendus Geoscience, 338, 1–2, 115-823 

125. 824 



33 

 

Blumetti, A.M., Guerrieri, L., Vittori, E., 2013. The primary role of the Paganica-San Demetrio fault system 825 

in the seismic landscape of the Middle Aterno Valley basin (Central Apennines). Quatern. Int., 288, 826 

183-194. doi:10.1016/j.quaint.2012.04.040 827 

Boccaletti, M., Cello, G., Tortorici, L., 1987. Transtensional tectonics in the Sicily Channel. J. Struct. Geol., 828 

9, 869-876. 829 

Boccaletti, M., Bonini, M., Moratti, G., Sani, F., 1999. Compressive Neogene-Quaternary tectonics in the 830 

hinterland area of the Northern Apennines. In: Boccaletti, M., Dahmani, M. (Eds.), Neogene 831 

sedimentation and tectonics in the Western Mediterranean. J. Petrol. Geol., 22, 37-60. 832 

Boccaletti, M., Corti, G., Martelli, L. 2011. Recent and active tectonics of the external zone of the Northern 833 

Apennines (Italy). Geologische Rundschau, 100, 1331–1348, https://doi.org/10.1007/s00531-010-834 

0545-y 835 

Boncio, P., Lavecchia, G., 2000. A structural model for active extension in Central Italy. J. Geodyn., 29, 836 

233-244. 837 

Boncio, P., Bracone, V. 2009. Active stress from earthquake focal mechanisms along the Padan–Adriatic 838 

side of the Northern Apennines (Italy), with considerations on stress magnitudes and pore-fluid 839 

pressures. Tectonophysics, 476. 180-194, https://doi.org/10.1016/j.tecto.2008.09.018. 840 

Bonini, M., Sani, F., Stucchi, E.M., Moratti, G., Benvenuti, M., Menanno, G., Tanini, C.,2014. Late Miocene 841 

shortening of the Northern Apennines back-arc. J. Geodyn.74, 1–31. 842 

Bossio, A., Costantini, A., Lazzarotto, A., Liotta, D., Mazzanti, R., Mazzei, R.,Salvatorini, G.F., Sandrelli, 843 

F., 1993. Rassegna delle conoscenze sulla stratigrafiadel Neoautoctono toscano. Mem. Soc. Geol. Ital. 844 

49, 17–98. 845 

Bossio, A., Costantini, A., Foresi, L.M., Lazzarotto, A., Mazzanti, R., Mazzei, R., Pascucci, V., Salvatorini, 846 

G., Sandrelli, F., Terzuoli, A., 1998. Neogene–Quaternary sedimentary evolution in the western side 847 

of the Northern Apennines (Italy). Mem. Soc. Geol. Ital., 52, 513–525. 848 

Boutelier, D., Gagnon, L., Johnston, S., Cruden, A., 2018. In press. Buckling of orogens: insights from 849 

analogue modelling. J. Struct. Geol., corrected proof online 27 February 2018. 850 

https://doi.org/10.1016/j.jsg.2018.02.005 851 



34 

 

Brancolini, G., Civile, D., Donda, F., Tosi., L., Zecchin, M., Volpi, V., Rossi, G., Sandron, D., Ferrante, 852 

G.M., Forlin, E., 2019. New insights into the Adria plate geodynamics from the northern Adriatic 853 

perspective. Mar. Pet. Geo., 109, 687-697. https://doi.org/10.1016/j.marpetgeo.2019.06.049 854 

Bressan, G., Snidarcig, A., Venturini, C., 1998. Present state of tectonic stress of the Friuli area (eastern 855 

Southern Alps). Tectonophysics, 292, 211-227. 856 

Brogi, A., Fidolini, F., Liotta, D., 2013. Tectonic and sedimentary evolution of theUpper Valdarno Basin: 857 

new insights from the lacustrine S. Barbara Basin. Ital. J.Geosci. 132, 81–97. 858 

Brozzetti, F. 2011. The Campania–Lucania Extensional Fault System, southern Italy: a suggestion for a 859 

uniform model of active extension in the Italian Apennines. Tectonics, 30, TC5009. 860 

https//doi.org/10.1029/2010TC002794 861 

Buiter, S. J. H., Govers R., Wortel, M.J.R., 2001. A modelling study of vertical surface displacements at 862 

convergent plate margins. Geophys. J. Int.., 147, 415-427. 863 

Calais, E., Demets, D., Nocquet,  J.M., 2003. Evidence for a post-3.16 Ma change in Nubia-Eurasia- North 864 

America plate motions? Earth Planet. Sci. Lett., 216, 81-92. 865 

Calamita, F., Cello, G., Deiana, G., Paltrinieri, W., 1994. Structural styles, cronology-rates of deformation 866 

and time space relationships in the Umbria-Marche thrust system (Central Apennines, Italy). 867 

Tectonics, 13, 873-881. 868 

Calamita, F., Scisciani, V., Montefalcone, R., Paltrinieri, W., Pizzi A., 2002. L’ereditarietà del paleomargine 869 

dell’Adria nella geometria del sistema orogenico centro-appenninico: l’area abruzzese esterna. Mem. 870 

Soc. Geol. Ital., 57, 355-368. 871 

Capitanio, F.A. Stegman, D.R., Moresi L.N., Sharples, W., 2010. Upper plate controls on deep subduction, 872 

trench migrations and deformations at convergent margins. Tectonophysics, 483, 80-92. 873 

doi:10.1016/j.tecto.2009.08.020 874 

Carmignani, L., Decandia, F.A., Fantozzi, P.L., Lazzarotto, A., Liotta, D., Meccheri, M. 1994. Tertiary 875 

extensional tectonics in Tuscany (northern Apennines, Italy). Tectonophysics, 238, 295–315.  876 

Carmignani, L., Conti,  P., Cornamusini, G., Meccheri, M., 2004. The internal northern Apennines, the 877 

northern Tyrrhenian sea and the Sardinia-Corsica block, in: Crescenti, V., D’Offizi, S., Merlino S., 878 



35 

 

Sacchi, L. (Eds.) Geology of Italy: Spec. Vol. Ital. Geol. Soc.  for the IGC 32 Florence, Società 879 

Geologica Italiana, Roma, 59-77. 880 

Carminati E., Doglioni , C., Gelabert, B., Panza, G.F.,Raykova, R.B., Roca, E., Sabat, F., Scrocca, D., 2012. 881 

Evolution of theWestern Mediterranean, in: Roberts, D.G., Bally, A.W. (Eds.) Regional Geology and 882 

Tectonics: Phanerozoic Passive Margins, Cratonic Basins and Global Tectonic Maps. 437-470. 883 

Elsevier, Amsterdam. DOI:10.1016/B978-0-444-56357-6.00011-1 884 

Castellarin, A., Cantelli, L., 2000. Neo-Alpine Evolution of the Southern Eastern Alps. J. Geodyn., 30, 251-885 

274. http://dx.doi.org/10.1016/S0264-3707(99)00036-8. 886 

Castellarin, A., TRANSALP Working Group, 20 04. Structural synthesis of the Eastern Alps: a collisional 887 

orogenic chain. In: Crescenti, V., D’Offizi, S., Merlino S., Sacchi, L. (Eds.) Geology of Italy: Spec. 888 

Vol. Ital. Geol. Soc for the IGC 32 Florence, Società Geologica Italiana, Roma, 3-13. 889 

Catalano, R., Infuso, S., Sulli, A., 1994. The submerged alpidic chain from southern Sardinia shelf to the 890 

Pelagian rifting: tectonic history. Boll. Geof. Teor. Appl., 36, 139-158. 891 

Catalano, R., Di Stefano, P., Sulli, A., Vitale, F.P., 1996. Paleogeography and structure of the central 892 

Mediterranean: Sicily and its offshore area. Tectonophysics, 260, 291-323. 893 

Catalano, S., Monaco, C., Tortorici, L., 2004. Neogene-Quaternary tectonic evolution of the Southern 894 

Apennines. Tectonics, 23, TC2003, doi:10.1029/2003TC001512 895 

Catalano, S., De Guidi, G., Lanzafame, G., Monaco, C., Tortorici, L., 2009. Late Quaternary deformation on 896 

the island on Pantelleria: new constraints for the recent tectonic evolution of the Sicily Channel Rift 897 

(southern Italy). J.Geodyn. 48, 75–82. doi: 10.1016/j.jog.2009.06.005. 898 

Cello, G., 1987. Structure and deformation processes in the Strait of Sicily "rift zone". Tectonophysics, 141, 899 

237-247. 900 

Cello, G., Mazzoli, S., 1999. Apennine tectonics in southern Italy: a review. J. Geodyn., 27, 191-211. 901 

Cello, G., Mazzoli, S., Tondi, E., 1998. The crustal fault structure responsible for the 1703 earthquake 902 

sequence of central Italy. J. Geodyn., 26, 443-460. 903 

Cello, G., Deiana, G., Ferreli, L., Marchigiani, L., Maschio, L., Mazzoli, S., Michetti, A., Serva, L., Tondi, 904 

E., Vittori, E., 2000. Geological constraints for earthquake faulting analysis in the Colfiorito area. J. 905 

Seismol., 4, 357-364. 906 



36 

 

Cello, G., Tondi, E., Micarelli, L., Mattioni, L., 2003. Active tectonics and earthquake sources in the 907 

epicentral area of the 1857 Basilicata earthquake (southern Italy). J. Geodyn., 36, 37-50.  908 

Cenni, N., Mantovani,E., Baldi, P., Viti, M., 2012.  Present kinematics of Central and Northern Italy from 909 

continuous GPS measurements. J. Geodyn., 58, 62-72, doi:10.1016/j.jog.2012.02.004. 910 

Cenni, N., Viti, M., Baldi, P., Mantovani, E., Bacchetti, M., Vannucchi, A., 2013. Present Vertical 911 

Movements in Central and Northern Italy from GPS Data: Possible Role of Natural and 912 

Anthropogenic Causes. J. Geodyn., 71, 74-85. http://dx.doi.org/10.1016/j.jog.2013.07.004 913 

Ceriani, S., Schmid, S.M., 2004. From N-S collision to WNW-directed post-collisional thrusting and folding: 914 

structural study of the Frontal Penninic Units in Savoie (Western Alps, France). Eclogae Geologicae 915 

Helvetiae, 97, 47–369. 916 

Cerrina Feroni, A., Leoni, L., Martelli, L., Martinelli, P. Ottria, G., Sarti G., 2001. The Romagna Apennines, 917 

Italy: an eroded duplex. Geological Journal, 36, 39-54. 918 

Cerrina Feroni, A., Ottria, G., Ellero, A., 2004. The northern Apennine, Italy: geological structure and 919 

transpressive evolution, in: Crescenti, V., D’Offizi, S., Merlino S., Sacchi, L. (Eds.) Geology of Italy: 920 

Special Volume of the Italian Geological Society for the IGC 32 Florence, Società Geologica Italiana, 921 

Roma, 15-32. 922 

Chiarabba, C., Jovane, L., Di Stefano, R., 2005. A new view of Italian seismicity using 20 years of 923 

instrumental recordings. Tectonophysics, 395, 251-268. 924 

Chicco, J.M., Pierantoni, P.P., Costa, M., Invernizzi, C., 2019. Plio-Quaternary tectonics and possible 925 

implications for geothermal fluids in the Marche Region (Italy). Tectonophysics, 755, 21–34. 926 

https://doi.org/10.1016/j.tecto.2019.02.005 927 

Cinque, A., Ascione, A., Chiazzo, C., 2000.  Distribuzione spaziotemporale e caratterizzazione della 928 

fagliazione quaternaria in Appennino meridionale, in: Galadini, F., Meletti, C., Rebez , A. (Eds.), 929 

Ricerche del GNDT nel campo della pericolosità sismica (1996-1999), Special Publication of CNR-930 

GNDT, Gruppo Nazionale per la Difesa dai Terremoti, Roma, 203-218. 931 

Civile, D., Lodolo, E., Accettella, D.,Geletti, R., Ben-Avraham, Z., Deponte, M., Facchin, L., Ramella, R., 932 

Romeo, R., 2010. The Pantelleria graben (Sicily Channel, Central Mediterranean): An example of 933 

intraplate ‘passive’ rift. Tectonophysics, 490, 173-183, doi:10.1016/j.tecto.2010.05.008 934 



37 

 

Civile, D., Lodolo, E., Alp, H., Ben-Avraham, Z., Cova, A., Baradello, L., Accettella, D., Burca,M., 935 

Centonze, J., 2014. Seismic stratigraphy and structural setting of the Adventure Plateau (Sicily 936 

Channel). Mar. Geophys. Res. 35, 37–53. 937 

Civile, D., Lodolo, E., Accaino, F.,Geletti, R., Schiattarella, M., Giustiniani, M., Fedorik, J., Zecchin, M., 938 

Zampa, L., 2018. Capo Granitola-Sciacca Fault Zone (Sicilian Channel, Central Mediterranean): 939 

Structure vs magmatism. Mar. Pet. Geo., 96, 627-644, https:// 940 

doi.org/10.1016/j.marpetgeo.2018.05.016 941 

Cloos, M. 1993. Lithospheric buoyancy and collisional orogenesis: subduction of oceanic plateaus, 942 

continental margins, island arcs, spreading ridges, and seamounts. GSA Bulletin, 105, 715–737. 943 

https://doi.org/10.1130/0016-7606(1993)105<0715:LBACOS>2.3.CO;2 944 

Copley, A., Avouac, J.-P., Royer, J.-Y., 2010. India-Asia collision and the Cenozoic slowdown of the Indian 945 

plate: Implications for the forces driving plate motions. J. Geophys. Res., 115, 946 

B03410.doi:10.1029/2009JB006634ù 947 

Cornamusini, G., Foresi, L.M.,  Dall’Antonia, B., Bossio, A., Mazzei, R., Salvatorini, G., 2014.   The 948 

Miocene of Pianosa Island: key to understanding the opening of the Northern Tyrrhenian back-arc 949 

basin (Central Mediterranean). J. Geol. Soc. London, 171,  801–819. 950 

http://dx.doi.org/10.1144/jgs2013-112 951 

Costa, M. 2003. The buried, Apenninic arcs of the Po Plain and northern Adriatic Sea (Italy): a new model. 952 

Boll. Soc. Geol. Ital., 122, 3-23. 953 

Coward, M.P., De Donatis, M., Mazzoli, S., Paltrinieri, W., Wezel, F.C., 1999. Frontal part of the northern 954 

Apennines fold and thrust belt in the Romagna-Marche area (Italy): shallow and deep structural styles. 955 

Tectonics, 18, 559-574. 956 

Davy, P., Hansen, A., Bonne,t E., Zhang, S.Z., 1995. Localisation and fault growth in layered brittle-ductile 957 

systems: implications for deformations of the continental lithosphere. J. Geophys. Res., 100, 6281-958 

6294. 959 

Del Ben, A., 1993. Calabrian Arc tectonics from seismic exploration. Boll. Geof. Teor. Appl., 139, 339-347. 960 



38 

 

Del Ben, A, Barnaba, C., Toboga, A., 2008. Strike-slip systems as the main tectonic features in the Plio-961 

Quaternary kinematics of the Calabrian Arc. Mar. Geophys. Res., 29, 1-12. doi:101007/s11001-007-962 

9041-6 963 

Dercourt, J., Zonenshain, L.P., Ricou, L.E., Kazmin, V.G., Le Pichon, X., Knipper, A.L., Grandjacquet C., 964 

Sborshchikov, I.M., Geyssant, J., Lepvrier, C., Pechersky, D.H., Boulin, J., Sibuet, J.C., Savostin, 965 

L.A., Sorokhtin, O., Westphal, M., Bazhenov, M.L., Lauer, J.P., Biju-Duval, B., 1986. Geological 966 

evolution of the Tethys Belt from the Atlantic to the Pamirs since the Lias, in: Aubouin, J., Le Pichon, 967 

X., Monin, A.S. (Eds.), Evolution of the Tethys. Tectonophysics, 123, 241–315. 968 

Di Domenica, A.,  Turtù, A., Satolli, S., Calamita, F., 2012. Relationships between thrusts and normal faults 969 

in curved belts: New insight in the inversion tectonics of the Central-Northern Apennines (Italy). J. 970 

Struct. Geo., 42, 104-117. http://dx.doi.org/10.1016/j.jsg.2012.06.008 971 

Driehaus, L., Nalpas, T., Cobbold, P.R.,  Gelabert, B. , Sàbat F., 2013. Effects of margin-parallel shortening 972 

and density contrasts on back-arc extension during subduction: Experimental insights and possible 973 

application to Anatolia. Tectonophysics, 608, 288-302. http://dx.doi.org/10.1016/j.tecto.2013.09.028 974 

Elter, P., Giglia, G., Tongiorgi, M., Trevisan L., 1975. Tensional and compressional areas in the recent 975 

(Tortonian to Present) evolution of the Northern Apennine. Boll.Geof.Teor.Appl. 65, 3-18.  976 

Elter, F.M., Elter, P., Eva, C., Eva, E., Kraus, R.K., Padovano, M., Solarino, S. 2012. An alternative model 977 

for the recent evolution of Northern–Central Apennines (Italy). J. Geodyn., 54, 55-63. 978 

https://doi.org/10.1016/j.jog.2011.11.001 979 

Etheve, N., Frizon de Lamotte, D., Mohn, G, Martos, R., Roca E.,, Christian Blanpied, C., 2016. Extensional 980 

vs contractional Cenozoic deformation in Ibiza (Balearic Promontory, Spain): Integration in the West 981 

Mediterranean back-arc setting. Tectonophysics, 682, 35–55 982 

Faccenna, C., Davy, P., Brun, J.P., Funiciello, R., Giardini, D., Mattei, M., Nalpas, T., 1996. The dynamics 983 

of back-arc extension: an experimental approach to the opening of the Tyrrhenian Sea. Geophys. J. 984 

Int., 126, 781-795. 985 

Faccenna, C., Giardini, D., Davy, P., Argentieri, A., 1999. Initiation of subduction at Atlantic-type margins: 986 

insights from laboratory experiments. J. Geophys. Res., 104, 2749-2766. 987 



39 

 

Faccenna, C., Funiciello, F., Giardini, D., Lucente P., 2001, Episodic back-arc extension during restricted 988 

mantle convection in the central Mediterranean. Earth Planet. Sci. Lett., 187, 105-116. 989 

Faccenna, C., Piromallo, C., Crespo-Blanc, A., Jolivet L., 2004. Lateral slab deformation and the origin of 990 

the western Mediterranean arcs. Tectonics, 23, TC1012. doi:10.1029/2002TC001488 991 

Faccenna, C., Funiciello, F., Civetta, L., D’Antonio, M., Moroni,  M., Piromallo, C., 2007. Slab disruption, 992 

mantle circulation, and the opening of the Tyrrhenian basins, in:  Beccaluva, L.,  G. Bianchini, G., 993 

Wilson, M. (Eds.), Cenozoic Volcanism in the Mediterranean Area, Geol. Soc. Am. Spec. Pap., 41, 994 

153-169, AGU, Washington, D. C.. doi:10.1130/2007.2418(08) 995 

Faccenna, C., Becker, T.W., Auer, L., Billi, A., Boschi, L., Brun, J.P., Capitanio, F.A., Funiciello, F., 996 

Horvàth, F., Jolivet, L., Piromallo, C., Royden, L., Rossetti, F., Serpelloni, E., 2014a. Mantle 997 

dynamics in the Mediterranean, Rev. Geophys., 52, 283–332, doi:10.1002/2013RG000444. 998 

Faccenna, C., Becker, T.W., Miller, M.S., Serpelloni, E., Willett, S.D. 2014b. Isostasy, dynamic topography, 999 

and the elevation of the Apennines of Italy. Earth Planet. Sci. Lett., 407, 163-174, 1000 

https://doi.org/10.1016/j.epsl.2014.09.027 1001 

Favaro, S., Handy, M. R., Scharf, A.,, Schuster, R., 2017. Changing patterns of exhumation and denudation 1002 

in front of an advancing crustal indenter, Tauern Window (Eastern Alps). Tectonics, 36, 1053–1071. 1003 

https://doi.org/10.1002/2016TC004448 1004 

Fedorik, J., Toscani, G., Lodolo, E.,  Civile, D., Bonini, L., Seno, S., 2018. Structural analysis and Miocene-1005 

to-Present tectonic evolution of alithospheric-scale, transcurrent lineament: The Sciacca Fault 1006 

(SicilianChannel, Central Mediterranean Sea). Tectonophysics, 722, 342-355. 1007 

Fellin, M.G., Martin, S., Massironi, M., 2002. Polyphase tertiary fault kinematics and Quaternary 1008 

reactivation in the central-eastern Alps (western Trentino). J. Geodyn., 34, 31–46. 1009 

Ferranti, L., Santoro, E., Mazzella, M.E., Monaco, C., Morelli, D. 2009. Active transpression in the northern 1010 

Calabria Apennines, southern Italy. Tectonophysics, 476, 226-251, 1011 

https://doi.org/10.106/j.tecto.2008.11.010 1012 

Ferranti, L., Burrato, P., Pepe, F., Santoro, E., Mazzella, M.E., Morelli, D., Passaro, S., Vannucci., G., 2014. 1013 

An active oblique contractional belt at the transition between the Southern Apennines and Calabrian 1014 



40 

 

Arc: The Amendolara Ridge, Ionian Sea, Italy. Tectonics, 33, 2169–2194, 1015 

https://doi.org/10.1002/2014TC003624 1016 

Finetti, I.R., 2005a. Geodynamic Evolution of the Mediterranean Region from the Permo-Triassic Ionian 1017 

Opening to the Present, Constrained by New Lithospheric CROP Seismic Data, in: Finetti, I.R. (Ed.), 1018 

CROP PROJECT: Deep Seismic Exploration of the Central Mediterranean and Italy. Elsevier, 1019 

Amsterdam, Chapter 34, 767-776. 1020 

Finetti, I.R., 2005b. Crustal Tectono-Stratigraphic Sections across the Western and Eastern Alps from 1021 

ECORS-CROP and Transalp Seismic Data, in: Finetti, I.R. (Ed.), CROP PROJECT: Deep Seismic 1022 

Exploration of the Central Mediterranean and Italy, Elsevier, Chapter 7, Elsevier, 109-118. 1023 

Finetti, I.R. 2006. Basic regional crustal setting and superimposed local pluton-intrusion-related tectonics in 1024 

the Larderello-M. Amiata geothermal province, from integrated CROP seismic data. Boll. Soc. Geol. 1025 

Ital., 125, 117-146. 1026 

Finetti, I.R., Del Ben, A., 1986. Geophysical study of the Tyrrhenian opening. Boll. Geof. Teor. Appl., 110, 1027 

75-156. 1028 

Finetti, I.R., Del Ben, A., 2005a. Ionian Tethys Lithosphere Roll-Back Sinking and Back-Arc Tyrrhenian 1029 

Opening from New CROP Seismic Data, in: Finetti, I.R. (Ed.) CROP PROJECT: Deep Seismic 1030 

Exploration of the Central Mediterranean and Italy, Elsevier, Chapter 21, 483-504. 1031 

Finetti, I.R., Del Ben, A., 2005c.  Crustal tectono-stratigraphy of the Ionian Sea from new integrated CROP 1032 

seismic data, in: Finetti I.R.( Ed.), CROP PROJECT: Deep Seismic Exploration of the Central 1033 

Mediterranean and Italy, Elsevier, Chapter 19, 447- 470. 1034 

Finetti, I.R., Del Ben, A., 2005b. Crustal Tectono-Stratigraphic Setting of the Pelagian Foreland from New 1035 

CROP Seismic Data, in: Finetti, I.R. (Ed.), CROP PROJECT: Deep Seismic Exploration of the 1036 

Central Mediterranean and Italy, Elsevier, Chapter 26, 581-596.  1037 

Finetti, I., Lentini, F., Carbone, S., Catalano, S., Del Ben, A., 1996. Il sistema Appenninico Meridionale-1038 

Arco Calabro-Sicilia nel Mediterraneo Centrale: studio geofisico-geologico. Boll. Soc. Geol. Ital., 1039 

115, 529-559. 1040 



41 

 

Finetti, I.R., Boccaletti, M.,  Bovini, M., Del Ben, A., Geletti, R., Pipan, M., Sani, F., 2001. Crustal section 1041 

based on CROP seismic data across the North Tyrrhenian-Northern Apennines-Adriatic Sea. 1042 

Tectonophysics, 343, 135-163.  1043 

Finetti, I.R., Boccaletti, M., Bonini, M., Del Ben, A., Pipan, M., Prizzon, A., Sani, F., 2005a. Lithospheric 1044 

Tectono-Stratigraphic Setting of the Ligurian Sea-Northern Apennines-Adriatic Foreland from 1045 

Integrated CROP Seismic Data, in: Finetti I.R. (Ed.), CROP PROJECT: Deep Seismic Exploration of 1046 

the Central Mediterranean and Italy, Elsevier, Chapter 8, 119-158. 1047 

Finetti, I.R., Lentini, F., Carbone, S., Del Ben, A., Di Stefano, A., Guarnieri, P., Pipan, M., Prizzon, A., 1048 

2005b. Crusta1 Tectono-Stratigraphy and Geodynamics of the Southern Apennines from CROP and 1049 

other Integrated Geophysical-Geological Data, in: Finetti, I.R. (Ed.), CROP PROJECT: Deep Seismic 1050 

Exploration of the Central Mediterranean and Italy Elsevier, Chapter 12, 225-262. 1051 

Finetti, I.R., Lentini, F., Carbone, S., Del Ben, A., Di Stefano, A., Forlin, E., Guarnieri, P., Pipan, M., 1052 

Prizzon, A., 2005c. Geological Outline of Sicily and Lithospheric Tectono-Dynamics of its Tyrrhenian 1053 

Margin from New CROP Seismic Data, in: Finetti, I.R. (Ed.), CROP PROJECT: Deep Seismic 1054 

Exploration of the Central Mediterranean and Italy, Elsevier, Chapter 15, 319-376. 1055 

Frisch, W., Dunkl, I., Kuhlemann, J., 2000. Post-collisional orogen-parallel large-scale extension in the 1056 

Eastern Alps. Tectonophysics, 327, 239–265. http://dx.doi.org/10.1016/S0040-1951(00)00204-3 1057 

Frizon de Lamotte, D., Leturmy, P., Missenard, Y., Khomsi, S., Ruiz, G., Saddiqi, O., Guillocheau., F., 1058 

Michard, A., 2009. Mesozoic and Cenozoic vertical movements in the Atlas system (Algeria, 1059 

Morocco, Tunisia): An overview. Tectonophysics, 475, 9–28. 1060 

Funiciello, F., Morra, G., Regenauer-Lieb, K., Giardini, D. 2003a. Dynamics of retreating slabs: 1. Insights 1061 

from two-dimensional numerical experiments. J. Geophys. Res., 108, 2206, 1062 

doi:10.1029/2001JB000898. 1063 

Funiciello, F., Faccenna, C., Giardini, D., Regenauer-Lieb, K. 2003b. Dynamics of retreating slabs: 2. 1064 

Insights from three-dimensional laboratory experiments. J. Geophys. Res., 108, 2207, 1065 

doi:10.1029/2001JB000896 1066 

Funiciello, F., Faccenna, C., Giardini D. 2004. Role of lateral mantle flow in the evolution of subduction 1067 

system: Insights from 3-D laboratory experiments. Geophys. J. Int., 157, 1393-1406. 1068 



42 

 

Funiciello, F., Moroni, M., Piromallo, C., Faccenna, C., Cenedese, A., Bui H.A. 2006. Mapping mantle flow 1069 

during retreating subduction: Laboratory models analyzed by feature tracking. J. Geophys. Res., 111, 1070 

B03402, doi:10.1029/2005JB003792 1071 

FurlanI, S., Antonioli, F., Biolchi, S., Gambin, T., Gauci, R., Lo Presti, V., Anzidei, A., Devoto, S., 1072 

Palombo, M., Sulli, A., 2013. Holocene sea level change in Malta. Quaternary International, 288, 146-1073 

157. doi:10.1016/j.quaint.2012.02.038 1074 

Galadini, F., 1999. Pleistocene change in the central Apennine fault kinematics, a key to decipher active 1075 

tectonics in central Italy. Tectonics, 18, 877-894. 1076 

Galadini, F., Messina, P., 2004. Early-middle Pleistocene eastward migration of the Abruzzi Apennine 1077 

(central Italy) extensional domain. J. Geodyn., 37, 57-81. 1078 

Galadini, F., Poli, M.E., Zanferrari, A., 2005. Seismogenic sources potentially responsible for earthquakes 1079 

with M≥6 in the eastern southern Alps (Thiene-Udine sector, NE Italy). Geophys. J. Int., 161, 739-1080 

762, doi:10.1111/j.1365-246X.2005.02571.x. 1081 

Gaspar-Escribano, J. M., Garcia-Castellanos,  D., Roca, E.,  Cloetingh, S., 2004. Cenozoic vertical motions 1082 

of the Catalan Coastal Ranges (NE Spain): The role of tectonics, isostasy, and surface transport. 1083 

Tectonics, 23, tc1004, doi:10.1029/2003tc001511 1084 

Gattacceca, J., Deino, A., Rizzo, R., Jones, D.S., Henry, B., Beaudoin, B., Vadeboin, F., 2007. Miocene 1085 

rotation of Sardinia: new paleomagnetic and geochronological constraints and geodynamic 1086 

implications. Earth Planet. Sci. Lett., 258, 359–377. http://dx.doi.org/10.1016/j.epsl.2007.02.003 1087 

Ghielmi, M., Minervini, M., Nini, C., Rogledi, S., Rossi, M., 2013. Late Miocene–Middle Pleistocene 1088 

sequences in the Po Plain–Northern Adriatic Sea (Italy): the stratigraphic record of modification 1089 

phases affecting a complex foreland basin. Mar. Pet. Geo., 42, 50-81. 1090 

http://dx.doi.org/10.1016/j.marpetgeo.2012.11.007 1091 

Ghisetti, F., Vezzani, L., 1981. Contribution of structural analysis to understanding thegeodynamic evolution 1092 

of the Calabrian Arc (southern Italy). J. Struct. Geo., 3, 371–381. 1093 

Ghisetti, F.C., Gorman, A.R., Grasso, M., Vezzani, L., 2009. Imprint of foreland structure on the 1094 

deformation of a thrust sheet: the Plio-Pleistocene Gela Nappe (southern Sicily, Italy). Tectonics 28 1095 

(4). http://dx.doi.org/10.1029/2008TC002385. TC4015. 1096 



43 

 

Grasso, M., Pedley, H.M., 1985. The Pelagian Islands: a new geological interpretation from sedimentological 1097 

and tectonic studies and its bearing on the evolution of the Central Mediterrranean Sea (Pelagian 1098 

Block). Geologica Romana, 24, 13-34. 1099 

Guillaume, B., Funiciello, F., Faccenna, C., Martinod, J., Olivetti, V., 2010. Spreading pulses of the 1100 

Tyrrhenian Sea during the narrowing of the Calabrian slab. Geology 38, 819–822. 1101 

Guarnieri, P., 2004. Structural evidence for deformation by block rotation in the context of transpressive 1102 

tectonics, northwestern Sicily (Italy). J. Struct. Geol., 26, 207-219. 1103 

Guarnieri, P., 2006. Plio-Quaternary segmentation of the south Tyrrhenian forearc basin International 1104 

Journal of Earth Sciences (Geologische Rundschau), 95, 107-118, doi:101007/s00531-005-0005-2 1105 

Gudmundsson, A., 2001. Fluid Overpressure and Flow in Fault Zones: Field Measurements and Models. 1106 

Tectonophysics, 336, 183-197. 1107 

Gueguen, E., Tavarnelli, E., Renda, P., Tramutoli, M., 2002. The geodynamics of the southern Tyrrhenian 1108 

Sea margin as revealed by integrated geological, geophysical and geodetic data. Boll. Soc. Geol. It., 1109 

Vol. Spec., 1, 77-85. 1110 

Gvirtzman, Z., Nur, A. , 2001. Residual topography, lithospheric structure and sunken slabs in the central 1111 

Mediterranean. Earth Planet. Sci. Lett., 187, 117–130. 1112 

Hall, R., 2018. The subduction initiation stage of the Wilson cycle. From: Wilson, R.W., Houseman, G.A., 1113 

Mccaffrey, K.J.W., Doré, A.G., Buiter, S.J.H. (eds) Fifty Years of the Wilson Cycle Concept in Plate 1114 

Tectonics. Geol. Soc.  London, Spec. Public., 470. https://doi.org/10.1144/SP470.3 1115 

Hampel, A., Pfiffner, A., 2006. Relative importance of trenchward upper plate motion and friction along the 1116 

plate interface for the topographic evolution of subductionrelated mountain belts. In: Buiter, S. J. H., 1117 

Schreurs, G. (Eds.)  Analogue and Numerical Modelling of Crustal-Scale Processes. Geological 1118 

Society London , Special  Publication 253, 105-115. 1119 

http://dx.doi.org/10.1144/GSL.SP.2006.253.01.05 1120 



44 

 

Handy, M. R., Ustaszewski, K., Kissling, E., 2015. Reconstructing the Alps–Carpathians–Dinarides as a key 1121 

to understanding switches in subduction polarity, slab gaps and surface motion. Int. J. Earth Sci., 104, 1122 

1–26. DOI 10.1007/s00531-014-1060-3 1123 

Hassani, R., Jongmans, D., Chery, J., 1997. Study of plate deformation and stress in subduction processes 1124 

using two dimensional numerical models. J. Geophys. Res., 102, 17951-17965. 1125 

Hieke, W., Hirschleber, H.B., Deghani, G.A. 2003. The Ionian Abyssal Plain (central Mediterranean Sea): 1126 

morphology, sub-bottom structures and geodynamic history – an inventory. Mar. Geophys. Res., 24, 1127 

279–310, https://doi.org/10.1007/s11001-004-2173-z 1128 

Hieke, W., Cita, M.B., Forcella, F., Muller, C. 2006. Geology of the Victor Hensen Seahill (Ionian Sea, 1129 

eastern Mediterranean): insights from the study of cored sediment sequences. Boll. Soc. Geol. Ital., 1130 

125, 245–257. 1131 

Hippolyte, J.C., Angelier, J., Barrier, E., 1994. A major geodynamic change revealed by Quaternary stress 1132 

patterns in the southern Apennines (Italy). Tectonophysics, 230, 199-210. 1133 

Hippolyte, J.C., Murovskaya, A., Volfman, Y., Yegorova T., Gintov, O., Kaymakci, N., Sangu, E., 2018. 1134 

Age and geodynamic evolution of the Black Sea Basin: Tectonic evidences of rifting in Crimea. Mar. 1135 

Pet. Geo., 93,  298-314. https://doi.org/10.1016/j.marpetgeo.2018.03.009 1136 

Horváth, F., Musitza, B., Balázsb, A.,  Véghd, A., Uhrine, A., Nádorc, A., Koroknaia, B., Papd, N., Tótha, 1137 

T., Wóruma, G., 2015. Evolution of the Pannonian basin and its geothermal resources. Geothermics, 1138 

53, 328–352. https://doi.org/10.1016/j.geothermics.2014.07.009, 1139 

Husson, L. 2006. Dynamic topography above retreating subduction zones. Geology, 34, 741-744, 1140 

doi:10.1130/G22436.1 1141 

ISIDe working group, 2016. Version 1.0, DOI: 10.13127/ISIDe. 1142 

Jolivet, L., Faccenna, C., 2000. Mediterranean extension and the Africa-Eurasia collision. Tectonics,  19, 6, 1143 

1095-1106. 1144 

Kim, Y.S., Peacock, D.C.P.,  Sanderson, D.J., 2003. Mesoscale strike-slip faults and damage zones at 1145 

Malsalform, Gozo Island, Malta. J. Struct. Geol., 25, 793-812. 1146 

Lentini, F., Carbone, S., Catalano S., 1994. Main structural domains of the central Mediterranean region and 1147 

their tectonic evolution. Boll. Geofis. Teor. Appl., 36, 103-125. 1148 



45 

 

Lentini, F., Carbone, S., Guarnieri, P., 2006. Collisional and postcollisional tectonics of the Apenninic-1149 

Maghrebian orogen (southern Italy), in: Dilek, Y., Pavlides, S. (Eds.) Postcollisional tectonics and 1150 

magmatism in the Mediterranean region and Asia Geol. Soc. Am. Spec. Pap., 409, p. 57–81, doi: 1151 

10.1130/2006.2409(04) 1152 

Liotta, D., Brogi, A., Meccheri, M., Dini, A., Bianco, C., Ruggieri, G., 2015. Coexistenceof low-angle 1153 

normal and high-angle strike-to oblique-slip faults during Late Miocene mineralization in eastern Elba 1154 

Island (Italy). Tectonophysics, 660, 17-34. 1155 

Lodolo E., Civile D., Zanolla C., Geletti R., 2012. Magnetic signature of the Sicily channel volcanism. Mar. 1156 

Gephys. Res., 33, 33-44. 1157 

Lucente, F.P., Chiarabba, C., Cimini, G., Giardini, D., 1999. Tomographic constraints on the geodynamic 1158 

evolution of the Italian region, J. Geophys. Res.,104, 20307–20327. 1159 

Lustrino, M., Wilson, M., 2007. The Circum-Mediterranean Anorogenic Cenozoic Igneous Province. Earth-1160 

Sci. Rev., 81, 1-65. doi:10.1016/j.earscirev.2006.09.002 1161 

Lustrino, M., Morra, V., Fedele, L., Franciosi. L., 2009. Beginning of the Apennine subduction system in 1162 

central western Mediterranean: Constraints from Cenozoic ‘‘orogenic’’ magmatic activity of Sardinia, 1163 

Italy. Tectonics, 28, TC5016, doi:10.1029/2008TC002419 1164 

Maillard, A., Mauffret, A., 1999. Crustal structure and riftogenesis of the Valencia through (North-Western 1165 

Mediterranean Sea). Basin Res., 11, 357–379. 1166 

Makris, J., Egloff, F., Nicolich, R., Rihma, R., 1999. Crustal structure from the Ligurian Sea to the Northern 1167 

Apennines-a wide angle seismic transect. Tectonophysics, 301, 305-319. 1168 

Malinverno, A., Ryan, W.B.F., 1986. Extension in the Tyrrhenian sea and shortening in the Apennines as 1169 

result of arc migration driven by sinking of the lithosphere. Tectonics, 5, 227-245. 1170 

Malusà, M.G., Danišík, M., Kuhlemann, J., 2016.Tracking the Adriatic-slab travel beneath the Tethyan 1171 

margin of Corsica–Sardinia by low-temperature thermochronometry. Gondwana Res., 31, 135–149. 1172 

Mantovani, E., 2005. Evolutionary reconstruction of the Mediterranean region: extrusion tectonics driven by 1173 

plate convergence, in: Finetti I.R. (Ed.) CROP PROJECT: Deep Seismic Exploration of the Central 1174 

Mediterranean and Italy, Elsevier, Chapter 32, 705-746.  1175 



46 

 

Mantovani, E., Viti, M., Albarello, D., Tamburelli, C., Babbucci, D., Cenni, N., 2000. Role of kinematically 1176 

induced forces in Mediterranean tectonics: insights from numerical modelling. J. Geodyn.,  30, 287–1177 

320. 1178 

Mantovani, E., Viti, M., Babbucci, D., Tamburelli, C., Albarello, D. 2001a. Back arc extension: which 1179 

driving mechanism? J. Virtual Explorer , 3, 17-44. 1180 

Mantovani, E., Cenni, N., Albarello, D., Viti, M., Babbucci, D., Tamburelli, C., D’Onza, F., 2001b. 1181 

Numerical simulation of the observed strain field in the central-eastern Mediterranean region. J. 1182 

Geodyn.,   3, 519-556. 1183 

Mantovani, E., Albarello, D., Babbucci, D., Tamburelli, C., Viti, M. 2002. Trench-Arc-BackArc systems in 1184 

the Mediterranean area: examples of extrusion tectonics. J. Virtual Explorer , 8, 125-141. 1185 

Mantovani, E., Viti, M., Babbucci, D., Tamburelli, C., Albarello, D., 2006. Geodynamic connection between 1186 

the indentation of Arabia and the Neogene tectonics of the central-eastern Mediterranean region, in: 1187 

Dilek, Y., Pavlides, S. (Eds.) Post-Collisional Tectonics and Magmatism in the Mediterranean region 1188 

and Asia. Geol. Soc. Am. Spec. Pap., 490, 15-49. doi: 10.1130/2006.2409(02) 1189 

Mantovani, E., Viti, M., Babbucci, D., Albarello, D., 2007a. Nubia-Eurasia kinematics: an alternative 1190 

interpretation from Mediterranean and North Atlantic evidence. Ann. Geophys., 50, 311-336.  1191 

Mantovani E., Viti M., Babbucci D.,, Tamburelli C., 2007b. Major evidence on the driving mechanism of the 1192 

Tyrrhenian-Apennines arc-trench-back-arc system from CROP seismic data. Boll. Soc. Geol. Ital., 1193 

126, 459-471 1194 

Mantovani, E., Babbucci, D., Tamburelli, C., Viti, M., 2009. A review on the driving mechanism of the 1195 

Tyrrhenian–Apennines system: implications for the present seismotectonic setting in the Central-1196 

Northern Apennines. Tectonophysics, 476, 22-40. doi:10.1016/j.tecto.2008.10.032. 1197 

Mantovani, E., Viti, M., Babbucci, D., Albarello, D., Cenni, N., Vannucchi, A., 2010. Long-term earthquake 1198 

triggering in the southern and Northern Apennines. J. Seismol., 14, 53-65. doi:10.1007/s10950-008-1199 

9141-z.  1200 

Mantovani ,E., Viti, M., Babbucci, D., Cenni, N., Tamburelli, C., Vannucchi, A., 2012. Middle term 1201 

prediction of earthquakes in Italy: some remarks on empirical and deterministic approaches. Boll. 1202 

Geof. Teor. Appl., 53, 89-111. doi: 10.4430/bgta00XX. 1203 



47 

 

Mantovani, E., Viti, M., Babbucci, D., Tamburelli, C., Cenni, N., Baglione, M., D’Intinosante, V.,  2014. 1204 

Generation of back-arc basins as side effect of shortening processes: Examples from the Central 1205 

Mediterranean. Int. J. Geosciences, 5, 1062-1079. http://dx.doi.org/10.4236/ijg.2014.510091.  1206 

Mantovani E., Viti M., Cenni N., Babbucci D., Tamburelli C., 2015a. Present velocity field in the  Italian 1207 

region by GPS data: geodynamic/tectonic implications. Int. J. Geosciences, 6, 1285-1316. 1208 

http://dx.doi.org/10.4236/ijg.2015.612103. 1209 

Mantovani E., Viti M.,  Babbucci D.,  Tamburelli C.,  Cenni N.,  Baglione M., D’Intinosante V. 2015b. 1210 

Present tectonic setting and spatio-temporal distribution of seismicity in the Apennine belt. Int. J. 1211 

Geosciences, 6, 429-454. http://dx.doi.org/10.4236/ijg.2015.64034. 1212 

Mantovani, E., Viti, M., Babbucci, D., Tamburelli, C., Cenni, N., Baglione, M., D’Intinosante, V., 2016. 1213 

Recognition of periAdriatic seismic zones most prone to next major earthquakes: insights from a 1214 

deterministic approach, in: D’Amico, S. (Ed.) Earthquakes and Their Impact on Society. Springer 1215 

Natural Hazard Series, Springer International Publishing, Switzerland, pp.43-80. DOI 10.1007/978-3-1216 

319-21753-6_2 1217 

Mantovani, E., Viti, M., Babbucci, D., Tamburelli, C., Cenni, N., 2017.  Possible Location of the Next Major 1218 

Earthquakes in the Northern Apennines: Present Key Role of the Romagna-Marche-Umbria Wedge. 1219 

IJG, 8, 1301-1314. https://doi.org/10.4236/ijg.2017.811075. 1220 

Mantovani, E., Viti, M., Babbucci D., Tamburelli, C. , Cenni, N., 2019. How and why the present tectonic 1221 

setting in the Apennine belt has developed. J. Geol. Soc. London, Published Online. 1222 

https://doi.org/10.1144/jgs2018-175 1223 

Martin, S., Bigazzi, G., Zattin, M., Viola, G., Balestrieri, M.L., 1998. Neogene kinematics of the Giudicarie 1224 

fault (Central-Eastern Alps, Italy): new apatite fission-track data. Terra Nova, 10, 217–221. 1225 

Martini, I.P., Sagri, M., 1993. Tectono-sedimentary characteristics of late Miocene-Quaternary extensional 1226 

basins of the Northern Apennines, Italy. Earth Sci. Rev., 34, 197-233. 1227 

Maschio, L., Ferranti, L., Burrato, P. 2005. Active extension in Val d’Agri area, southern Apennines, Italy: 1228 

implications for the geometry of the seismogenic belt. Geophys. J. Int., 162, 591-609, 1229 

https://doi.org/10.1111/j.1365-246X.2005.02597.x 1230 



48 

 

Mascle, J., Rehault, J.P., 1990. A revised seismic stratigraphy of the Tyrrhenian Sea: implications for the 1231 

basin evolution, in: Mastens, K.A., Mascle, J. et al. (Eds.), Proceedings ODP Scientific Results, 1232 

College Station, Tx (Ocean Drilling Program), 107,  617-636.  1233 

Massari, F., Prosser, G., 2013. Late Cenozoic tectono-stratigraphic sequences of the Crotone Basin: insights 1234 

on the geodynamic historyof the Calabrian arc and Tyrrhenian Sea. Basin Res.,  25, 26–51, 1235 

doi:10.1111/j.1365-2117.2012.00549.x 1236 

Massironi, M., Zampieri, D., Caporali, A., 2006. Miocene to present major fault linkages through the 1237 

Adriatic indenter and the Austroalpine-Penninic collisional wedge (Alps of NE Italy). Geol. Soc. 1238 

London, Spec. Public., 262, 245-258,  http://dx.doi.org/10.1144/GSL.SP.2006.262.01.15. 1239 

Mauffret, A., Contrucci, I., Brunet, C., 1999. Structural evolution of the Northern Tyrrhenian Sea from new 1240 

seismic data. Mar. Pet. Geol.,  16, 381-407. 1241 

Mercier, J., Sorel, D., Simeakis, K., 1987. Changes in the state of stress in the overriding plate of a 1242 

subduction zone: the Aegean Arc from the Pliocene to the Present. Annales Tectonicae, 1, 20-39. 1243 

Meulenkamp, J.E., Sissingh, W., 2003.Tertiary palaeogeography and tectonostratigraphic evolution of the 1244 

Northern and Southern Peri-Tethys platforms and the intermediate domains of the African–Eurasian 1245 

convergent plate boundary zone. Palaeogeogr. Palaeocl, 196, 209-22, https://doi.org/10.1016/S0031-1246 

0182(03)00319-5 1247 

Meyer, C., Schellart W.P., 2013. Three-dimensional dynamic models of subducting plate-overriding plate-1248 

upper mantle interaction. J. Geophys. Res., Solid Earth, 118, 775-790, doi:10.1002/jgrb.50078 1249 

Milia, A., Torrente, M.M., 2003. Late-Quaternary volcanism and transtensional tectonics in the Bay of 1250 

Naples, Campanian continental margin, Italy. Mineralogy and Petrology, 79, 49-65, 1251 

http://dx.doi.org/10.1007/s00710-003-0001-9 1252 

Moeller, S., Grevemeyer, I., Ranero, C.R., Berndt, C., Klaeschen, D., Sallares, V., Zitellini, N., de Franco, 1253 

R., 2013. Early-stage rifting of the northern Tyrrhenian Sea Basin: Results from a combined wide-1254 

angle and multichannel seismic study. Geochem. Geophy. Geosy., 14, 3032–3052, 1255 

doi:10.1002/ggge.20180 1256 



49 

 

Molli G., 2008. Northern Apennine-Corsica Orogenic System: an Updated Overview, in: Siegesmund,  S., 1257 

Fugensheu, B., Froitzheim, N. (Eds.) Tectonic aspects of the Alpine-Dinarides-Carpathians System. 1258 

Geol. Soc. London. Spec. Publ., 298, 413–442. 1259 

Monaco, C., Tortorici L., 2000.  Active faulting in the Calabrian arc and eastern Sicily. J. Geodyn., 29, 407-1260 

424. 1261 

Mosca, P., Polino, R., Rogledi, S., Rossi, M., 2010. New data for the kinematic interpretation of the Alps-1262 

Apennines junction (Northwestern Italy). Int. J. Earth Sci., 99, 833-849. doi:10.1007/s00531-009-1263 

0428-2. 1264 

Nicolosi, I., Speranza, F., Chiappini, M., 2006. Ultrafast oceanic spreading of the Marsili basin, southern 1265 

Tyrrhenian Sea. Evidence from magnetic anomaly analysis. Geology 34, 717–720. 1266 

Oggiano, G., Funedda, A., Carmignani, L., Pasci, S., 2009. The Sardinia-Corsica microplate and its role in 1267 

the Northern Apennine geodynamics: new insights from the Tertiary intraplate strike-slip tectonics of 1268 

Sardinia. Boll. Soc. Geol. Ital.. 128, 527-539, DOI: 10.3301/IJG.2009.128.2.527 1269 

Pantosti, D., Valensise, G., 1990. Faulting mechanism and complexity of the November 23, 1980, Campania-1270 

Lucania earthquake inferred from surface observations. J. Geophys. Res., 95, 319-341. 1271 

Parotto, M., Praturlon, A., 2004. The southern Apennini arc, in: Crescenti, V., D’Offizi, S., Merlino S., 1272 

Sacchi, L. (Eds.) Geology of Italy: Spec. Vol. Ital. Geol. Soc. for the IGC 32 Florence, Società 1273 

Geologica Italiana, Roma, 33-58. 1274 

Patacca, E., Scandone, P., 1989. Post-Tortonian mountain building in the Apenines. The role of the passive 1275 

sinking of a relict lithospheric slab. In: Boriani, A., Bonafede, M., Piccardo, G.B., Vai, G.B. (Eds.), 1276 

The Lithosphere in Italy. Advances in Earth Science Research, Accademia Naz.le dei Lincei, Roma, 1277 

80, pp.157-176. 1278 

Patacca, E., Scandone, P., 2004. The Plio-Pleistocene thrust belt-foredeep system in the southern Apennines 1279 

and Sicily (Italy). In: Crescenti, V., D’Offizi, S., Merlino S., Sacchi, L. (Eds.) Geology of Italy: Spec. 1280 

Vol. Ital. Geol. Soc.for the IGC 32 Florence, Società Geologica Italiana, Roma, 93-129.  1281 

Patacca, E., Scandone, P., 2007. Geology of the Southern Apennines. In: Mazzotti, A., Patacca, E., 1282 

Scandone, P. (Eds.) CROP-04. Boll.Soc. Geo. Ital., Special Issue, 7, 75-119. 1283 



50 

 

Patacca, E., Sartori, R., Scandone, P., 1990. Tyrrhenian basin and Apenninic arcs: kinematic relations since 1284 

Late Tortonian times. Mem. Soc. Geol. Ital., 45, 425-451. 1285 

Peccerillo, A., 2003. Plio-quaternary magmatism in Italy. Episodes 26, 222–226. 1286 

Peccerillo, A., 2005. Plio-Quaternary Volcanism in Italy. Petrology, Geochemistry, Geodynamics. Springer-1287 

Verlag,Berlin-Heidelberg, ISBN 978-3-540-25885-8. 1288 

Pepe, F., Sulli, A., Bertotti, G., Catalano, R., 2005. Structural highs formation and their relationship to 1289 

sedimentary basins in the north Sicily continental margin (southern Tyrrhenian Sea): Implications for 1290 

the Drepano Thrust Front. Tectonophysics, 409, 1-18, doi:10.1016/j.tecto.2005.05.009 1291 

Peresson, H.,  Decker, K., 1997. The Tertiary dynamics of the northem Eastem Alps (Austria): changing 1292 

palaeostresses in a collisional plate boundary. Tectonophysics, 272, 125-157. 1293 

Piccardi, L., Gaudemer, Y., Tapponnier, P., Boccaletti, M., 1999. Active oblique extension in the central 1294 

Apennines (Italy): evidence from the Fucino region. Geophys. J. Int., 139, 499-530. 1295 

Piccardi, L., Tondi, G., Cello, G., 2006. Geo-structural evidence for active oblique extension in South-1296 

Central Italy, in: Pinter, N., Grenerczy, G., Weber, J., Stein, S., Medak, D. (Eds), The Adria 1297 

microplate: GPS Geodesy, Tectonics and Hazard. Springer, pp. 95-108. 1298 

Piromallo, C., Morelli, A., 2003. P wave tomography of the mantle under the Alpine-Mediterranean area. J. 1299 

Geophys. Res., 108 (B2), 2065, doi:10.1029/2002jb001757. 1300 

Pizzi, A., 2003. Plio-Quaternary uplift rates in the outer zone of the central Apennines fold-and-thrust belt, 1301 

Italy. Quatern. Int., 101-102, 229-237. 1302 

Pizzi, A., Galadini, F., 2009. Pre-existing cross-structures and active fault segmentation in the northern-1303 

central Apennines (Italy). Tectonophysics , 476,  304–319. doi:10.1016/j.tecto.2009.03.018 1304 

Placer, L., Vrabec, M., Celarc, B., 2010. The bases for understanding of the NW Dinarides and Istria 1305 

Peninsula tectonics. Geologija 53 (1), 55–86. 1306 

Pola, M., Ricciato, A., Fantoni, R., Fabbri, P., Zampieri, D. 2014. Architecture of the western margin of the 1307 

north Adriatic foreland: The Schio–Vicenza Fault System. Ital. J. Geosci., 133, 223-234, 1308 

https://doi.org/10.3301/IJG.2014.04 1309 

Ratschbacher, L., Frisch, W., Linzer, H.G., Merle, O., 1991. Lateral Extrusion in the Eastern Alps, Part 2: 1310 

Structural Analysis. Tectonics, 10, 257-271. http://dx.doi.org/10.1029/90TC02623. 1311 



51 

 

Réka, L., Harangi, S., Guillong, M., Bachmann, O., László Fodor, L., Buret, Y., Dunkl, I., Sliwinski, J.,  von 1312 

Quadt, A., Peytcheva, I., Zimmerer, M., 2018. Early to Mid-Miocene syn extensional massive silicic 1313 

volcanism in the Pannonian Basin (East-Central Europe): Eruption chronology, correlation potential 1314 

and geodynamic implications. Earth Sci. Rev., 179, 1-19. 1315 

Reuther, D., Ben Avraham, Z., Grasso, M., 1993. Origin and role of major strike-slip transfers during plate 1316 

collision in the Central Mediterranean. Terra Nova, 5, 249-257. 1317 

Robertson, A., Shallo, M., 2000. Mesozoic-Tertiary tectonic evolution of Albania in its regional eastern 1318 

Mediterranean context. Tectonophysics, 316, 197-254. 1319 

Robl, J., Stuwe, K., 2005. Continental collision with finite indenter strength: 2. European Eastern Alps. 1320 

Tectonics, 24, TC4014, doi:10.1029/2004TC001741 1321 

Roda-Boluda, D.C., Whittaker, A.C.  2017. Structural and geomorphic constraints on active normal faulting 1322 

and landscape evolution in Calabria, Italy. J. Geol. Soc. London, 174, 701-720, 1323 

https://doi.org/10.1144/jgs2016-097  1324 

Rosenberg, CL., Kissling, E., 2013. 3D insight into Central Alpine Collision: lower plate or upper plate 1325 

indentation? Geology , 41,1219–1222. 1326 

Rovida A., Locati M., Camassi R., Lolli B., Gasperini P. Eds., 2016. CPTI15, the 2015 version of the 1327 

Parametric Catalogue of Italian Earthquakes. Istituto Nazionale di Geofisica e Vulcanologia, 1328 

doi:http://doi.org/10.6092/INGV.IT-CPTI15. 1329 

Royden, L.H., 1993. Evolution of retreating subduction boundaries formed during continental collision. 1330 

Tectonics, 12, 629-638. 1331 

Royden, L.H., Burchfiel, B.C., 1989. Are systematic variations in thrust belt style related to plate boundary 1332 

processes? (The western Alps versus the Carpathians). Tectonics, 8, 51-61. 1333 

Royden, L., Horvath, F., Rumpler, J., 1983. Evolution of the Pannonian Basin system. Tectonics, 2, 63–90. 1334 

Rusciadelli, G., 2005. Provenance of Upper Pliocene conglomerates of the Mutignano Formation (Abruzzo, 1335 

Italy): implications for unraveling the uplift history of the Central Apennines external zones. Boll. 1336 

Soc. Geol. Ital.,124, 645-659.  1337 



52 

 

Santangelo, N., Di Donato, V., Lebreton, V., Romano, P., Russo Ermolli, E., 2012. Palaeolandscapes of 1338 

Southern Apennines during the late Early and the Middle Pleistocene. Quatern. Int., 267, 20-29. 1339 

doi:10.1016/j.quaint.2011.02.036 1340 

Sartori, R., 1990. The main results of ODP Leg 107 in the frame of Neogene to recent geology of 1341 

perityrrhenian areas. In: Mastens, K.A., Mascle, J. et al. (Eds.), Proceedings ODP Scientific Results, 1342 

College Station, Tx (Ocean Drilling Program), 107, 715–730. 1343 

Sartori, R., 2005. Bedrock geology of the Tyrrhenian sea insights on Alpine paleogeography and magmatic 1344 

evolution of the basin, in: Finetti, I.R. (Ed.), CROP PROJECT, Deep Seismic Exploration of the 1345 

Central Mediterranean and Italy. Elsevier, 4, 69–80. 1346 

Sartori, R., Carrara, G., Torelli, L., Zitellini, N., 2001. Neogene evolution of the southwestern Tyrrhenian 1347 

Sea (Sardinia basin and western Bathyal plain). Mar. Geol., 175, 47–66. 1348 

Sartori, R., Torelli, L., Zitellini, N., Carrara, G., Magaldi, M., Mussoni, P., 2004. Crustal features along a W-1349 

E Tyrrhenian transect from Sardinia to Campania margins (Central Mediterranean). Tectonophysics, 1350 

383, 171-192. 1351 

Savelli, C., 2002. Time–space distribution of magmatic activity in the western Mediterranean and peripheral 1352 

orogens during the past 30 Ma (a stimulus to geodynamic considerations. J. Geodyn., 34, 99–126. 1353 

Scafidi, D., Solarino, S.,  2012.  Can local earthquake tomography settle the matter about subduction in the 1354 

Northern And Central Apennines? Response from a new high resolution P velocity and Vp/Vs ratio 3-1355 

D model. Tectonophysics, 554-557, 63-73. https://doi.org/10.1016/j.tecto.2012.06.007 1356 

Scafidi, D., Solarino, S., Eva, C., 2009. P wave seismic velocity and Vp/Vs ratio beneath the Italian 1357 

peninsula from local earthquake tomography. Tectonophysics , 465, 1-23. 1358 

doi:10.1016/j.tecto.2008.07.013 1359 

Schellart, W.P., 2005. Influence of the subducting plate velocity on the geometry of the slab and migration of 1360 

the subduction hinge. Earth Planet. Sci. Lett., 231, 197-219. https://doi.org/10.1016/j.epsl.2004.12.019 1361 

Schellart, W.P., 2010.  Evolution of subduction zone curvature and its dependence on the trench velocity and 1362 

the slab to upper mantle viscosity ratio. J. Geophys. Res., 115, B11406, doi:10.1029/2009JB006643 1363 



53 

 

Schellart, W.P., Moresi, L., 2013. A new driving mechanism for backarc extension and backarc shortening 1364 

through slab sinking induced toroidal and poloidal mantle flow: Results from dynamic subduction 1365 

models with an overriding plate. J. Geophys. Res., Solid Earth, 118, doi:10.1002/jgrb.50173 1366 

Schellart, W.P., Freeman, J., Stegman, D.R., Moresi, L., May, D., 2007. Evolution and diversity of 1367 

subduction zones controlled by slab width. Nature, 446, 308-311. 1368 

Schellart, W.P., Stegman, D.R., Farrington, R.J., Moresi, L., 2011. Influence of lateral slab edge distance on 1369 

plate velocity, trench velocity, and subduction partitioning. J. Geophys. Res., 116, B10408, 1370 

doi:10.1029/2011JB008535 1371 

Schettino, A.,  Turco, E., 2006. Plate kinematics of theWestern Mediterranean region during the Oligocene 1372 

and Early Miocene .Geophys. J. Int. , 166, 1398–1423, doi: 10.1111/j.1365-246X.2006.02997.x 1373 

Schiattarella, M., Di Leo, P., Beneduce, P., Giano, S.I., 2003. Quaternary uplift vs tectonic loading: a case 1374 

study from the Lucanian Apennine, southern Italy. Quatern. Int., 101-102, 239-251. 1375 

Schmid, S.M., Pfiffner, O.A., Froitzheim, N., Schonborn, G.E.,  1996. Geophysical–geological transect and 1376 

tectonic evolution of the Swiss-Italian Alps. Tectonics, 15, 1036–1064. 1377 

Schmid, S.M., Fugenschuh, B., Schuster, R., 2004. Tectonic map and overall architecture of the Alpine 1378 

orogen. Eclogae Geol. Helv., 97, 93-118. 1379 

Scisciani, V., Calamita, F. 2009. Active intraplate deformation within Adria: Examples from the Adriatic 1380 

region. Tectonophysics, 476, 57-72, https://doi. org/10.1016/j.tecto.2008.10.030 1381 

Shemenda, A.I., 1993. Subduction of the lithosphere and back-arc dynamics: insights from physical 1382 

modeling. J. Geophys. Res., 98, 167-185. 1383 

Sorel, D., Bizon, G., Aliaj, S., Hasani, L., 1992. Calage stratigraphique de l'age et de la durée des phases 1384 

compressives des Hellénides externes (Grèce nord-occidentale et Albanie) du Miocène à l'Actuel. 1385 

Bull. Soc. Géol. France, 163, 447-454. 1386 

Spakman, W., Wortel, R., 2004. A tomographic view on Western Mediterranean geodynamics, in:  Cavazza, 1387 

W., Roure, F.M., Spakman, W., Stampfli, G.M., Ziegler, P.A. (Eds.), The TRANSMED atlas: the 1388 

Mediterranean region from Crust to Mantle, geological and geophysical framework of the 1389 

Mediterranean and the surrounding areas. A publication of the Mediterraean consortium for the 32nd 1390 

international geological congress. Springer, Berlin, Heidelberg, 31–52. 1391 



54 

 

Speranza, F.,  Villa, I.M.,  Sagnotti, L.,  Florindo, F., Cosentino, D.,  Cipollari, P., Mattei, M., 2002. Age of 1392 

the Corsica–Sardinia rotation and Liguro–Provencal Basin spreading: new paleomagnetic and Ar/Ar 1393 

evidence. Tectonophysics, 347, 231– 251. 1394 

Spina, V, Tondi, E., Mazzoli, S., 2011. Complex basin development in a wrench-dominated back-arc area: 1395 

Tectonic evolution of the Crati Basin, Calabria, Italy. J. Geodyn., 51, 90-109. 1396 

doi:101016/jjog201005003 1397 

Stampfli, G.M., Mosar, J., Marquer, D., Marchant, R.,  Baudin, T., Borel, G., 1998. Subduction and 1398 

obduction processes in the Swiss Alps. Tectonophysics, 296, 159–204. 1399 

Stern, R.J., 2004. Subduction initiation: spontaneous and induced. Earth Planet. Sci. Lett., 226, 275-292. 1400 

doi:10.1016/j.epsl.2004.08.007 1401 

Sulli, A., 2000. Structural framework and crustal characteristics of the Sardinia Channel Alpine transect in 1402 

the central Mediterranean. Tectonophysics, 324, 321-336. 1403 

Sulli, A., Lo Presti, V., Morticelli, M.G., Antonioli, F., 2013. Vertical movements in NE Sicily and its 1404 

offshore: Outcome of tectonic uplift during the last 125 ky. Quaternary International, 288, 168-182. 1405 

doi:10.1016/j.quaint.2012.01.021 1406 

Tamburelli, C., Babbucci, D., Mantovani, E., 2000. Geodynamic implications of subduction related 1407 

magmatism: insights from the Tyrrhenian-Apennines region. J. Volcanol. Geotherm. Res., 104, 33-43. 1408 

Tansi, C., Muto, F., Critelli, S., Iovine, G., 2007. Neogene-Quaternary strike-slip tectonics in the central 1409 

Calabria Arc (southern Italy). J. Geodyn., 43, 397-414. doi:101016/jjog200610006 1410 

Tari, V., Pamic, J., 1998. Geodynamic evolution of the northern Dinarides and the southern part of the 1411 

Pannonian Basin. Tectonophysics, 297, 269–281. 1412 

Tesòn, E., Teixell, A., 2008.  Sequence of thrusting and syntectonic sedimentation in the eastern Sub-Atlas 1413 

thrust belt (Dade` s and Mgoun valleys, Morocco). Int.  J. Earth Sci.,  97, 103–113. DOI 1414 

10.1007/s00531-006-0151-1 1415 

Tibaldi, A., Pasquarè, F., Tormey, T. 2010. Volcanism in reverse and strike-slip fault settings, in: Cloetingh, 1416 

S., Negendank, J. (Eds.), New Frontiers in Integrated Solid Earth Sciences, Springer Netherlands, 1417 

Berlin, 315-348. http://dx.doi.org/10.1007/978-90-481-2737-5_9  1418 



55 

 

Tondi, E., Cello, G., 2003. Spatiotemporal evolution of the central Apennines fault system (Italy). J. 1419 

Geodyn., 36, 113-128. 1420 

Tripodi, V., Muto, F., Brutto, F., Perri, F., Critelli, S., 2018. Neogene-Quaternary evolution of the forearc 1421 

and backarc regions between the Serre and Aspromonte Massifs, Calabria (southern Italy). Mar. Pet. 1422 

Geo., 95, 328-343. https://doiorg/101016/jmarpetgeo201803028 1423 

Tropeano, M., Sabato, L., Pieri, P., 2002. Filling and cannibalization of a foredeep: the Bradanic Trough 1424 

(Southern Italy), in: Jones, S.C.,  Frostick L.E. (Eds.) Geol Sediment Flux to Basins: Causes, Controls 1425 

and Consequences. Geol. Soc., London, Spec. Publ., 191, 55-79. 1426 

Van Dijk, J.P., Scheepers, P.J.J., 1995. Neotectonic rotations in the Calabrian Arc; implications for a 1427 

Pliocene-Recent geodynamic scenario for the Central Mediterranean. Earth Sci. Rev., 39, 207-246.  1428 

van Hinsbergen, D.J.J.,  Reinoud, L.M.V.,  Spakman, W., 2014. Origin and consequences of western 1429 

Mediterranean subduction, rollback, and slab segmentation. Tectonics, 33, 393-419, 1430 

doi:10.1002/tect.20125 1431 

Vannoli, P., Basili, R.,Valensise, G.,  2004.  New geomorphic evidence for anticlinal growth driven by blind-1432 

thrust faulting long the northern Marche coastal belt (central Italy), J. Seismol., 8, 3, 297-312. 1433 

Vannoli, P., Burrato, P., Valensise, G., 2015. The Seismotectonics of the Po Plain (Northern Italy): Tectonic 1434 

Diversity in a Blind Faulting Domain. Pure Appl. Geophys., 172, 1105–1142 1435 

Ventura, G., Vilardo, G., Milano, G., Pino, N.A., 1999. Relationships among crustal structure, volcanism and 1436 

strike-slip tectonics in the Lipari - Vulcano Volcanic complex (Aeolian Islands, southern Tyrrhenian 1437 

sea, Italy). Phys. Earth Planet. In., 116, 31-52. 1438 

Viola, G., Mancktelow, N.S., Seward, D., 2001. Late Oligocene–Neogene evolution of Europe Adria 1439 

collision: new structural and geochronological evidence from the Giudicarie fault system (Italian 1440 

Eastern Alps). Tectonics, 20, 999–1020. 1441 

Viti, M., Albarello, D., Mantovani, E., 1997. Rheological profiles in the central-eastern Mediterranean. 1442 

Annali di Geofisica, 40, 849-864 1443 

Viti M., De Luca J., Babbucci D., Mantovani E., Albarello D., D’Onza F., 2004. Driving mechanism of 1444 

tectonic activity in the northern Apennines: Quantitative insights from numerical modeling. Tectonics, 1445 

23, 1-16, TC4003, doi:10.1029/2004TC001623 1446 



56 

 

Viti, M., Mantovani, E., Babbucci, D., Tamburelli, C., 2006. Quaternary geodynamics and deformation 1447 

pattern in the Southern Apennines: implications for seismic activity. Boll. Soc. Geol. Ital., 125, 273-1448 

291. 1449 

Viti, M., Mantovani, E., Tamburelli, C., Babbucci, D., 2009. Generation of trench-arc-backarc systems in the 1450 

Western Mediterranean region driven by plate convergence. Boll. Soc. Geol. Ital., 128, 1, 89-106. 1451 

Viti, M., Mantovani, E., Babbucci, D., Tamburelli, C., 2011. Plate kinematics and geodynamics in the 1452 

Central Mediterranean. J. Geodyn., 51, 190-204. 1453 

Viti M., Mantovani E., Cenni N., Vannucchi, A. 2012. Post seismic relaxation: an example  of earthquake 1454 

triggering in the Apennine belt (1915-1920). J. Geodyn., 61, 57-67, 1455 

http://dx.doi.org/10.1016/j.jog.2012.07.002. 1456 

Viti M., Mantovani E., Cenni N., Vannucchi, A. 2013.  Interaction of seismic sources in the  Apennine belt. 1457 

Phys. Chem. Earth, 63, 25-35, http://dx.doi.org/10.1016/j.pce.2013.03.005. 1458 

Viti M., Mantovani E., Babbucci D., Cenni N., Tamburelli C., 2015a. Where the Next Strong Earthquake in 1459 

the Italian Peninsula? Insights by a Deterministic Approach. Boll. Geof. Teor. Appl., 56, 329-350, doi: 1460 

10.4430/bgta0137 1461 

Viti, M., Mantovani, E., Babbucci, D., Tamburelli, C., Cenni, N., Baglione, M., D’Intinosante, V., 2015b. 1462 

Belt-parallel shortening in the Northern Apennines and seismotectonic implications. Int. J. 1463 

Geosciences, 6, 938-961, http://dx.doi.org/10.4236/ijg.2015.68075. 1464 

Viti, M., Mantovani, E., Babbucci, D., Tamburelli, C., Cenni N., 2016. Seismotectonics of the Padanian 1465 

region and surrounding belts: Which driving mechanism? Int. J. Geosciences, 7, 1412-1451, 1466 

http://dx.doi.org/10.4236/ijg.2016.712100. 1467 

Volpi V., Del Ben A., Civile D., Zgur F. 2017. Neogene tectono-sedimentaty interaction between the 1468 

Calabrian Accretionary Wedge and the Apulian foreland in the northern Ionian Sea. Mar. Pet.Geol., 1469 

83, 246-260.  1470 

Westaway, R., 1993. Quaternary uplift in Southern Italy. J. Geophys. Res., 98, 21741-21772. 1471 

Wölfler, A., Kurz, W.,  Fritz, H., Stüwe, K., 2011. Lateral extrusion in the Eastern Alps revisited: Refining 1472 

the model by thermochronological, sedimentary, and seismic data. Tectonics, 30, TC4006, 1473 

doi:10.1029/2010TC002782 1474 



57 

 

Wortel, M.J.R., Spakman, W., 2000. Subduction and slab detachment in the Mediterranean–Carpathian 1475 

region. Science, 290, 1910–1917. 1476 

Zampieri, D., Massironi, M., Sedea, R., Saracino, V., 2003. Strike-slip contractional stepovers in the 1477 

Southern Alps (northeastern Italy). Eclogae Geol. Helv., 96, 115-123. 1478 

Zecchin, M., Nalin, R., Roda, C., 2004. Raised Pleistocene marine terraces of the Crotone peninsula 1479 

(Calabria, southern Italy): facies analysis and organization of their deposits. Sediment. Geol., 172, 1480 

165–185, https:// doi.org/10.1016/j.sedgeo.2004.08.003 1481 

Zecchin, M., Caffau, M., Tosi, L., Civile, D., Brancolini, G., Rizzetto, F., Roda, C., 2010. The impact of Late 1482 

Quaternary glacio-eustasy and tectonics on sequence development: evidence from both uplifting and 1483 

subsiding settings in Italy. Terra Nova 22, 324–329. 1484 

Zecchin, M., Civile, D., Caffau, M., Sturiale, G., Roda, C., 2011. Sequence stratigraphy in the context of 1485 

rapid regional uplift and high-amplitude glacio-eustatic changes: the Pleistocene Cutro Terrace 1486 

(Calabria, southern Italy). Sedimentology 58, 442–477. 1487 

Zecchin, M.,  Praeg, D., Ceramicola, S., Muto, F., 2015. Onshore to offshore correlation of regional 1488 

unconformities in the Plio-Pleistocene sedimentary successions of the Calabrian Arc (central 1489 

Mediterranean). Earth Sci. Rev., 142, 60–78.  http://dx.doi.org/10.1016/j.earscirev.2015.01.006 1490 

Zecchin, M., Donda, F., Forlin, E., 2017. Genesis of the Northern Adriatic Sea (Northern Italy), since early 1491 

Pliocene. Mar. Pet. Geo., 79, 108-130. 1492 
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 1494 
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Figure captions 1496 

 1497 

Fig. 1. Comparison between the presumed Oligocene (A) and Present (B) tectonic settings in the 1498 

Mediterranean area. Al-Ka-Pe-Ca=tentative assemblage of the Alboran, Kabylides, Peloritani and 1499 

Calabrian fragments of the Alpine belt. 1, 2) Continental and thinned continental Eurasian domains 1500 

3, 4) Continental and thinned continental African and Adriatic domains 5) Old oceanic domains 6) 1501 

Alpine belt 7) Other orogenic belts 8,9) Tectonically thinned and oceanized zones 10) Outer fronts 1502 
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of belts 11, 12, 13) Compressional, extensional and transcurrent features. BP, CS=Balearic 1503 

Promontory and Corsica-Sardinia fragments of the Iberian foreland. VH=Victor-Hensen fault. Blue 1504 

arrows indicate the kinematics of the Africa/Adriatic domain and the Anatolian-Aegean-Pelagonian 1505 

belt with respect to Eurasia (Mantovani et al., 2007a; Viti et al., 2009, 2011).  1506 

 1507 

Fig. 2. A) Late Oligocene-Early Miocene. The outward migration of the Norhern Al-Ka-Pe-Ca 1508 

Arc (NA) and the Corsica-Sardinia block (CS), at the expense of the Tethyan domain, builds up the 1509 

Apennine accretionary belt, while crustal extension occurs in the wake of the Arc, forming the 1510 

Balearic basin (BB). A more limited rotation is undergone by the Southern Al-Ka-Pe-Ca arc (SA) 1511 

and the Balearic Promontory (BP), generating the relatively small Valencia trough (VT). The 1512 

relative motion between NA and SA is accommodated by the North Balearic fault (NBF). B) 1513 

Middle Miocene. The NA stops rotating after its collision with the continental Adriatic domain, 1514 

causing the end of crustal extension in the Balearic basin, while the SA continues its migration at 1515 

the expense of the Tethyan domain, until reaching the continental African domain. Back-Arc 1516 

extension develops in the wake of SA, generating the Eastern Algerian basin (EAB). (From Viti et 1517 

al., 2009, modified). Colours and symbols as in figure 1. 1518 

 1519 

Fig. 3. Formation of the Northern Tyrrhenian basin (NTB), from the middle-upper Miocene (A) to 1520 

the late Miocene (B). ESA=Eastern Southern Alps, Gi= Giudicarie fault system, NAp=Northern 1521 

Apennines, SAp=Southern Apennines, TW=Tauern window, WPa= Western Padanian 1522 

protuberance. Colours and symbols as in figure 1. 1523 

 1524 

Fig. 4. A) Late Miocene-Early Pliocene (about 5 My). Crustal stretching occurs in the Alpine-1525 

Apennine sector lying south of the Selli fault (SF), generating the Central Tyrrhenian basin (CT). 1526 

See text for the description of the other major coeval tectonic events. AB=Adventure block, 1527 

Eg=Egadi fault, HB=Hyblean domain, Me=Medina fault, Pd=Padanian, Pl=Pantelleria trough, 1528 
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Sci=Sciacca- fault, SV=Schio-Vicenza fault, VH=Victor-Hensen fault. B) Late Pliocene (2 My). 1529 

Ge=Gela nappe, Li=Linosa trough, Ma=Malta trough Ta=Taormina fault. Colours, symbols and 1530 

other abbreviations as in figures 1 and 3.  1531 

 1532 

Fig. 5. Formation of the Southernmost Tyrrhenian basin (ST) in the early Pleistocene. AS=Apulian 1533 

Swell, CP=Calabria-Peloritani wedge, ECA=External Calabrian Arc, Pa=Palinuro fault, 1534 

SAp=Southern Apennines wedge. Colours, symbols and other abbreviations as in figures 1, 3 and 1535 

4.  1536 

 1537 

Fig. 6. Present tectonic setting. 1) Africa-Adriatic continental domains, 2) Quaternary magmatism, 1538 

Ca=Catanzaro trough, Cam=Campanian magmatic province, Cr=Crati trough, CV=Capo Vaticano 1539 

fault, LuAp=Lucanian Apennines, MAR= Middle Adriatic Ridge, Me=Mesima trough, NAp, CAp, 1540 

and SAp=Northern, Central and Southern Apennines, Rom=Roman magmatic province, Si=Sibari 1541 

fault, Sy=Syracuse fault, Vu=Vulcano fault. Other colours, symbols and abbreviations as in figures 1542 

1-5. 1543 

 1544 

Fig. 7. Horizontal velocity field (vectors) with respect to a fixed Eurasian frame in the ITRF2014 1545 

reference frame (Altamimi et al., 2016), obtained by GPS measurements. Scale in the bottom. 1546 

Colours of GPS sites indicate velocities, in agreement with the chromatic scale given on the left. 1547 

See Cenni et al. (2012, 2013) for details about the network and data analysis. 1548 

 1549 

Fig. 8. Sketch of the tectonic process that is supposed to generate a Arc-Trench-Back Arc system. 1550 

A) An orogenic belt, flanked by an oceanic domain, is longitudinally stressed by a continental 1551 

indenter. B) The stressed belt undergoes uplift and bowing, through the lateral escape of crustal 1552 

wedges, at the expense (subduction) of the adjacent oceanic domain. C) The separation of the 1553 

migrating Arc from the stable plate induces crustal extension in the interposed zone (Back Arc 1554 
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basin). See Driehaus et al. (2013) and Boutelier et al. (2018) for laboratory modeling of the above 1555 

process. 1556 

 1557 

Fig. 9. Proposed evolutionary reconstruction. A) Middle-Upper Miocene (15-9 My). Blue arrows 1558 

indicate the the proposed kinematic pattern (Mantovani et al., 2007a, 2009, 2015a; Viti et al., 2009, 1559 

2011) B) Upper Miocene (9-6 My). After the reactivation of the Giudicarie fault system, the 1560 

northern Adriatic promontory undergoes a NE ward motion and clockwise rotation, releasing its 1561 

previous internal deformation. The divergence between that promontory and the stable Corsica-1562 

Sardinia block induces crustal extension in the interposed Alpine-Apennine belt, with the formation 1563 

of the Northern Tyrrhenian basin. C) Pliocene (5-2 My). A large part of the Adriatic promontory 1564 

decouples from Africa, by the activation of major discontinuities in the Pelagian and Ionian zones, 1565 

the Sicily Channel-Medina (Me)-Victor Hensen (VH) fault systems and from its Padanian sector 1566 

(Pd), by the reactivation of an old fracture in the northern Adriatic domain (the Schio-Vicenza fault 1567 

system=SV). The E-W compression induced by the convergence between the southernmost Adria 1568 

block and the northern African foreland (Tunisia) causes the roughly NW ward extrusion of a 1569 

continental fragment, the Adventure block (AB), guided by the Egadi (Eg) and the Sciacca (Sci) 1570 

fault systems. The northward indentation of such block causes eastward escape of wedges from the 1571 

Alpine-Apennine belt lying south of the Selli fault, at the expense of the Tethyan domain and the 1572 

thinned Adriatic western margin. Thrusting develops in front of the extruding wedges (Southern 1573 

Apennines). Crustal stretching takes place in the wake of such wedges, forming the central 1574 

Tyrrhenian basin (CT). D) Early Pleistocene. After the stop of the Southern Apennines wedge 1575 

against the continental Adriatic domain, the convergence of the confining plates is accommodated 1576 

by the outward extrusion of the CP wedge, at the expense of the Ionian domain, and the upward 1577 

flexure of the southern Adriatic platform, forming the Apulian Swell (AS). Thrusting at the outer 1578 

front of the Calabrian wedge forms the External Calabrian Arc (ECA), while extension at the inner 1579 

side forms the Southern Tyrrhenian basin (ST). The Calabrian wedge undergoes strong uplift, 1580 
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bowing and fragmentation. E) Middle-Upper Pleistocene. The potential gravitational energy 1581 

accumulated by the southern Adriatic favors the northward displacement of that plate, which 1582 

induces a longitudinal compression in the outer sector of the Apennine belt. Such regime is 1583 

accommodated by the outward extrusion of wedges, which separate from the inner belt. After the 1584 

contact with the Adriatic continental domain, the extrusion of the Calabrian wedge is guided by new 1585 

lateral guides, the Sibari (Si) and Vulcano-Syracuse (Vu-Sy) faults. Colours, symbols and other 1586 

abbreviations as in figures 1-6. 1587 

 1588 

Fig. 10. Tentative reconstruction of the E-W shortening processes in the Hyblean-Adventure 1589 

domain  that determined the formation of troughs in the Sicily Channel. A) Late Miocene. 1590 

Configuration of the Hyblean-Adventure domain just after the activation of the Victor-Hensen-1591 

Medina-Sicily Channel discontinuity, when the shortening of that zone, induced by the E-W 1592 

convergence between the decoupled Adria plate and the Tunisian protuberance (Fig.9c) started to 1593 

develop. Present geographical contours are reported for reference. B) Present tectonic setting 1594 

(modified after Finetti and Del Ben, 1986). The Adventure block, decoupled from the Hybelan 1595 

domain by the Sciacca fault system, has undergone a roughly NNWward escape, forming the 1596 

Pantelleria trough. Contemporaneously, the heterogeneous Hyblean domain has undergone E-W 1597 

shortening, at the expense of its thinned central part. In the northern side, the Maghrebian belt has 1598 

been forced to bend southward, forming the Gela nappe. In the southern side, the original NW-SE 1599 

plateau, in the Sicily channel zone, has undergone a considerable fragmentation, in order to 1600 

accommodate E-W shortening. Local crustal extensions, induced by the divergence between 1601 

fragments, have formed the Malta and Linosa grabens and other minor troughs. Toothed lines 1602 

indicate the fronts of belts. Geological-geophysical data from Finetti and Del Ben, 1986, 2005b; 1603 

BenAvraham et al., 1990; Lentini et al., 1994). Lit, Mat, Plt =Linosa, Malta and Pantelleria troughs 1604 

Em, Gi, Li, Ma, Se, Ur =Empedocle, Girgenti, Linosa, Malta, Selinunte, Urialo plateau fragments. 1605 

 1606 
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Fig. 11. Outer mobile sector of the Apennine belt (green), stressed by the Adria plate. 1607 

Ben=Benevento, Ca=Calabria, Ir=Irpinia, LA=Lazio-Abruzzi wedge, Lu=Lucania Apennines, Ma= 1608 

Matese, MS=Molise-Sannio, No-Cf=Norcia-Colfiorito fault system, OA=Olevano-Antrodoco thrust 1609 

front, RMU=Romagna-Marche-Umbria wedge, SVo= Sangro-Volturno thrust front, TE=Toscana-1610 

Emilia wedge. The buried external folds in the Northern Apennines are light green. Red arrows 1611 

indicate the kinematic pattern, compatible with the Pleistocene deformation pattern and geodetic 1612 

data (Fig. 7). Other symbols and abbreviations as in figures 1-6. 1613 

 1614 

























The observed deformation pattern in the study area is not compatible with slab pull forces, whereas 
it can be coherently and plausibly interpreted as an effect of plate convergence 

Crustal extension can develop in the framework of extrusion processes 

The subduction of oceanic lithosphere at convergent boundaries  may require the triggering 
favoured by an extrusion process 
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